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Abstract

Indoor air quality is closely associated with human health since most people
spend approximately ninety per cent of their time indoors. Environmental tobacco
smoke, which is a very complex mixture, is one of the most important contributors to
indoor air pollution, especially significant is its contribution to indoor concentrations of
volatile organic compounds (VOCs). Evaluation of chemosensory irritation (eye
irritation and nasal irritation) caused by VOCs uses human subjects as panelists, and is
very time consuming and costly. Thus prediction of chemosensory irritation, e.g. by
quantitative structure-activity relationships (QSARs) involving the use of VOC
physicochemical parameters (descriptors), is highly desirable.
The prediction of sensory responses on humans by QSARs requires the use of
experimentally determined descriptors in the QSARs, at least for the most successful
methods to date. In this work descriptors for more than 100 VOCs have been
determined, using experimental gas chromatographic data, gas-liquid and liquid-liquid
partition coefficients. A number of gas chromatographic columns were characterized in
this work; these columns cover a large range of polarities. VOC descriptors were then
introduced into QSARs to fit and then to predict eye irritation thresholds (EITs) and
nasal irritation thresholds (NPTs).
Furthermore, this project established a general connection between EITs and
other chemosensory responses in humans. If there were a connection between those
values, this would enable inter-conversion to be made, and would provide a method of
estimating one threshold from the other. An attempt was made to demonstrate the
suitability of using experimental Draize eye test scores and NPT values to calculate EIT
values. A new equation to predict EIT values was proposed that includes a very much
larger set of experimental values from other biological endpoints than just EIT, and
hence should be statistically more sound than an equation based on a limited number of
EIT values only.
Psychometric functions are used in chemosensory studies to describe the
probability of chemosensory detection as a function of concentration. These functions
are experimentally determined, again using human subjects, so function prediction is
desirable. Psychometric functions have been predicted for several VOCs for odour, eye
and nasal irritation, and nasal lateralization.
i

A physicochemical model for delivery of VOCs to eye receptor neurons has
been developed based on the two-stage model. In this model the complexity of the VOC
delivery to the cornea throughout the different layers of the pre-corneal tear film leading
to a succession of equilibrium processes is reduced to a much more simple overall
equilibrium process.
Finally, it is known that there is a critical molecular dimension along a given
homologous series, e.g. n-alkylbenzenes and 2-ketones, beyond which eye irritation is
not evoked (at the cut-off point). This work has been continued by investigating several
homologous series of compounds that are found in tobacco smoke, and it seems
possible to predict the ‘cut-off’ point by using energy minimization of the system and
molecular dynamics in aqueous phase. Software packages such as Molecular Operating
Environment 2007.09 (Chemical Computing Group) and Hyperchem version 7.5
(Hypercube Inc.) were used to perform molecular dynamics and energy minimization.
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Chapter 1

An Introduction to Indoor Air Quality

1.0 INTRODUCTION
The ambiance surrounding a person can be categorized as outdoors and indoors,
with pollutants found in such environments being both quantitatively and qualitatively
different. It is remarkable that most people associate pollution with outdoor air
pollution, as they spend most of their time (approximately 90%) indoors, i.e. home,
office, restaurants, cafes, etc. In the western society, approximately one third of the
population is not satisfied by the air quality of new and refurbished houses [1]. So,
understanding of indoor air pollution (IAP) sources and pollutants is necessary to
prevent health effects related to such type of pollution. Indoor air quality (IAQ) is
largely affected by heating or cooling systems employed in the buildings, most of
heating systems use oil to heat the indoor environment, so the cost of oil is a key factor
in IAQ. Actions taken to reduce heating or cooling costs affect IAQ in ways which
range from subtle to dramatic [2].
Concerning outdoor air pollution (OAP), classical authors already mention it in
their studies, e.g. Hippocrates [3]. However, recent events in history, such as high
industrialization, dramatic increase in the number of cars, buses, lorries, and planes, etc
have provoked a great concern in the last decades about OAP and other issues
intrinsically related to such type of pollution, e.g. climate change, extinction of animals.
Outdoor and indoor air have different sources of pollution, which lead to significantly
different concentrations and types of chemicals for IAP and OAP. The outdoor ambient
concentrations vary considerably among sample sites [4] as well as indoor
concentrations do [5]. Indoor to outdoor concentration ratios of chemicals also follow
this trend of large variability [6].
The most common chemicals in indoor air include [7] volatile organic
compounds (VOCs), such as benzene, ethylbenzene, m- and p-xylene, toluene, and
halogenated VOCs, such as dichloroethane and trichloroethane. Biological particles,
such as fungi and mold are important indoor pollutants that can grow on walls as
dampness. Furthermore, radon pollution is often observed in indoor environments in
small quantities. Compounds in outdoor ambient include those from combustion
sources, such as nitrogen oxides, sulphur dioxide, and ozone. The latter is formed in the
1

atmosphere by chemical reaction between the VOCs and oxygen and nitrogen oxides.
Furthermore, carbon dioxide, carbon monoxide, and particulate matter (PM) of different
sizes are included within the outdoor ambient pollutants; these oxygenated gases as well
as PM are pollutants in indoor air.
Pollutants in both outdoor and indoor air enter the body mainly via inhalation,
though there are other routes, such as adsorption through the skin, eyes, etc. Particle
diameter will determine the area (lungs, mouth, pharynx, etc) which the pollutant will
be deposited in [8]. It is widely accepted that particles with sizes bigger than 10 µm will
be retained in the nose and throat and will not reach the lungs. Smaller particles (size
smaller than 10 µm) will reach the lungs and the smallest particles, whose size is
smaller than 100 nm can reach other organs [8]. Markers of air pollution include PM10
(particulate matter smaller than 10 µm) or PM2.5 (particulate matter smaller than 2.5
µm).
Concerns about IAP have dramatically increased as toxicological studies
established that items used daily indoors, e.g. stoves, gas cookers, air fresheners, etc
might trigger harmful health effects on humans. It is well established that IAP is one of
the main causes of the sick building syndrome. In problem buildings, there are an
unusually high number of individuals (in some cases > 30% of the building population)
who complain of symptoms of a non-specific nature, including headaches, unusual
fatigue, eye, nose and throat irritation, and shortness of breath [9].
As noted above, VOCs are a major group of pollutants that can be found in
indoor air. A VOC is considered as any compound whose composition includes C and
H atoms having melting points below room temperature and boiling points from 50°C
to 240-260°C. Hundreds of VOCs can be found in indoor air [7,10]; however, most of
them are found in trace amounts. They trigger a wide range of health effects, including
non-acute and acute effects (a number of VOCs are carcinogens).

1.1 INDOOR AIR QUALITY (IAQ)
Temperature, relative humidity, concentration and type of pollutants are typical
parameters employed to evaluate air quality. Human perception of such stimuli is
determined by perceptible parameters, e.g. odour, irritation, dizziness, nausea, etc but
those parameters entail health risks for the subject, with subject characteristics playing a
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key role on the response to stimuli. Thus, regulatory values are proposed, as noted
below, to avoid chemicals that trigger negative health effects on anyone exposed to
polluted indoor environments. Whereas the regulatory values may be difficult to
understand for those not familiar with occupational health and safety regulations, more
understandable definitions can be used to explain IAQ, e.g. acceptable indoor air quality
is the air in which there are no known contaminants at harmful concentrations as
determined by cognizant authorities and with which a substantial majority (80% or
more) of the people exposed do not express dissatisfaction [11].
Pure air contains mainly nitrogen and oxygen, with smaller quantities of argon
and carbon dioxide, these four gases represent more than 99% of the total air volume;
however, air quality can decrease as levels of non-ubiquitous compounds to air are
detected in the environment. The number of pollutants can range from a few dozens to
hundreds, especially in non-industrial settings, in which there is a large array of sources.
Most common types of air pollutants encountered indoors are PM, gases such as ozone
(O3), nitrogen dioxide (NO2), carbon monoxide (CO), and sulphur dioxide (SO2);
microbial and chemical VOCs; and environmental tobacco smoke (ETS) [10].

1.2 ASSESSMENT OF IAQ
To evaluate IAQ, measures on the type of pollutants encountered indoors and
their levels are carried out making necessary the use of both qualitative and quantitative
techniques [12]. Air quality is assessed by several organizations that propose guideline
values for a variety of chemicals to ensure the best air quality. A number of
organizations, including the World Health Organization (WHO), the National Institute
for Occupational Safety and Health (NIOSH), the American Conference of
Governmental Industrial Hygienists (ACGIH), the Occupational Safety and Health
Administration (OSHA) propose regulatory values such as Threshold Limit Values
(TLVs), Permissible Exposure Limits (PELs), Occupational Exposure Limits (OELs),
Recommended Exposure Limits (RELs), which are widely accepted. These regulatory
values must be carefully used since not all of them are proposed for the same
conditions, i.e. some values are proposed for industrial environments, some are for
residential environment-related values, some are for outdoor environments, and others
are general [13]. TLV is one of the most-recognized parameters used to set levels of
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occupational health in industrial settings, this value is established for healthy adults
with an age range of 18-65 and a exposure time of 8 hours per day, 40 hours per week.
It is assumed that the majority but not necessarily all of the workers will not show any
adverse health effects at the defined levels. In contrast to the workplace situation, in the
non-industrial indoor environment, humans might be exposed up to 168 hours per week;
the population does not only exist of healthy adults, but there will also be more
susceptible persons such as babies, the elderly, etc [14]. Thus, extrapolation of
industrial exposure limits to non-industrial settings might be used to establish
occupational health limits in homes only if regulatory values for non-industrial indoor
environments are not available. In general, proposed standard values for industrial
settings are established for 8-hour periods; however, some standards are set to study
acute exposures to chemicals, e.g. exposure to chemicals during 15 minutes.
A compilation of guideline values proposed by different regulatory
organizations, for approximately five hundred and fifty organic chemicals in indoor air
for industrial and non-industrial settings, has been recently published [15]. Table 6 of
such study (not included in this thesis) reveals that regulatory values are mostly
determined for industrial settings, whereas regulatory values for non-industrial settings
obtained by organizations including the Office of Environmental Health Hazard
Assessment (California EPA); the Ministry of Health, Labour and Welfare of Japan; the
WHO; the Government of the Hong Kong Special Administrative Region; etc, are quite
scarce. Future work might be focused on proposing adequate regulatory values for a
number of chemicals in non-industrial settings.

Table 1.1
Comparison of regulations and guidelines pertinent to pollutants in different
environments, adapted from ref. [16].
Enforceable and/or Regulatory Levels
Contaminant

NAAQS/EPAa

Carbon dioxide
Carbon monoxide
Formaldehyde

9 ppmd
35 ppm [1 h]d

OSHAb

MAKc

5000 ppm

5000 ppm
10000 ppm [1 h]

50 ppm

30 ppm
60 ppm [30 min]

0.75 ppm
2 ppm [15 min]

0.3 ppm
1 ppme

4

Lead

1.5 µg/m3 [3 months]

0.05 mg/m3

0.1 mg/m3
1 mg/m3 [30 min]

Nitrogen dioxide

0.05 ppm [1 yr]

5 ppm (ceiling)

5 ppm
10 ppm [5 min]

Ozone

0.12 ppm [1 h]d
0.08 ppm

0.01 ppm

Carcinogen, no
maximum values
established.

Particles < 2.5 µm
MMADf

15 µg/m3 [1 yr]
65 µg/m3 [24 h]

5 mg/m3

1.5 mg/m3 for < 4
µm

Particles <10 µm
MMADf

50 µg/m3 [1 yr]
150 µg/m3 [24 h]

Radon

See the following
table

Sulphur dioxide

0.03 ppm [1 yr]
0.14 ppm [24 h]d

4 mg/m3

5 ppm

0.5 ppm
1 ppme

15 mg/m3

Total Particles
a

Outdoor air standards developed by the U.S. Environmental Protection Agency (EPA)
under the Clean Air Act.
b
Enforceable maximum exposures for industrial environments developed by OSHA
(U.S. Department of Labor).
c
Recommended maximum exposures for industrial environments developed by the
Deutsche Forschungs Gemeinschaft.
d
Not to be exceeded more than once per year.
e
Never to be exceeded.
f
MMAD is the mass median aerodynamic diameter in micrometers.
Table 1.2
Comparison of regulations and guidelines pertinent to pollutants in different
environments, adapted from ref. [16].
Non-Enforced Guidelines and Reference Levels
Contaminant

Canadiana

Carbon
dioxide

3.500 ppm
[long-term]

Carbon
monoxide

11 ppm
25 ppm [1 h]

WHO/Europeb

90 ppm [15 min]
50 ppm [30 min]
25 ppm [1 h]
10 ppm

NIOSHc

ACGIHd

5000 ppm
30000 ppm [15
min]

5000 ppm
30000 ppm
[15 min]

35 ppm
200 ppm
[ceiling]

25 ppm

5

Formaldehyde 0.1 ppm [longterm]
0.05 ppm
[long-term]e

0.1 mg/m3 [30
min]

0.016 ppm
0.1 ppm [15
min]

0.3 ppm
[ceiling]

Lead

Minimize
exposure

0.5 µg/m3 [1 yr]

0.1 mg/m3 [10
h]

0.05 mg/m3

Nitrogen
dioxide

0.05 ppm
0.25 ppm [1 h]

0.1 ppm [1 h]
0.004 ppm [1 yr]

1 ppm [15 min]

3 ppm
5 ppm [15
min]

Ozone

0.12 ppm [1 h]

0.064 ppm

0.1 ppm
[ceiling]

0.05 ppmf
0.08 ppmg
0.1 ppmh
0.2 ppmi

Particles < 2.5 0.1 mg/m3 [1
h]
µm MMAD
0.040 mg/m3
[long-term]

3 mg/m3

Particles <10
µm MMAD

10 mg/m3

Radon
Sulphur
dioxide

2.7 pCi/L [1 yr]
0.38 ppm [5
min]
0.019 ppm

0.048 ppm [24 h]
0.012 [1 yr]

2 ppm
5 ppm [15 min]

2 ppm
5 ppm [15
min]

Total Particles
a

Recommended maximum exposures for residences by a committee of provincial
members convened by the federal government.
b
Non-industrial guidelines developed by the WHO Office for Europe (Denmark).
Intended for application both to indoor and outdoor exposure.
c
Recommended maximum exposure guidelines for industrial environments developed
by NIOSH (Centers for Disease Control).
d
Recommended maximum exposures for industrial environments developed by
ACGIH’s Threshold Limit Values (TLVs) Committee.
e
Target level is 0.05 ppm because of its potential carcinogenic effects. Total aldehydes
limited to 1 ppm.
f
TLV for heavy work.
g
TLV for moderate work.
h
TLV for light work.
i
TLV for any work = two hours.
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Whereas regulatory levels are used for individual compounds another term,
Total Volatile Organic Compound (TVOC), conveys VOCs as a unit. TVOC was
introduced as an indicator for the presence of VOCs indoors. The TVOC indicator can
be used in relation to exposure characterization and source identification but for VOCs
only, not as an indicator of other pollutants and their health effects. In risk assessment
the TVOC indicator can only be used as a screening tool and only for sensory irritation
[17]. The TVOC parameter categorizes IAQ in three ranges [18] depending upon the
level of exposure to VOCs; (1) the comfort range; no effects are expected as a result of
exposure to VOCs below 0.2 mg/m3, (2) the range of discomfort; irritation, discomfort,
and headache are triggered if other exposures interact at levels of exposure between 0.225 mg/m3, and (3) the toxic exposure range; headache and additional effects may occur
at exposures higher than 25 mg/m3.
The concept of a TVOC indicator is based on the following assumptions [19]:
•

The indicator may be related to perceived nonspecific stimulation of lipophile
nerves. Nonspecific stimulation is a term used for simplicity for effects of nonreactive substances.

•

The nerves are supposed to be responding additively to multi-component air
exposure at low levels.

•

The non-reactive compounds must be comparable, especially with respect to
molecular weight, saturated vapor pressure, and apparent activity dissociation
constant, see ref. [19] for further details on the apparent activity dissociation
constant.

•

The TVOC indicator cannot be expected to predict other types of effect of
substances which react chemically with the receptor, e.g. formaldehyde or acrolein.

•

The compounds may cause additional specific biological reactions or may deviate
strongly with respect to saturated vapor pressure, molecular weight, etc. This may
cause an additional irritation. The indicator thus represents, in general, an estimate
of the lower limit of irritation.

•

Sensory irritation is a nonspecific effect, which may be caused by other
environmental factors than VOC, e.g. microorganisms or moulds. A significant
correlation between TVOC and irritation, consequently, can be expected to exist
only when these other factors do not contribute to the prevalence of irritation.

7

Despite TVOC attractiveness, TVOC data must be used carefully because of
uncertainties on TVOC values determined by different analytical methods, e.g. gas
chromatography coupled with mass spectrometry (GC-MS), gas chromatography with
flame ionization detector (GC-FID), FID without GC, etc; which are largely influenced
by the measurement technique [20].

1.3 AIR POLLUTANTS

1.3.1

Sources of indoor and outdoor pollutants

Currently, a wide array of sources and pollutants can be found for both indoor
and outdoor air. It is noteworthy that there has been a significant increase in the number
of indoor-air pollutant sources during the past decades. Increases on both the number of
sources and the number of pollutants emitted by indoor sources represent a big
challenge for the occupational and health hygienists and scientists working within such
field. The increase in the number of pollutants is more significant in developed
countries than in developing countries. In developing countries, the main source of
indoor air pollutants is cooking and heating (compounds resulting from combustion
processes in stoves, fuel-cookers, etc, can be found in large amounts in indoor air) [21]
through the use of gas and wood-burning stoves, and kerosene heaters, which are the
most common cooking and heating appliances. Pollutants that may be found in indoor
environments containing these appliances include [21] CO, CO2, NO2, sulphur oxides,
particles, formaldehyde, benzene, and PAHs, which are the products of combustion
processes. The variety of sources in developed countries is much larger than in
developing countries and includes paints, sanitizers, tobacco smoke, air fresheners and
other consumer products. Indoor concentrations of pesticides including chlordane (0.110 µg/m3), fenclofos (0.2-2 µg/m3), chlorpyrifos (0.2-2 µg/m3), malathion (0.2-2
µg/m3), dimpylate (0.2-2 µg/m3) have been reported in the United States [22].
Hitherto, all indoor sources of pollutants pointed out are “direct” sources, i.e.
pollutants come directly from the source. However, there are other type of sources that
are primary sources themselves; they are materials that absorb the pollutants emitted
from the “direct” source. Such pollutants are retained in the material until pollutant
concentrations in gas phase are lower than pollutant concentrations in the material, then
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to reach the equilibrium the material expels the pollutants into the gas phase. This
phenomenon is known as “sink effect” and its influence is large in indoor environments
where building works are carried out. Models that predict the behavior of “direct”
sources and sinks are needed as input to IAQ models used to predict exposure of indoor
occupants to source emissions [23]. Linear solvation energy relationships (LSERs)
using Abraham descriptors have been successfully used to characterize the sink effect
on VOCs [24]. The formation of hydrogen bonds and dispersion interactions are the
most important intermolecular interactions for the sink effect; however, there are some
drawbacks in such study, e.g. the limited number of data points and the variety of
compounds. Hence understanding both source and sink behavior is important for fully
describing the exposures to indoor air pollutants.
Nearly all contaminants may have indoor sources except sulphur dioxide (SO2)
and ozone (O3), which are principally generated outdoors and then infiltrate the indoor
environment. Other pollutants that have sources principally located outdoors are pollens
and lead [25].
Automobiles and industry are the main sources of outdoor pollution. During the
last decades a high increase on the number of automobiles has arisen, this phenomenon
contrasts with the decrease of industry. Decrease of industrial activity particularly
occurs in developed countries, whilst developing countries are still in the process of
industrialization. The number of cars tends to increase every year and reduction of
pollutant emissions from cars is a task with no easy solution. Most common pollutants
in outdoor ambient air released from automobiles are [26] CO, sulphur oxides, nitrogen
oxides, alkyl benzenes (benzene, toluene), and total suspended particulates. In urban
areas, automobiles can contribute up to 90% to outdoor concentrations of CO [27]. A
few years ago, information on CO2 emissions from cars was introduced by the car
manufacturing companies. This extra information is a consequence of the public
concern about climate change that has emerged over the past few years.
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Table 1.3
Outdoor sources of major indoor air pollutants.
Pollutant

Percentage of emissions
associated with industrya

Percentage of emissions
associated with transporta

Benzene
32
65
Carbon monoxide (CO)
3
90
Lead (Pb)
31
60
Oxides of nitrogen (NOx)
38
49
Particulates (PM10)
56
25
90
2
Sulphur dioxide (SO2)
Volatile organic
52
34
compounds (VOCs)
Ozone (O3)
Arises from atmospheric chemical reactions
a
Figures based on UK estimates [28].

1.3.2

Indoor/outdoor pollutant relationships

Levels of pollutants, especially VOCs, are generally higher indoors than
outdoors with indoor/outdoor (I/O) values higher than six hundred for dichloromethane
and α-pinene [14]. Conversely, some pollutants exhibit indoor concentrations lower
than those found outdoors, e.g. respirable particulate matter (RPM), ozone (O3). Some
studies [29] report mean I/O ratios for RPM that range from 0.4 to 0.6, with indoor and
outdoor particulate concentrations significantly correlated. However, other authors [30]
found a broad range of I/O ratios for RPM, with respirable particles (RSP) levels
considerably higher indoors than outdoors. Tobacco smoking is the single most
significant contributor to indoor RSP levels. For ozone, indoor concentrations are lower
than those found in ambient (outdoor) air, Jakobi and Fabian [31] found ozone I/O
ratios of 0.5. Chemical reactions induced by ozone contribute to keep low I/O ratios
[32]. Sulphur dioxide (SO2) is also found in small concentrations indoors compared to
those found outdoors, which leads to I/O ratios as low as 0.2 [33].
As noted above, I/O ratios for pollutants are generally higher than unity. An
exceptional case is radon, which is ubiquitous in the ambient environment. With the
exception of high-ventilation conditions, I/O ratios of radon tend to be very high
reaching values of tens of thousands [7].
For those combustion-generated contaminants, I/O ratios are quite varied;
cooking appliances being a key factor on the I/O ratios, e.g. I/O ratios for nitrogen
oxides (NOx) are steady in areas without cooking appliances. Chan [34] determined I/O
10

ratios of 0.6 for a student office with a main road nearby whereas another study [35] on
two offices reports I/O ratios ranging between 0.9-1.0. For NO2, Quackenboss et al. [36]
determined I/O ratios of 3.2 for houses with gas stoves, whereas I/O ratios observed by
Lee [35] in offices without cooking appliances are about 0.8-1.0. Thus, the presence and
type of cooking appliances plays a key role on NO2 I/O ratios [37]. Carbon dioxide
(CO2) ratios are close to 2 in different non-industrial settings [38]. Carbon monoxide
(CO) ratios are usually slightly higher than 1 [38], with I/O ratios in homes ranging
from 1.9 to 2.5 [39] depending upon the site of the indoor measurement, i.e. bedroom or
kitchen.
Because of pesticide use indoors or under the building substructure, levels of
such pesticides as chlordane, heptachlor, and chlorpyrifos are often several orders of
magnitude higher indoors [30].
VOCs can be found indoors at concentrations much higher than those found
outdoors by several fold, see Table 1.6. Indoor concentrations of formaldehyde, which
is another important indoor pollutant, reported are higher than outdoors, I/O ratios
reported are close to 3 [40,41] but I/O ratios for individual cases can be close to 5 [40].
The presence of tobacco smoking may increase formaldehyde I/O ratios by more than
50% [41].
I/O ratios of biogenic particles such as mold and bacteria can vary significantly
depending on the prevalence of indoor and outdoor sources and the season of the year
[30].

1.4 STRATEGIES FOR IAQ CONTROL
The degree of air quality depends on the presence or absence of pollutant
sources or pollutants themselves. Strategies based on reducing or, when possible,
eliminating such sources and pollutants are currently widespread, e.g. ventilation,
source control, etc.
Ventilation, which is the most common way of IAQ control, is the supply to and
removal of air from a space to improve IAQ. The idea is capture, remove and dilute
pollutants emitted in the space to reach a desired, acceptable IAQ level. As
mechanically forced ventilation is available, a fraction of the total air flow is
recirculated, and a smaller fraction is exhausted and replenished with outside air [1].

11

Heating, ventilation, and air conditioning systems ideally draw in fresh outside air, mix
the fresh air with returned air, condition (which may include heating, cooling or
humidifying) the air, and circulate the conditioned air. To achieve good air quality the
system must be able to supply sufficient fresh air to all occupied spaces in the building
and to remove contaminated used air, reducing the concentration of any air
contaminants [42]. Ventilation rates are measured in terms of air changes per hour, i.e.
the number of times per hour that outside air equal to the total volume of the space
enters the space. Generally the rates are not lower than 0.2 air changes per hour. When
they are higher, substantial energy costs are incurred for heating and cooling the
outdoor air [1]. In the USA, the American Society for Heating, Refrigeration, and Air
Conditioning Engineers (ASHRAE) has developed a standard for office ventilation,
which recommends the provision of 20 cubic feet per min (0.57 m3/min) of outside air
per occupant [11].
Furthermore, concentrations of indoor air pollutants might be diminished by
source control and removal control [43]. Source control is potentially a simpler and
more effective contaminant mitigation measure than those measures that focus on
removing contaminants after they become airbone or become entrained in indoor air. It
includes (1) actions that prevent or exclude the entry of contaminant-releasing building
materials, furnishings, etc, into building spaces; (2) various elements of building design
and maintenance that prevent air contamination problems from occurring; (3) use of
treatment measures in which a physical or chemical barrier is placed between the source
and the indoor environment; and (4) physical removal of the source or source materials
and replacement with non-emitting or low-emitting sources [44].
Removal control, which can be continuous, intermittent, or one-time, is based on
pollutant removal through filtration or specialized treatments [43]. Air cleaners are
incorporated into the building design to aid in particle removal. These filtration devices;
however, generally are not designed to remove gaseous pollutants [45].

1.5 IAQ AND HEALTH EFFECTS
Indoor Air Quality (IAQ) and its contribution to human health have gone
unregulated, with the exception of the workplace, until the last few decades. The
introduction of regulatory measures for IAQ can and do affect IAQ in different ways.
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The sources of IAP are quite diverse, e.g. building materials are sources of
indoor pollutants that are difficult to deal with, in contrast to some indoor pollutants
sources that can be easily removed, e.g. air fresheners, tobacco smoking, etc. Thus, the
use of acceptable toxicological evaluation to study the health and comfort effects of the
emissions from building materials, and the development of methods for chemical
analyses and creation of chemical emission data entails considerable difficulties [46].
First, thousands of compounds have been detected in indoor air, and little is known
about the effects of most of these pollutants on human health and about possible
synergic interactions. Second, some compounds are found to be harmful at very low
concentrations, such concentrations are below the detection limit for existing methods
of quantification and identification. Finally, both acute and chronic health effects on
humans are unknown for a large number of compounds reported indoors. Thus, in the
following paragraphs are summarized the major indoor air pollutants and their health
effects. Due to its importance in the present study, VOCs are dealt with in a separated
paragraph.
•

The main health effect of CO is a result of its ability to impair the oxygen binding
capacity of hemoglobin, which can cause headaches, nausea, dizziness,
breathlessness, and fatigue, and with high exposures can lead to coma and death
[10].

•

Formaldehyde is a highly volatile compound producing irritant responses of the eye,
nose, and throat at low-level exposures, i.e. 0.2 ppm and above. It is ubiquitous
indoors due to an abundance of building and consumer products in the modern
home that contain formaldehyde [47].

•

Asbestos are several naturally occurring silicate minerals which are extremely
fibrous in nature. In the past asbestos was used as a building material due to its good
insulating properties, but it is not longer used because it can cause asbestosis, a
fibrotic lung disease, as well as lung cancer [48].

•

Biogenic agents in indoor air include viruses, bacteria, algae, pollens, etc. They
exhibit limited direct toxicity, more often provoking infection or allergic responses
[49]. Common fungi, which grow on a variety of indoor nutrient sources such as
damp building materials emit VOCs, such VOCs are responsible for the odor of the
fungi or mold [50]. Household dust is recognized to be a cause of respiratory
symptoms in allergic as well as non-allergic individuals. Household dust may
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contain animal allergens, fungi, or insect debris to which an individual may be
specifically allergic [51].
•

Exposure of healthy subjects to ozone is associated with both decrease in lung
function and an influx of neutrophils as revealed with bronchoalveolar lavage,
suggesting that ozone causes airway inflammation in humans [52].

•

Radon-222 (Radon) is a noble gas produced by the radioactive decay of radium-226,
it decays with a half-life of 3.82 days into a series of short-lived radioisotopes
collectively referred to as radon daughters. Since radon is chemically inert, most
inhaled radon is rapidly exhaled, whereas inhaled radon daughters readily deposit in
the airways of the lung [7]. Two of these daughters, polonium-218 and polonium214, emit alpha-particles. When this happens in the lung, the radiation can damage
the cells lining the airways, leading ultimately to cancer [53]. Radon and its
daughters are present in minute quantities in all of the air that we breathe, with a
typical activity of the order of 0.1-1pCi/L for the gas and each of the short-lived
daughters [54]. Structural design of buildings plays a key role on indoor levels of
radon, which relate to the entry of radon from soil or rock beneath the structure.
Geographical variation and release from the water supply also appear to be
important in indoor levels of radon [55].

•

Even though an extensive literature has examined the link between NO2 exposure
and duration causing adverse respiratory effects in susceptible populations, results
are inconclusive [10].

•

All combustion sources, such as motor vehicle traffic, industrial combustion
processes, burning, cooking, heating, and tobacco smoking generate large quantities
of fine and ultrafine particles, so-called particulate matter (PM). PM as PM2.5 is
associated with long-term increase of air pollution [56]. More than 80% of particles
in terms of number are smaller than 0.1 µm. Smaller particles can penetrate deeper
into the respiratory tract and therefore have a higher potential to induce adverse
health effects than larger particles [57]. Though particle size determines, to a great
extent, inhalation, deposition and elimination of particles, lung deposition does not
show a straightforward correlation with the size [8]. There is no evidence at the
present that ambient coarse PM, i.e. PM with diameter size ranging 2.5-10 µm, is
associated with the occurrence of lung cancer. In contrast, fine PM, i.e. PM with
diameter size of 2.5 µm, consisting of combustion particles has been associated with
lung cancer development in humans [56].
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Overall, health effects triggered by indoor pollutants can be classified as
carcinogen or non-carcinogen, see Table 1.4;

Table 1.4
Potential health effects from exposures to indoor air pollution, adapted from ref. [58].
Cancer

Non-Cancer (Systemic)

Sites

Injury/Illness

Signs

Symptoms

Lung

Pulmonary

Cough

Pharynx
Stomach
Leukemia
Other lymphomas

Cardiovascular
Neurologic
Reproductive
Developmental

Brain and CNS
Hodgkin’s disease
Kidney/Renal/Pelvis

Immune System

Wheeze
Diarrhea
Rashes
Running
nose
Fever

Abdominal
pain
Burning Eyes
Burning Skin
Chest Pain
Dizziness
Fatigue
Headache
Nausea
Sleeping
problems
Sore throat

As mentioned above, people spend approximately 90% of the time indoors.
Such time can be split as periods of time spent at three major sites, (1) home, (2)
transport (car, bus, underground, etc) , and (3) work, i.e. offices. At home we are
exposed to off-gassed consumer products, combustion products, etc; as we use
transport, especially cars, the quality of the surrounding air is largely influenced by
outdoor sources and fuel-combustion products. Nowadays, work in offices play a key
role in public health. Health problems related to work in office type buildings have
largely been studied by hygienists, mainly because of the tighter control on the
conditions and variables influencing the system to be studied. Office workers might
spend approximately 25% of their weekly time, i.e. 8-hour per day, in an office type
building, thus the worker might suffer health problems triggered by exposure to the
environment. These health problems are usually divided [59] into building related
diseases (BRDs) and sick building syndrome (SBS). BRDs include infectious diseases
spread from the building services and diseases spread from worker to worker within a
building. They also include any toxic reactions to chemicals used within the building, or
derived from fungi growing within a building. SBS comprises a group of symptoms of
unclear aetiology.
15

1.5.1

Sick building syndrome

Sick building syndrome (SBS), which is commonly reported indoors, arose as a
problem prior to 1960 [1], but it has been more important since the 1970s with the
introduction of more energy efficient buildings as replacement of naturally ventilated
buildings. SBS has been reported with increasing frequency [42]. SBS is defined as an
excess of non-specific symptoms, including eye, nose and throat irritation, headache,
lethargy, dizziness, mental fatigue, and skin irritation, associated with building
occupancy. The term generally applies to problems related to IAP, rather than
describing complaints from humidity and temperature [60]. Symptoms generally
improve when the subject is away from the building or when improvements are made in
the IAQ, but the time course can be variable [42]. SBS induces adverse health effects
mostly on the employees, but it also affects negatively on the employer by loss of
employee’s productivity since the reduction in task performance is more costly than
implementing recommendations to reduce indoor air pollutants [61]. SBS effects on
both managers and clerical workers might also be different because of the duration of
work in the affected building. Managers (who may not work in the same place for long)
may not be affected, whereas clerical workers (who stay put) may be [42].
In general, naturally ventilated buildings have fewer symptomatic occupants
than those from air conditioned offices, despite measurements of air quality being better
in the air conditioned buildings. It seems that the major factors controlled by air
conditioning can have both positive and negative effects. The main factors which have
been studied include fresh air ventilation rates, temperature, humidity, dust, and the
microbial content of the air. Finding an association between these factors and symptoms
does not however imply that altering that factor is likely to reduce symptoms [59].
The causes of the SBS are as unclear as the symptoms; temperature and
humidity are unlikely to be the cause, so attention has to be drawn to major indoor
pollutants. Bacteria and fungi are major contributors to IAP, but no evidence currently
supports a direct relation between bacteria and fungi and SBS [62]. VOCs clearly cause
symptoms resembling SBS in some cases, but for the majority of the cases many other
factors than VOCs have an effect on the IAQ [63]. Thus, further studies are needed to
better understand this problem. Sorption phenomena of pollutants, including VOCS,
might significantly contribute to SBS [64].
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1.6 VOLATILE ORGANIC COMPOUNDS (VOCs)

1.6.1

Introduction

The term VOC covers a large number of compounds that are commonly reported
to be indoor pollutants. Dominant VOCs found indoors are toluene, n-decane,
chlorinated hydrocarbons, and terpenes, e.g. limonene and α-pinene [14]. Furthermore,
hundreds of other VOCs are found in a typical non-industrial indoor environment
[65,66] including aromatic hydrocarbons, alkenes, alcohols, aliphatic hydrocarbons,
aldehydes, ketones, esters, glycols, halocarbons, cycloalkanes, low molecular weight
carboxylic acids, cycloalkenes, and amines like nicotine, pyridine, 2-picoline, 3ethenylpyridine and myosmine, which are widespread, especially in smoking
environments.
VOCs bear a resemblance to other indoor pollutants in that cooking [67],
furnishing [68], paints [10], tobacco smoke [69], consumer products [67], and building
materials [67] are their main indoor sources. Indoor VOC levels might be influenced by
chemical reactions [32], e.g. reactions between oxidants (ozone) and unsaturated VOCs
(terpenes). Furthermore, major outdoor-pollution sources, i.e. traffic as well as biogenic
and industrial emissions, are significant contributors to indoor VOC levels [65].
Consequently, the indoor level of any VOC is the summation of the contributions of its
different indoor and outdoor sources.
Table 1.5 summarizes the major sources of VOCs in indoor air along with the
typical VOCs emitted by the different sources.

Table 1.5
Sources of common VOCs in indoor air [65,70].
Source

Examples of typical contaminants

Consumer and
commercial products

Aliphatic hydrocarbons (n-decane, branched alkanes),
aromatic hydrocarbons (toluene, xylenes), halogenated
hydrocarbons (methylene chloride), alcohols, ketones
(acetone, methyl ethyl ketone), aldehydes
(formaldehyde), terpenes (limonene, α-pinene)

Paints and associated
supplies

Aliphatic hydrocarbons (n-hexane, n-heptane), aromatic
hydroarbons (toluene), halogenated hydrocarbons
(methylene chloride, propylene dichloride), alcohols,
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ketones (methyl ethyl ketone), esters (ethyl acetate),
ethers (methyl ether, ethyl ether, butyl ether)
Adhesives

Aliphatic, aromatic, and halogenated hydrocarbons,
alcohols, amines, ketones (acetone, methyl ethyl ketone),
esters (vinyl acetate), ethers.

Furnishings and
clothing

Aromatic hydrocarbons (styrene, brominated aromatics),
halogenated hydrocarbons (vinyl chloride), aldehydes
(formaldehyde), ethers, esters

Building materials

Aliphatic hydrocarbons (n-decane, n-dodecane), aromatic
hydrocarbons (toluene, styrene, ethylbenzene),
halogenated hydrocarbons (vinyl chloride), aldehydes
(formaldehyde), ketones (acetone, butanone), ethers,
esters (urethane, ethyl acetate)

Combustion
appliances

Aliphatic hydrocarbons (propane, n-butane, isobutane),
aldehydes (acetaldehyde, acrolein)

Potable water

Halogenated hydrocarbons (1,1,1-trichloroethane,
chloroform, trichloroethane)

Outdoor sources
(Traffic, industry)

Aliphatic and aromatic hydrocarbons, aldehydes,
ketones, esters.

Biological sources
(Humans, moulds,
bacteria, plants)

Terpenes, glycoesters, alcohols, esters, aldehydes

1.6.2

VOC levels and measurement

Concentrations of individual VOCs largely depend on the type of building in
which measurements are taken, with mean concentrations of individual VOCs generally
below 50 µg/m3 in established buildings, but much higher concentrations in new
buildings [71]. The total concentration of all VOCs ranges from well below l mg/m3 to
an upper extreme of 20 mg/m3 in normal homes [18].
The most prominent factors influencing indoor VOCs levels are [65] those
shown below:
1. Air exchange rate
2. Source characteristics
3. Ventilation systems
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4. Meteorology (temperature and relative humidity)
5. Age of a building
6. Building design
7. Type of indoor activities
8. Sorption, desorption and deposition rates
9. Mixing and distribution of pollutants
10. Removal rate

Table 1.6
Indoor/Outdoor (I/O) ratios of VOCs frequently detected in indoor air [6].
VOC
n-pentane
n-hexane
n- heptane
n-octane
n-nonane
n-decane
n-undecane
n-dodecane
n-tridecane
n-tetradecane
n-pentadecane
2-methylpentane
2-methylhexane
3-methylhexane
Cyclohexane
Tricholorofluoromethane
1,2-dichloroethane
Dichloromethane
Chloroform
Carbon tetrachloride
1,1,1-trichloroethane
1,1-dichloroethylene
Trichloroethylene
Tetrachloroethylene
p-dichlorobenzene

I/O
3
9
4
7
14
19
20
20
>6
16
>5
2
2
3
4
10
12
6
5
2
9
13
6
5
5

VOC
m-dichlorobenzene
2-propanol
n-butanol
Acetaldehyde
Butanal
Hexanal
Nonanal
Acetone
Methylethyl ketone
Ethyl acetate
Styrene
Benzene
Toluene
Ethylbenzene
m- and p-xylene
o-xylene
n-propylbenzene
1,3,5-trimethylbenzene
1,2,4-trimethylbenzene
1-methylethenylbenzene
Naphthalene
Camphene
α-pinene
Limonene
TVOC

I/O
0.4
>73
5
5
2
>5
5
12
4
15
10
3
6
6
6
6
4
4
15
5
4
20
23
80
7

VOC analysis and characterization involves three different steps [72], (1) the
collection of the VOC in a suitable sorbent, (2) desorption of the compounds from the
sorbent, and (3) analysis of the desorbed compounds. Solid sorbents are the most
commonly used materials for collecting vapor phase organic compounds. Tenax is the
most commonly used sampling media for active sampling [20,72], it is a synthetic
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polymer that best adsorbs non-polar and slightly polar compounds. For Tenax, sample
volumes typically range from a few liters to approximately 15 liters collected over a few
minutes to hours, sample components are then recovered by thermal desorption. Tenax
has the advantage of being thermally stable with relatively low blank and artifact levels.
Thermal desorption of the adsorbed compounds is not the only desorption technique and
the use of solvents for desorption is very usual. Analyses of indoor VOCs in
laboratories are usually performed with gas chromatographs [65] with flame-ionisation
detectors (FIDs), electron capture detectors (ECDs) and coupled to mass spectrometers
(MS). Alternatively high-performance liquid chromatography (HPLC) is used. Of these
techniques, GC-MS provides the most conclusive qualitative and quantitative
information.
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Chapter 2

Environmental Tobacco Smoke

2.0 INTRODUCTION
Tobacco is one of the main consumer goods with hundreds of millions of
consumers or potential customers. Tobacco companies develop their best marketing
techniques to ensure that they retain customers and acquire further customers from a
very large pool of potential tobacco smokers. To achieve significant cigarette sales,
tobacco companies use different techniques to modify both tobacco and tobacco smoke
properties in order to improve acceptance among both smokers and non-smokers. Hence
research in tobacco industry is continuously carried out in different areas such as
tobacco taste, amount of tobacco smoke given off, and tobacco smoke smell by
introduction, modification, or removal of cigarette components. Smoker choice among
different brands depends on different factors including price, amount of nicotine and tar
per cigarette, number of cigarettes per package, etc. Other features such as tobacco
smoke smell and tobacco taste also play a key role in the choice. Hundreds of additives
including humectants and flavours are included during tobacco processing making
cigarettes more attractive to smokers. As well as these hundreds of additives, cigarettes
contain thousands of natural constituents [1] from the tobacco blend that either can be
given off to the environment or can go through combustion processes and then given off
to the environment.
Environmental tobacco smoke (ETS) is a complex mixture of substances
released into the atmosphere as tobacco undergoes combustion and smoulder processes.
ETS is the sum of the sidestream (SS) smoke and the part of the mainstream (MS)
smoke which the smoker exhales [2]. Both SS and MS smoke undergo ageing and
dilution processes leading to ETS. Since both MS and SS smoke are spread out onto the
environment, indoor air concentrations of MS and SS smoke compounds are lower than
those found at the source due to dilution processes.
The exact number of compounds within ETS remains unknown; however, with
the improvement of the analytical techniques and the growing interest on ETS, the
number of known ETS compounds grew to about 450 in 1959 [3], to about 950 in 1968
[4], to 3875 in 1982 [5], to 3996 in 1988 [6], and finally to 4800 in 2001 [7], although
these last references only quote the number of compounds without listing them. Stöber
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[8] stressed the complexity of ETS composition by quoting that “if scientists try to
come up with a complete characterization of the products of smoking and their
dispersity, the variety of the chemical compounds produced by those individually
patterned, quasi-periodic processes of incomplete combustion, distillation, vaporization,
sublimation and cracking of cigarette ingredients during “smoking a cigarette” is only
one of the difficult aspects they have to cope with”. The presence of ETS in the
environment contributes to the increase in concentration of both inorganic and organic
compounds in indoor air. Some of those compounds are unique to tobacco, e.g. nicotine.
ETS is not a homogeneous matrix regarding its physical state, thus, ETS compounds
can be found in different phases, such as particulate phase and vapour or gas phase.
Research on ETS has dramatically increased during the last decades, especially
from 1960. The large number of studies carried out, which might be intimately
associated with the increasing concern of the consequences of tobacco on humans, led
to the identification of an increasing number of ETS compounds. Development of
analytical techniques, particularly gas chromatography (GC) in the mid 1940s, has been
crucial for the progress in this area.
ETS is a very complicated system to be studied, inasmuch as it is the result of
not only the compounds given off from the tobacco blend, but also the compounds from
reactions such as pyrolysis, distillation, and combustion occurring within the different
areas of the cigarette and the ageing and dilution processes occurring in the atmosphere.
Most tobacco smoke compounds are found at very low concentrations ranging from
µg/cigarette to ng/cigarette [9]. In spite of their small quantities in tobacco, some of
them are carcinogenic or trigger harmful health effects so they are considered to be a
concern for the public health. Tobacco has been associated with a wide range of
negative health effects, such as lung cancer, heart diseases, and other sort of disorders.
Most of the concerns regarding tobacco are focussed on smokers, but non-smokers also
suffer the consequences of thousands of chemicals emitted from cigarettes as tobacco
smoke. Apart from carcinogenic effects, ETS triggers mucosal irritation on humans, e.g.
nasal and throat irritation. Irritation is not a permanent effect on humans disappearing
soon after the subject is not in a heavily-loaded ETS atmosphere. Irritation is the most
common symptom perceived by humans when they are indoors containing high levels
of smoke, e.g. bars, pubs, taverns, etc.
ETS is a public concern because the smoking habit of millions of smokers might
contribute to worsen non-smokers health. Though smoke-free policies, which ban
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smoking in public places, have been introduced in the past years there is still a long way
to go to solve the problem. These policies of restriction are quite recent, but because of
public concern, more countries are finally dealing with the ETS problem.

2.1 ETS, MAINSTREAM SMOKE, AND SIDESTREAM SMOKE
ETS, mainstream (MS), and sidestream (SS) smoke are terms commonly used.
ETS is the mixture of substances found in the environment as exhaled MS smoke and
SS smoke undergo ageing and dilution processes, MS smoke is the material drawn from
the mouth end of a cigarette during a puff [10], and SS smoke is made up of (1) the SS
smoke emitted from the burning zone during both the puff and the smoulder periods in
an upwards direction, (2) the smoulder stream which escapes from the mouth end of the
cigarette during smoulder, and (3) gases which diffuse out of the tobacco rod during
both the puff and smoulder periods [11-13]. Diffusion rates vary depending upon the
compound, being important for water while alkaloids diffuse only to a small extent
through the cigarette paper. Generally, diffusion is 3 to 10 times more intensive during
puffs than during intervals [14]. MS and SS smoke contributions to ETS are
significantly different, with SS smoke being the main contributor to ETS [15].

Figure 2.1. Structure of a typical cigarette.

Tobacco smoke properties, e.g. smell and flavour depend both qualitatively and
quantitatively upon a number of physical and chemical parameters, some of these
parameters are summarized in Table 2.1.
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Table 2.1
Summary of parameters that affect smoke yield and smoke composition [16].
Parameter
Principal Effect (A and/or B)*
Amount of tobacco
A
Cigarette physical dimensions
A
Tobacco blend
B
Filter type
A, B
Flavouring
B
Puff volume
A
Puff frequency
A
Vent-blocking
A, B
Final butt length
A
*
A denotes a principal effect on smoke yield. B denotes a principal effect on smoke
composition.
2.1.1

Environmental Tobacco Smoke (ETS)

As noted above, ETS is a complex mixture resulting from the ageing and
dilution of SS and exhaled MS smoke. Both MS and SS cigarette smoke and therefore
ETS are aerosols containing a liquid particulate phase dispersed as fine droplets in a
gaseous medium [17]. In contrast to smoking, uptake of tobacco smoke derived
particles during passive smoking seems to be very low [18] and the exposure to the gas
phase of ETS is more important than to the particulate phase. Exhaled MS smoke can
contribute between 15 and 43% of the particulate matter (PM) to ETS while
contributing only small amounts of gas phase constituents. The particulate phase is of
special importance because it contains significant ETS components, for example all of
the tar, which is the MS total PM minus the quantities of water and nicotine in the total
PM [19], and most of the nicotine [20].
ETS is composed of thousands of constituents including charged particles [21];
44.6% of the particles from unfiltered cigarette smoke are uncharged, 47.3% bear one
charge, whilst only 6.9% of the particles were found to have two charges and 1.2% to
have more than two charges. A more detailed study on the chemical composition of
ETS is shown below. Furthermore, a comprehensive list of ETS constituents as well as
concentrations of different ETS, MS and SS smoke constituents can be found in the
supplementary material (see attached CD-Rom).
In the early stages on ETS research, different reviews collected data on
individual ETS components [22,23]. The complexity of the chemical reactions within
the cigarette and the variety of products from such reactions make it difficult to
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accurately characterize individual ETS components. In spite of the difficulties in the
characterization of individual ETS components, there is a good agreement on the major
classes of chemicals found in ETS, see Table 2.2.

Table 2.2
Main groups of chemicals found in ETS [24].
Amides, Imides, Lactams
Amines
Carboxylic acids
N-Heterocycles
Lactones
Hydrocarbons
Esters
Nitriles
Aldehydes
Anhydrides
Ketones
Carbohydrates
Alcohols
Ethers
Phenols
Some of the most important ETS components are briefly discussed below.

Nicotine
Nicotine, the best known compound in tobacco, is transferred to ETS, MS, and
SS smoke. Most of the understanding on nicotine results from its addictive properties
and its function as precursor of nitrosamines found in tobacco smoke. Of primary
importance to its addictive nature are findings that nicotine activates reward pathways the brain circuitry that regulates feelings of pleasure. A key brain chemical involved in
mediating the desire to consume drugs is the neurotransmitter dopamine, and research
has shown that nicotine increases levels of dopamine in the reward circuits [25].
ETS nicotine is primarily (about 95%) found in the gaseous phase while in MS
smoke it is present nearly exclusively in the particulate phase. By inhaling tobacco
smoke, the average smoker takes in 1 to 2 mg of nicotine per cigarette [25]. The
location of nicotine in SS smoke is a theme of controversy among the scientific
community [16]. Some studies [26-28] reported that most of the nicotine is located in
the gaseous phase, whereas other studies [29] report its presence almost entirely in the
particulate phase. Baker and Proctor [30] state that nicotine in fresh concentrated SS
smoke is found in the particulate phase, though nicotine seems to transfer rapidly to the
vapour phase as the smoke stream ages and becomes diluted.
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Water
Water found in tobacco smoke comes from both water contained in tobacco
blend and from hydrogen transformed into water, 62.8% of the hydrogen originally
present in the burnt portion of the cigarette is transformed into water [31]. The SS
smoke is enriched by the total water (comprising moisture content of tobacco as well as
water of combustion) to a large extent, i.e. in the proportion to the total water of a
cigarette, 14.4 mg of water are calculated to be transferred to the MS smoke and 344.7
mg to the SS smoke and to the ashes [32].

Polycyclic aromatic hydrocarbons (PAHs)
Polycyclic aromatic hydrocarbons (PAHs) are a major group of tobacco smoke
components because of (1) their number - latest studies reported as many as five
hundred and thirty nine PAHs in MS smoke [33], and (2) the likelihood that they are
tumorigenic agents in cigarette smoke. PAHs can also be found in other types of
products used on a daily basis, e.g. PAHs are reported to be components of foodstuffs in
the average diet. When many foodstuffs are heated during preparation, their PAH
content increases dramatically [34].
The major precursors of the PAHs in cigarette smoke are lipophilic components
of tobacco, e.g. terpenoid compounds (solanesol), the phytosterols, and saturated
aliphatic hydrocarbons [35]. Benzo[a]pyrene (BaP) is the most studied PAH because it
was one of the first PAHs whose carcinogenesis was experimentally determined [36].
PAHs consisting of two fused benzene rings are found principally in the gas phase,
those consisting of five rings are found predominantly in the particulate phase and those
of intermediate size are distributed between phases. Particulate-phase PAHs are
dissolved in or adsorbed on PM generated by the source and/or on ambient PM from
other sources [37].

Nitrosamines
As for PAHs, nitrosamines can be found in food, e.g. from nitrites and nitrates
that are used as curing agents in cured meat, cheese, or pickled fish products. Another
mechanism of formation is through the drying of foods in air that has been directly
heated by an open flame. This is the major source of nitrosamines in malt, beer, scotch
whisky and dried foods. Other routes of nitrosamines include nitrosamine-bearing
materials that come into contact in the food or from some microorganism present in
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fermented food which reduces nitrate to nitrite, lowering the pH and producing
substances that can catalyze nitrosation [38]. With regard to the tobacco issue,
nitrosamines can be found in tobacco and also in tobacco smoke because of nitrosation
of nicotine and other alkaloids [39].
The mechanism of nitrosamine toxicity involves metabolic reactions of
nitrosamines with cytochrome P-450 enzyme. Nitrosamines have the ability to form
potent electrophilic alkylating agents, which can react with the nucleophilic site of
ADN, ARN, and proteins. These reactions can induce mutations and hence initiate
carcinogenesis [40,41].
Seven tobacco-specific nitrosamines NNN, NNK, NNAL, NAT, NAB, isoNNAL, and iso-NNAC have been identified in tobacco products [42].

Abbreviation

Compound Name

NNN

N´-nitrosonornicotine

NNK

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone

NNAL

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol

NAT

N´-nitrosoanatabine

NAB

N´-nitrosoanabasine

iso-NNAL

4-(methylnitrosamino)-4-(3-pyridyl)-1-butanol

iso-NNAC

4-(methylnitrosamino)-4-(3-pyridyl) butanoic acid

NNN, NNK, and NAT generally occur in greater quantities than the others, and
NNN, NNK, and NNAL are the most carcinogenic. In cigarette smoke, NNN occurs at
greater concentrations than any other esophageal carcinogen. NNK and its major
metabolite NNAL are the only known pancreatic carcinogens in cigarette smoke. NNK
and NNN are categorized as carcinogenic to humans (Group 1) by the International
Agency for Research on Cancer (IARC) [43].

Volatile Organic Compounds (VOCs)
VOCs are considered to be those organic compounds having a vapour pressure
greater than 10 Pa at 25˚C, a boiling point of up to 260˚C at atmospheric pressure, and
15 or less carbon atoms [44]. These compounds may contain oxygen, nitrogen and other
elements, but specifically excluded are carbon monoxide, carbon dioxide, carbonic acid,
metallic carbides and carbonate salts [45]. Many of the ETS compounds such as
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alkanols, aldehydes, ketones, carboxylic acids, amines, alkylbenzenes, terpenes,
aliphatic and aromatic amines are considered to be VOCs. Despite the large number of
VOCs in ETS, the VOC contribution of ETS in air is much less than that from other
sources [30]. A comprehensive list of VOCs in ETS can be found in the supplementary
material (see attached CD-Rom).

2.1.2

ETS ageing and dilution

Within a short distance of a burning cigarette ETS is largely undiluted, and
exposure to potentially harmful smoke components is likely to be heavier and more
uniform than in the case of distant passive smoking [46]. Whilst smokers must be
exposed to such undiluted ETS, non-smokers are exposed to a much more diluted ETS.
As cigarettes are smoked in a room, the levels of ETS components in the room rise and
then fall due to air circulation, room ventilation and, to a lesser extent, interactions of
the ETS constituents such as deposition of smoke particles onto surfaces in the room
[30]. In general, once ETS is generated and introduced to the air, both gas and particle
phases interact with each other (gas to particle conversion), with atmospheric aerosols
and with the environment [20]. ETS ageing influences the balance of semi-volatile
constituents between vapour phase and particulate phase. Some compounds are rapidly
oxidized, others are in equilibrium between vapour phase and particulate phase, and are
affected by dilution of the smoke and changes in temperature and humidity e.g. nicotine
[46]. The dispersion and decay of ETS occurs at different rates for different constituents
[46], levels of PM in the atmosphere are likely to fall more quickly than do levels of
gaseous smoke products. Reactive components (such as NO2) decay more rapidly than
more stable compounds (e.g. CO).
Regarding particle size, an increase in particle size in the range of 20-50% takes
place in the first 30 to 60 minutes after ETS generation and then remains unchanged
[20].
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2.1.3

Mainstream (MS) smoke

Mainstream (MS) smoke is smoke drawn through the tobacco rod and taken in
by the smoker. Such MS smoke differs significantly from the MS smoke that
contributes to ETS, in that exhaled MS smoke undergoes absorption processes in the
respiratory tract, which contributes to particle-size change. Exhaled MS is substantially
depleted in vapour-phase constituents, and the PM is likely to have increased its water
content in the high-humidity environment of the respiratory tract [15] .
Approximately 4000 compounds have been identified in MS smoke, which
accounts for more than 95% of MS smoke weight [19]. By weight, gases of atmospheric
origin, i.e. nitrogen, oxygen, carbon dioxide, carbon monoxide, hydrogen, argon, etc.
account for more than 80% of MS smoke [47]. The vapour phase components not of
atmospheric origin represent 13.5% of the weight, with water and carbon dioxide
accounting for approximately 90% of this total, the remaining 10% contains molecules
derived from the tobacco. The particulate phase constitutes 4.5% of the MS smoke and
contains approximately 16% water. Other main constituents of the ETS particulate
phase are tar, nicotine, alkanes (e.g. tridecane, pentadecane), camposterol, stigmasterol,
β-sitesterol, phenol, acids (e.g. formic acid, acetic acid), and lower quantities of
alkylbenzenes (e.g. 1-methylnapthalene, 2-methylnaphthalene), PAHs, and nitrosamines
[48].

Figure 2.2. Composition of cigarette MS smoke of an American blend cigarette,
adapted from ref. [49].
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Studies on inhalation of MS smoke components [50,51] indicated that no
inhaled MS smoke component is 100% absorbed and retained in the smoker’s
respiratory tract, i.e. every inhaled MS smoke constituent is considered to be present in
exhaled MS smoke, hence inhaled MS smoke and exhaled MS smoke are qualitatively
similar but quantitatively different. Those findings are supported by studies reviewed by
Baker and Dixon [52], which indicate that on average, 60 to 80% of the MS smoke PM
is retained in the lungs after inhalation. For nicotine, carbon monoxide, nitric oxide, and
aldehydes the total retentions are of the order of 90–100, 55–65, approximately 100, and
approximately 90%, respectively, during cigarette smoke inhalation. The location where
particles are retained is also an important parameter in the inhalation of MS smoke. For
most smoke constituents retention in the mouth only is considerably smaller than in the
whole respiratory tract. Moldoveanu and St.Charles [53] recently evaluated the
retention of compounds from MS cigarette smoke by smokers. Their study showed that
the retention of different cigarette smoke compounds differs from compound to
compound in a range from 5–10% to 90–100%.
Studies on un-aged MS smoke particle size reported a range of arithmetic mean
diameter values of 0.20-0.32 µm [54]. Keith [54] also reported on the influence of
ageing on particle size of undiluted smoke; the results of this study indicated that ageing
for up to 1.4 seconds doubles the mass mean diameter.

2.1.4

Sidestream (SS) Smoke

Sidestream (SS) smoke is the major contributor to ETS as is shown in Table 2.3.
SS smoke emitted from the burning zone during both the puff and the smoulder periods
contributes about 95% to the total SS smoke [55]. SS smoke is generated under
different conditions than MS smoke, and as a result, has a different relative chemical
composition [56]. SS smoke contains most of the VOCs and PM emitted from the
cigarettes [57] and is slightly more alkaline than MS smoke [30]. It contains much
greater quantities of ammonia and generally greater quantities of organic bases, it is
depleted in acidic constituents, and it contains lesser quantities of hydrogen cyanide
than does MS smoke [19]. Particle size for SS smoke is similar to that for MS smoke,
Okada et al. [58] reported a value of 0.1 µm for the geometric mean diameter of diluted
SS smoke particles; however, as Morawska et al. quoted [20] there is no agreement on
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particle size values for both SS smoke particle size values, which cover the range 0.100.67 µm; and MS smoke particle size values, which cover the range 0.23-0.44 µm.
Variation in the above results might be a consequence of the methodology used to
determine particle size.

Table 2.3
Sidestream/mainstream (SS/MS) yield ratios for selected components in the
smoke of plain cigarettes [16].
Substance
SS/MS ratio Substance
SS/MS ratio
Carbon monoxide
2.5-4.7
Nicotine
2.6-3.3
Carbon dioxide
8-11
Quinoline
8-11
Water
24-30
Isoprene
13-19
Ammonia
40-170
Benzene
5-10
Hydrogen cyanide
0.06-0.5
Toluene
6-8
Acetonitrile
3-5
Naphthalene
17
Acetaldehyde
1.4
Anthracene
30
Acrolein
8-15
Phenanthrene
2-30
Phenol
1.6-3.0
Benzo[a]pyrene
2-20
Catechol
0.6-0.9
N-Nitrosodimethylamine 10-50
Acetic acid
1.9-3.9
N-Nitrosopyrrolidine
6-30
3-Methylvaleric acid
0.8-1.5
N-Nitrosonornicotine
0.5-3
1-4
Methylamine
4.2-6.4
NNKa
Aniline
30
N-Nitrosoanatabine
0.3-1
Pyridine
6.5-20
Cadmium
4-7
a
4-(methylnitrosamine)-1-(3-pyridyl)-1-butanone.

As shown in Table 2.3, except for hydrogen cyanide and a few phenolic or
carboxylic acid constituents, a much greater quantity of each smoke constituent is
released in SS smoke than in MS smoke [19].

2.2 MECHANISM OF ETS FORMATION AND REACTION ZONES
Reactions within the rod as tobacco is burnt play a key role on MS- and SSsmoke constituents; such reactions make physical characterization of ETS an arduous
task. Furthermore, the type of reaction within the rod depends upon the zone of the
cigarette, e.g. oxygen in the air is unable to penetrate into the region of carbonised
tobacco in the interior of the coal, this area is thus largely a pyrolitic or oxygensensitised pyrolitic region. Consequently, a large proportion of the organic products
found in tobacco smoke are probably produced by pyrolytic reactions rather than
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combustion reactions [59]. The interior of the burning zone is also hydrogen-rich and
can effectively be divided into two regions (1) an exothermic combustion zone reaching
temperatures of 400-800˚C and (2) an endothermic pyrolysis/distillation zone behind
the coal with temperatures ranging between 150-400˚C. Those endothermic, energyconsumption processes are primarily responsible for the extremely rapid decrease of the
temperature of MS smoke from 800˚C down to the temperature of the ambient air [16].
As air is drawn into the cigarette during the puff, oxygen is consumed by
combustion with carbonised tobacco and the simple combustion products carbon
monoxide, carbon dioxide and water are formed, together with the release of heat which
sustains the whole burning process [59,60]. In the high temperature (>750˚C), low
oxygen (<0.2% v/v) region of the coal carbon monoxide reaches a maximum, while
carbon dioxide production is fairly constant [59]. The region of the cigarette
immediately behind the char line (the line of paper burn) is of importance beyond its
role as a condensation region. Temperatures reached at this region are sufficient to lead
to chemical processes which may be likened to steam distillation [19]. Rodgman [61]
reported that at least 1200 thermally stable constituents of tobacco are transferred intact
into the smoke stream by distillation from the tobacco rod behind the firecone.
In the smoulder period between puffs, a natural convection flow of air around
the burning zone in the upwards sustains burning but at a much lower intensity than
during the puff. The combustion processes occurring on the surface of the burning zone
in the convection stream proceed independently of those inside [30].
Conditions producing SS smoke differ from those producing MS smoke in at
least two important ways. First, firecone temperatures are lower (reaching
approximately 600˚C) during the period between puffs than during active puffing.
Second, the flow of air is convectively driven in the reverse direction of air flow
accompanying a puff. Convection driven by the high temperature of the firecone is
sufficiently strong that SS gases are emitted from the firecone even during a puff [19].

2.3 ASSESSMENT OF ETS LEVELS
At the population level, measures of exposure are necessary for estimating the
burden of disease that is attributable to ETS, and to guide public health policy [46]. For
example, in many countries 30–40% of children are exposed to smoke in the home and,
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consequently, a substantial proportion of cases of common childhood illnesses may be
attributed to ETS.
In experimental studies, the ETS source can be either a smoking machine or a
smoker, with emission rates produced by smoking machines often (but not always)
exceeding those measured from smokers themselves [57]. Despite such excess of
emission rates, the introduction of smoking machines helped to reduce the variability in
MS and SS smoke emission rates from smokers inasmuch as the manner in which a
cigarette is smoked greatly influences its MS and SS smoke delivery [19].
The variability of tobacco blend, additives, and cigarette structure, e.g. filter,
also play a key role on ETS composition [16]. For VOCs, the use of either research or
commercial cigarettes to study emission rates involves a significant difference in such
emission rates [57]. Though both types of cigarettes emit the same compounds, VOCs
emission rates between them can differ by a factor of two or more and perhaps by the
same factor among commercial cigarettes.
The method most frequently used to assess human exposure to ETS has been a
simple questionnaire to ask if individuals live with, work with, or have regular contact
with persons who are smokers [62]. Although this method has provided a simple means
of classifying individuals into broad categories, it does not provide a quantitative
measure of exposure and has problems associated with misclassification of exposures.
The ideal method for assessing exposure to ETS, or other indoor air pollutants, would
be to characterize and monitor exposure using a combination of physical/chemical and
biological monitoring. Thus, one approach to assessing exposure to a complex mixture
such as ETS is to monitor one of the emission products as a tracer or marker [62].

2.3.1

Markers for ETS

For a compound to be an ETS marker [63], it has to fulfil the following
requirements,
•

Unique or nearly unique to ETS.

•

Easily detected in air, even at low smoking rates.

•

Similar in emission rate for a variety of tobaccos.

•

In constant proportion to compounds in ETS that affect human health.
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ETS components used as ETS markers can be found in both the ETS gas phase,
e.g. nicotine, myosmine, and 3-ethenylpyridine; and the particulate phase, e.g. solanesol
and scopoletin [64]. Markers of ETS used in the past include respirable (or total)
suspended particulate matter (RSPM), carbon monoxide, nitrogen oxides, nicotine, Nnitrosamines, and aromatic hydrocarbons [65].

2.3.1.1

Markers for ETS gas phase
Carbon monoxide is one of the ETS components most widely used as a marker

of ETS, but carbon monoxide is not longer used as ETS marker because tobacco smoke
is not the only source of carbon monoxide in indoor environments. Therefore the use of
carbon monoxide as surrogate for ETS will significantly overestimate exposure to ETS
[66].
Nicotine can be used as an ETS marker for both gas and particulate phase;
however, the use of nicotine as a tracer of ETS particulate phase is complicated by the
fact that nicotine is found primarily into ETS gas phase, even though a small portion of
nicotine, 2% of the total nicotine, can be found into ETS particulate phase [67].
Furthermore, gas-phase nicotine is removed from indoor environments at a faster rate
than particulate-phase nicotine. Thus, the concentration of gas-phase nicotine may
underestimate exposure to the particulate phase of ETS [65]. Moreover, it is also likely
that some nicotine adsorbed onto walls and furnishings will be re-emitted [30] biasing
the results.
Another marker for the ETS gas phase is 3-ethenylpyridine (3-EP), which is a
pyrolysis product of nicotine degradation during smoking. It is less abundant than
nicotine; however, contrarily to nicotine it is only present in the gas phase of indoor
environment [66]. Myosmine has also been proposed as ETS marker but it appears to
offer few advantages over 3-EP [15].

2.3.1.2

Markers for ETS particulate phase
As for ETS gas phase, several markers have been proposed for the ETS

particulate phase. Respirable Suspended Particulate Matter (RSPM) has been used as
an indicator of ETS exposure in indoor air, mainly because (1) compounds of
toxicological significance are found in the ETS particulate phase, (2) RSPM has been
correlated with the number of cigarettes observed in indoor environments, and (3)
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RSPM is easily measurable [64]. RSPM as ETS marker has two main drawbacks, (1)
the extent of RSPM increase due to smoking is very broad and (2) the vast number of
indoor RSPM sources making RSPM not to be a good marker for ETS [15]. RSPM as
ETS marker overestimates the exposure to ETS since approximately fifty per cent of the
total RSPM found in indoor air comes from sources other than ETS [66].
Other ETS markers are the so-called UV-absorbing particulate matter (UVPM)
and fluorescing particulate matter (FPM), but both tend to overestimate the fraction of
particulates contributed by ETS because they are measures of total particles derived
from combustion [15].
Solanesol is an alcohol unique to ETS. It is only found in ETS particulate phase
because of its large molecular weight, and is the particulate component of greatest
abundance in ETS accounting for about 2 to 4% of the weight of RSPM collected from
the ETS generated from reference cigarettes [64]. A major drawback of solanesol as
ETS marker is that different types of tobacco contain different levels of solanesol and
hence the ambient concentration will be dependant not only on the number of cigarettes
smoked but also, to some extent, on which brand of cigarettes was smoked [30].

2.3.1.3

Biomarkers
A biological marker is a biological indicator that can be used to represent

exogenous exposure, effects of exposures, early or frank disease, or susceptibility to any
of these. The utility of a biomarker is derived from its potential to provide information
with regard to hazard or risk and ultimately to the prevention of disease [68]. Biological
markers [69] can be classified in two main groups (1) biomarkers of exposure, which
give an assessment of absorbed dose in the individual that is directly related to exposure
and (2) biomarkers of effect, which give an assessment of a physiological effect on an
exposed subject and is directly related to the risk of adverse health effects.
Currently, cotinine, the major metabolite of nicotine, is a well established ETS
biomarker and its determination is likely to remain the most commonly used approach
to assess exposure to tobacco smoke in both smokers and non-smokers [70].
Furthermore, urinary metabolites from carcinogens, e.g. metabolites of NNK, and from
non-carcinogens, e.g. urinary 1-hydroxypyrene, a metabolite of pyrene, can be used to
demonstrate and monitor exposure to ETS in non-smokers [71].
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2.4 HEALTH CONSEQUENCES OF EXPOSURE TO ETS
To preserve the health condition of non-smokers, tighter laws on smoking in
public places have been introduced in recent years. Scientific evidence now supports
that eliminating smoking in indoor spaces fully protects non-smokers from exposure to
second-hand smoke; however, separating smokers from non-smokers, cleaning the air,
and ventilating buildings cannot eliminate exposures of non-smokers to second-hand
smoke [72]. Effects on human health consequence of the exposure to tobacco smoke
have mainly been focused on cancer; but there is a wide array of health consequences of
exposure to tobacco smoke other than cancer including developmental problems,
respiratory diseases, irritation, etc.

Cancer
MS and SS tobacco smoke contain at least five primary classes of carcinogenic
substances, these include VOCs (e.g. benzene and formaldehyde), heavy metals (e.g.
cadmium, nickel, and polonium-210), aromatic amines (e.g. 2-toluidine and 4aminobiphenyl), PAHs (e.g. benzo[a]pyrene and benz[a]anthracene), and nitrosamines
[73].
There are at least 81 carcinogens in MS smoke [74]; eleven are classified by the
IARC as Group 1 (known human) carcinogens. Of the eleven Group 1 carcinogens,
three are vapour phase compounds, another member of the Group 1, chromium (VI)
compounds, have been reported in both the vapour and particulate phase of MS smoke
while the other seven compounds are found in the particulate phase. In MS smoke
composition, fourteen compounds are reported to be in the IARC Group 2 (probable
human) carcinogen, eight of them in the vapour phase. The remaining 56 components
out of the 81 are classified in the IARC Group 2B (possible human) carcinogen, with
eighteen compounds found in the vapour phase. One compound (N-nitrosopiperidine) is
found in both the vapour and the particulate phase and the remaining compounds are
found in the particulate phase.
•

Lung cancer
Involuntary smoking involves exposure to the same numerous carcinogens and

toxic substances that are present in tobacco smoke produced by active smoking, which
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is the principal cause of lung cancer. This implies that there will be some risk of lung
cancer from exposure to ETS [75]. There is a statistically significant and consistent
association between lung cancer risk in spouses of smokers and exposure to ETS from
the spouse who smokes. The excess risk is of the order of 20% for women and 30% for
men and remains after controlling for some potential sources of bias and confounding
[75].

•

Breast cancer
The Surgeon General [72] states that “the evidence is suggestive but not

sufficient to infer a causal relationship between second-hand smoke and breast cancer”.

•

Cervical cancer
Opinions on cervical cancer are contradictory, while the Office of

Environmental Health Hazard Assessment (OEHHA) supports that there is suggestive
evidence that ETS is causally associated with cervical cancer [76]; the Surgeon General
[72] supports that the evidence is inadequate to infer the presence or absence of a causal
relationship between secondhand smoke exposure and the risk of cervical cancer among
lifetime nonsmokers.

•

Childhood cancer
Results on childhood cancer are also inconclusive, the evidence is suggestive but

not sufficient to infer a causal relationship between prenatal and postnatal exposure to
secondhand smoke and childhood cancer [72].

•

Other sorts of cancer
The OEHHA [77] states that “it is not possible to judge on the basis of the

current evidence the impact of ETS on cancers of the bladder, stomach, brain,
hematopoietic system, and lymphatic system”.

2.4.1

•

Health effects other than cancer

Odour and irritation
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Odour is an important contributor to annoyance when ETS is studied in a
controlled environment room. As expected, odour strength ratings are higher than those
for any other attribute i.e. eye irritation, nasal irritation, throat irritation, etc [78]. ETS
triggers annoyance on humans as indoor carbon monoxide concentration increases up to
1.3 ppm due to ETS [79]. The same study also indicates that there is a continuous
increase of eye and nose irritation in relation to the duration of exposure to smoke.
Furthermore, the intensity of eye irritation is higher with higher smoke concentration
whereas the intensity of nose and throat irritation is almost of the same degree under
controlled smoke concentrations, i.e. as indoor carbon monoxide concentration
increases from 1.3 to 2.5 ppm due to ETS. Studies [79,80] showed that eye irritation is
the main irritant effect of tobacco smoke with nasal irritation being less important.

•

Asthma
Asthma is a disorder characterized by chronic airway inflammation and

reversible airflow obstruction [72]. ETS might contribute to such obstruction inasmuch
as it is estimated that the fraction of ETS particles deposited in the respiratory tract is
between 10–20% [81]. A comprehensive review [82] linking asthma to ETS supports
the hypothesis that there is sufficient evidence to support the inference of a causal
relationship between ETS exposure and “additional episodes and increased severity of
asthma in children who already have the disease” and there is suggestive evidence that
ETS exposure may elicit acute symptoms in adults. The US EPA [81] also estimated
that ETS exposure potentially could exacerbate pre-existing asthma in approximately
20% of children.

•

Heart diseases
The OEHHA states that “evidence is supportive of a causal association between

ETS exposure from spouses and coronary heart disease mortality in non-smokers” [82].
However Enstrom and Kabat [83] suggest that the effects of ETS for coronary heart
disease mortality are considerably smaller than generally believed and ETS is not
associated with coronary heart disease at any level of exposure. Recent reviews [72] do
not support the conclusions reported by Enstrom and Kabat [83].
The connection between ETS and stroke is still inconclusive and requires further
research [72].
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•

Chronic obstructive pulmonary disease (COPD)
It is well-established that cigarette smoking is the dominant cause of COPD but

the link between passive smoking and COPD is not so clear [84]. The Surgeon General
[72] states that “the evidence is suggestive but not sufficient to infer a causal
relationship between ETS exposure and risk for COPD”.

•

Acute respiratory illnesses (cough, wheeze, chest tightness)
A review by the US EPA [81] concluded that there is strong evidence that

children who are exposed to ETS in their home environment are at considerably higher
risk of having acute lower respiratory tract illnesses than are unexposed children. For
older people, studies [85] also show that exposure to ETS is related to increased
occurrence of acute respiratory symptoms and other health effects including reduced
lung function.

•

Developmental disorders
A number of studies have shown that pregnant non-smokers exposed to ETS

have an increased risk of delivering babies with lower birth weights, though most of the
decreases in birth weight are of small magnitude and do not achieve statistical
significance [86].
Animal and human data suggest that ETS exposure could cause subtle changes
in child neurodevelopment and behaviour but the impact of prenatal or postnatal ETS
exposure remains unclear [87].

•

Sudden infant death syndrome (SIDS)
The hypothesis of a link between SIDS and ETS is especially strengthened from

studies conducted after the switch to supine sleeping and the resulting decline in SIDS
deaths [88].

•

Middle ear disease (MED)
Overall, the epidemiologic data strongly support a relationship between ETS

exposure in the home and either acute otitis media with effusion or serous otitis media
(middle ear effusion without acute infection), particularly among children under two
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years of age [82]. Other studies also support that heavy exposure to ETS among
preschool-age children is associated with a history of MED [89-91].

•

Addiction
Tobacco addiction is caused by nicotine, whose addictive properties trigger

different reactions on the smoker. The rush of adrenaline created stimulates the body
and causes a sudden release of glucose, as well as increased blood pressure, respiration,
and heart rate. Nicotine also suppresses insulin output from the pancreas, which means
that smokers are always slightly hyperglycemic (i.e., they have elevated blood sugar
levels) [25].

The seriousness of the ETS problem is illustrated in Table 2.4, which displays
the estimated annual morbidity and mortality in non-smokers associated with ETS
exposure in US and California.

Table 2.4
Estimated annual morbidity and mortality in nonsmokers associated with ETS
exposure, adapted from ref. [77].
Condition
Number of People or Cases
in the U.S.

in California

9,700 - 18,600 cases
1,900 - 2,700 deaths

1,200 - 2,200 cases
120 deaths

0.7 to 1.6 million
physician office visits

78,600 to 188,700
physician office visits

Asthma induction

8,000 to 26,000 new
cases

960 to 3,120 new cases

Asthma exacerbation

400,000 to 1,000,000
children

48,000 to 120,000
children

Bronchitis or pneumonia
in infants and toddlers
(18 months and under)

150,000 to 300,000 cases
7,500 to 15,000
hospitalizations
136 - 212 deaths

18,000 to 36,000 cases
900 to 1,800
hospitalizations
16 - 25 deaths

Developmental Effects
Low birth-weight
Sudden infant death
syndrome (SIDS)
Respiratory Effects in
Children
Middle ear infection

45

Table 2.4 Continued
Cancer
Lung
Nasal sinus

3,000 deaths
N/A

360 deaths
N/A

Cardiovascular Effects
Ischemic heart disease

35,000 - 62,000 deaths

4,200 - 7,440 deaths
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Chapter 3

Chemical Senses

3.0 INTRODUCTION
The chemical senses include taste, olfaction, and the common chemical sense
(including irritation). Sensations of odour and upper airway irritation are often
experienced as a unitary phenomenon, principally because most volatile chemicals have
the potential to activate two separate, yet interrelated, sensory pathways in the upper
respiratory airways: the trigeminal nerve and the olfactory nerve [1].
Sensory information is transmitted from animal’s sense organs to its central
nervous system (CNS) by sensory neurons. Sensory neurons are sensitive to certain
kinds of stimuli in the external environment, and convert them into an electrical impulse
(a wave depolarization traveling from the sensory end of the neuron toward the brain).
The conversion of the sensed form of the stimulus to electrical depolarizations carried
in the nervous system is an instance of what physicians call “transduction” [2].
Health and safety regulatory laws on chemicals are based on experimental data
taken from research groups that evaluate the potential risk of chemicals on humans or
animals. If experimental data is not available, the use of predictive models such as
quantitative structure-activity relationships (QSARs) has proved to be very useful to
calculate exposure limit values for environmental pollutants. Toxicological data for
environmental pollutants on humans and other species can be found in compilations [3]
prepared by recognized regulatory organizations, which propose regulatory levels such
as Threshold Limit Values (TLVs), Time Weighted Average (TWA), Occupational
Exposure Limits (OELs), Recommended Exposure Limits (RELs), etc.
Pollutants might reach the human body throughout airways and mucosa; values
such as TLVs and OELs are related to intake of pollutants through airways while
parameters such as Draize Eye Test Scores, Nasal Pungency Thresholds (NPTs), and
Eye Irritation Thresholds (EITs) measure pollutant intake via mucosa. Irritation is a
common symptom as pollutants reach the mucosa and its evaluation by in vivo
experiments implies risk of tissue damage. The methodology developed by Draize and
co-workers [4] is the in vivo technique most widely used to study mucosa irritation.
This involves placing chemicals directly into the eye of a rabbit, causing severe pain
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that may last several hours. Not surprisingly, the Draize rabbit eye test has generated
large controversy and much effort has been spent on its replacement by in vitro tests.
Over the past few years, Cometto-Muñiz and Cain have determined
chemosensory effects of chemicals on humans, as explained in detail later. One of the
few successful attempts to use QSARs to predict chemosensory effects is that of
Abraham and co-workers, who have established robust QSARs between potency for
odour [5], for nasal pungency [6,7], and for eye irritation [8,9] and associated
physicochemical characteristics.
Eye irritation is one of the most common symptoms reported in IAQ studies. It
is considered to be a transient and severe symptom and is related to a destabilization of
the outer-eye tear film [10]. It is known that direct contact of compounds with the eye
may induce a reduction in surface tension, reduce the lipid layer and break-up time, or
enhance epithelial damage of conjunctiva. Ocular irritation is associated with an
increase in blink frequency since the cornea and conjunctiva both have sensitive nerve
endings that belong to the trigeminal nerve [11].

3.1 THE NERVOUS SYSTEM
The great Spanish neuroanatomist Ramón y Cajal was the pioneer on the study
of the nervous system with his classical work on the histology of the nervous system
[12]. The simplest structure of the nervous system is the neuron, whose structure can be
divided in three main parts, (1) dendrite, (2) cell body or soma, and (3) axon. There are
three kinds of neurons, sensory neurons, motor neurons and inter-neurons [13]. Sensory
neurons encode information from the body’s sense organs. Inter-neurons carry out all
the complex information processing activities of the nervous system. These neurons
extract information from the raw sense data of the sensory neurons, integrate the
information of different and internal systems, and then (if appropriate) issue instructions
to the third class of neurons, the motor neurons.
The nervous system is divided into two great subgroups, the cerebrospinal
system, made up of the brain, spinal cord and the peripheral, cranial and spinal nerves;
and the autonomic nervous system, which is subdivided into the symphatetic and
parasympathetic systems [14]. A nerve fibre is a bundle of neurons [13]. Axons
mediating communication between the CNS and other parts of the body make up the
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peripheral nerves. The axons leave and enter the cord in small bundles call rootlets,
several adjacent rootlets unite to a thicker strand, called nerve root.
The spinal nerve has a dorsal root, which is a sensory root and a ventral root,
which is the motor root; both roots unite to form the spinal nerve [15]. Each dorsal root
has a swelling, the spinal ganglion, which contains the cell bodies of the sensory axons.
The spinal nerves extend from the spinal cord to distant parts of the body [16]. The
central area of the spinal cord is known as grey matter, which is made up of the cell
bodies of the neurons while the area around the grey area is referred to as white matter
and is made up of myelinated axons [16].
Most of cranial nerves, which connect the brain stem with the peripheral organs,
lack a distinct motor root and a sensory root. Some of the cranial nerves are purely
sensory, others are purely motor, and others are mixed [17]. Both the trigeminal and the
olfactory nerve are cranial nerves.
Structures where sensory impulses originate are called receptors; they are
formed either by terminal branches of an axon or by specialized sensory cells that
transmit the message to nerve terminals [18]. The receptive field of the sensory neuron
is the part of the body from which it samples information [18]. Information within the
neuron is transmitted by electrical impulses and goes from dendrite to cell body and
from cell body to axon [19]. Transmission within the neuron is different to inter-neural
transmission in that inter-neural transmission is based on release of chemicals whereas
transmission in the neuron occurs via electrical impulses.
Neurotransmitters, which are synthesized in the nerve terminals [20], are
chemical compounds released by neurons after depolarization that act on other neurons
to produce a response [21]. The speed on response to neurotransmitters depends upon
the type of neuronal receptor, with ion channel receptors (ionotropic receptors)
producing very fast responses whereas responses on G-protein-coupled receptors
(metabotropic receptors) are much slower lasting for seconds to hours [21]. The Gprotein-coupled receptors act indirectly by means of G-proteins and intracellular second
messengers. Most neurotransmitters act on both ionotropic and metabotropic receptors
[20].
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3.1.1

Trigeminal nerve

The trigeminal nerve is one of the twelve pairs of cranial nerves, each with a
separate function that are attached directly to the brain [16]. The trigeminal nerve leaves
the brain stem laterally on the pons with a small motor root and a large sensory root
[17]. The trigeminal nerve is composed of three major branches [11], (1) the ophthalmic
nerve, (2) the maxillary nerve, and (3) the mandibular nerve. One or more of these
branches mediate physically or chemically evoked somatosensory sensations. Such
sensations include pain, deep pressure, irritation, coolness, warmth, etc. The ophthalmic
division is the smallest division of the trigeminal nerve, it is wholly sensory and is
responsible for the innervation of the skin of the forehead, the upper eyelid, cornea and
most of the nose [14].
Belmonte et al. found that the majority of corneal sensory fibres, about 70%,
respond to application in the receptive field of irritant chemicals, near-noxious
mechanical energy, and heat, they are the so-called polymodal nociceptive neurons [22].
Some of the polymodal nociceptor fibres belong to the thin myelinated group (A-δ
fibres) but most of them are unmyelinated C-fibres. Polymodal nociceptors respond to
their natural stimuli with a continuous, irregular discharge of nerve impulses that
persists as long as the stimulus is maintained, and have a firing frequency roughly
proportional to the intensity of the stimulating force. Hence the impulse discharge of
polymodal nociceptors not only signals the presence of a noxious stimulus, but also
encodes its intensity and duration. It should be noted that distribution of corneal nerves
reported in Belmonte et al.’s study was obtained for cats, whose ocular structure is
different to that for humans.
The nerve endings in the eye are located just below the surface of the corneal
epithelium, which is protected by the mucus layer, which is the inner layer of the precorneal tear film. Therefore, any rupture of the pre-corneal tear film will facilitate
exposure of the nerve endings to pollutants.
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Figure 3.1. Cerebral layout of trigeminal Figure 3.2. Schematic diagram of the
nerve and other sensorial receptors [23].
branches of the trigeminal nerve that
innervate the nasal, oral and ocular epithelia
[24].
Receptors are characterized and classified in accordance with the nature of their
adequate stimulus, e.g. chemoreceptors respond primarily to certain chemical
substances in the interstitial fluid surrounding the receptor [18]. Some receptors respond
selectively to more than one modality (polymodal receptors) of sensation; they usually
have high thresholds and respond to damaging stimuli associated with irritation or pain,
thus, they are also called nociceptors [19]. Sensory fibres in the trigeminal nerve
include those belonging to four physiological classes of receptors (1) mechanoreceptors,
(2) thermoreceptors, (3) nociceptors, and (4) proprioceptors [25].
The term nociceptor or pain receptor is used to describe receptors that, when
stimulated, produce pain [18]. In interacting with the environment, living organisms
have to recognize and react to harmful stimuli to avoid them. To do this, nociceptors
have a high threshold and normally respond only to stimuli of sufficient energy to
potentially or actually damage tissue [26]. The sensory specificity of the nociceptor is
established by expression of ion channels tuned to respond with a high threshold only to
particular features of the mechanical, thermal and chemical environment [27].
Like all primary sensory neurons in the somatosensory system, nociceptors have
their cell bodies in the dorsal root or trigeminal ganglia, and give rise to a single axon
that bifurcates into a peripheral target tissue and a central axon that enters the CNS to
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synapse on nociceptive second order neurons [26]. The peripheral terminal transduces
the external stimuli and initiates action potentials, the axon conducts action potentials,
the cell body controls the identity and integrity of the neuron, and the central terminal
forms the presynaptic element of the first synapse in the sensory pathway in the CNS.
The central terminals of nociceptors are located in the superficial dorsal horn of the
spinal cord for somatic neurons and in the spinal nucleus of the trigeminal for those
innervating the face.
Nociceptors use glutamate, neuropeptides, and proteins as neurotransmitters
whose release is regulated by multiple factors that control or modulate calcium influx in
response to the invasion of the terminal by action potentials to activate vesicle-release
machinery [26]. As injure processes occur in the ocular surface, ocular sensory neurons
release neurotransmitters such as Substance P and Calcitonin Gene-Related Peptide,
which contribute to local inflammatory reactions i.e. neurogenic inflammation [22].

3.1.2

Anatomy of the olfactory system

The olfactory system is composed of three main areas, olfactory epithelium,
olfactory bulb, and olfactory cortex [28]. Olfactory epithelium is located along the top
of the nasal cavity. This is the first place what the odorant molecules are bound. Next
the signal is sent by the cells through their axons to the olfactory bulb, here the
information will be processed and finally it will be sent to the olfactory cortex, from
which it will be widely distributed throughout the nervous system.
The olfactory bulb is divisible into six layers [28]. From the surface to the core,
the layers are (1) the olfactory nerve layer, composed of incoming fibres from the
olfactory epithelium, (2) the glomerular layer, where the main interactions between
first- and second-order fibres occur, (3) the external plexiform layer, characterized by a
plexus of dendrites rising from beneath, (4) the thin mitral cell layer, composed of
mitral cell bodies, the bulb’s most prominent cells, (5) the internal plexiform layer, a
cell-poor region composed of the axons and axon collaterals of mitral and tufted cells,
and (6) the granule cell layer, comprising neurons that mediate interactions among the
mitral cells.
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The olfactory cortex is a very primitive region composed of three layers [28],
and it is dominated by the pyramidal cells of layers 2 and 3. These send apical dendrites
into the superficial layer 1 to receive input from the olfactory bulb.
The olfactory receptor cells are neurons present in the olfactory epithelium, a
small patch of tissue located in the extreme upper back portion of the nasal cavity. Most
of the epithelium covering the rest of the nasal cavity is respiratory epithelium.
Olfactory receptor neurons (ORNs) constitute, then, a portion of nervous tissue in direct
contact with the environment [29]. From one end, the bipolar ORNs send a dendrite to
the surface of the epithelium where it ends in an olfactory vesicle with protruding cilia
immersed in the mucus covering the epithelium. From the other end, ORNs send an
axon that joins other axons from neighboring cells to form the olfactory nerve. The
nerve runs through perforations on the cribiform plate of the ethmoid bone and reaches
the olfactory bulb where they make the first synapse of the pathway within structures
called glomeruli. From there, the olfactory pathway continues to a number of higher
centers in the CNS.

3.1.3

Anatomy of the ocular system

The human body employs defensive mechanisms to protect itself against
external stimuli. For the ocular surface, lacrimal secretion as tears of aqueous nature is a
major defensive mechanism. The phenomenon of blinking lets tears be distributed over
the ocular surface and evaporate into the air. Aqueous tears are covered by tear lipid
secreted by the meibomian glands that spreads to form an oily layer of pre-ocular tear
film [30]. The tear film is, thus, a pre-ocular film that is not part of the eye but it is
intimately associated with it. The thickness of the pre-ocular tear film is approximately
7 µm [31] and it is composed of 3 layers:
1.

A thin (0.1 µm) anterior lipid layer.

2.

A thick (6 µm or more) aqueous layer.

3.

A very thin (0.04 µm) mucus layer.
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Figure 3.3. Structure of the pre-ocular tear film of the human eye [32].

Measures on pre-corneal tear film differ significantly between studies and there
is not an accurate knowledge of the actual thickness of the tear film [33,34]. As
determined by these studies the thickness varies from approximately 3 µm to 45 µm,
depending on the technique used, which includes invasive and noninvasive techniques.
As noted above, the pre-corneal tear film is composed of three major layers:
The lipid layer [35] consists of a mixture of non-polar lipids (wax esters,
cholesterol and cholesterol esters), which make up about 60–70% of the whole, and of
polar lipids, which are mainly phospholipids and glycolipids. Lipid layer components
are secreted from meibomian glands located within the upper and lower eyelids [30].
The main functions of the lipid layer [36] are (1) retard evaporation from pre-ocular tear
film, (2) facilitating the movement of the eyelids during blinking, and (3) anchoring the
aqueous layer to the nonpolar phase of the lipid layer by means of the polar phase.
The aqueous layer contains many ions and molecules including electrolytes,
hydrogen ions, proteins, enzymes and metabolites [37]. The aqueous phase originates
from the main lacrimal gland, the accessory glands of Krause and the accessory glands
of Wolfring [31]. Approximately 98% of the aqueous layer is water whereas 2% is
solids, most of them are proteins [38]. Mucins, which can be transferred from the
mucus layer (see below), can also be found in the aqueous phase [39].
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The mucus layer is the innermost layer of the pre-corneal tear film and it is
composed of mucins, whose main source is the conjunctival goblet cells [40]; corneal
epithelium also contribute to form the mucins of the mucus layer [30]. Mucins are highmolecular-weight glycoproteins with a high proportion of carbohydrate content [41].
Mucus is 80 to 90% hydrated [42], so for the study of VOCs delivered to the eye
receptor neurons (ERNs), see Chapter 13, the aqueous layer and mucus layer might be
considered as a unique layer. The anchorage between the pre-corneal tear film (via the
mucus layer) and the eye (i.e. corneal epithelium) occurs by means of the glycocalyx.
The main functions of the pre-corneal tear film [38] are (1) maintaining a
smooth surface for light refraction, (2) lubricating the eyelids, (3) lubricating the
conjunctiva and the cornea, (4) supplying the cornea with nutrients and transporting
metabolic by-products from the corneal surface, (5) providing white blood cells with
access to the cornea and conjunctiva, (6) removing foreign materials from the cornea
and conjunctiva, and (7) defending the ocular surface from pathogens via specific and
nonspecific antibacterial substances.

3.2 SENSORIAL RECEPTION AND TRANSDUCTION
Sensations are perceived and transmitted at cellular level where plasmatic
membranes provide sites for the receptors of external signals [43]; such membranes are
also able to generate electrochemical gradients and potential differences by selective ion
transport, and actively take up or export small molecules by energy dependent
processes. Sensory information is coded in the form of patterns of transient
depolarizations and repolarizations of the membrane potential, known as nerve impulses
or action potentials [44]. The movement of the information within the nervous system
depends on the rapid conduction of such impulses along neuronal plasma membranes
[19].
Transmission of information from neuron to neuron is brought about when nerve
impulses cause the release of neurotransmitters stored in synaptic vesicles within the
presynaptic nerve terminal [44], hence transmission of impulses between neurons is
largely chemical [19]. Specialized receptors are located on the postsynaptic target cell
membrane, the neurotransmitter binds to these and, depending upon the nature of the
chemical and the receptor, either elicits an excitatory (depolarizing) or inhibitory
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(hyperpolarizing) response, or may modulate intracellular second messengers [44].
Depolarization and hyperpolarization of the postsynaptic membrane depend on the
neurotransmitter released and the class of receptor.
Transport of ions across the membrane of the neuron is facilitated by a variety of
membrane transport proteins, which fall mainly in two major classes, channel proteins
and carrier proteins [43]. Channel proteins form aqueous pores in the membrane, which
open and close under the regulation of either intracellular or extracellular signals to
allow the flux of solutes of specific size and charge. Transport through ion channels is
always passive and ion flow through an open channel depends only on the ion
concentration gradient, its electronic charge and the potential difference across the
membrane. Carrier proteins bind their specific solutes, and transport them across the
membrane through a series of conformational changes. This latter process is slower than
ion transport through ion channels. The change of conformation of the receptor causes
the binding of another protein, usually a G-protein, which in turn interacts with an
effector molecule, ultimately producing a change in the concentration of a second
messenger such as Ca2+ or a cyclic nucleotide. It is this second messenger that controls
the opening and closing of an ion channel [45].
The sensory experiences (odour) elicited by the olfactory nerve are qualitatively
distinct from the sensations elicited by activation of other nerves, e.g. the trigeminal
nerve, which include sensations as irritation, coolness, warmth, and sharpness [11].
Thus, odour and chemesthesis (see section “Chemesthesis or irritation” for the
definition of chemesthesis) need to be studied as distinct chemosensory responses.

3.2.1

Olfaction

Odorants must pass through two physical phases to reach receptor cells [28].
First, airbone molecules are transported from the air phase to reach the olfactory
mucosa. In the mucosa, molecules must be dissolved and pass through the mucus to the
receptors. Odorants partition at the air-mucus boundary according to their water
solubility. Once in the liquid phase, the access of a molecule to the olfactory cilium
where transduction begins is regulated by the physical and chemical properties of
mucus, and by the partition of odorants between the mucosa and the olfactory cilium.
There are the membrane-bound odorant receptors at whose sites transduction occurs,
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odorant-binding proteins that favour the transport of certain molecules over others and
enzymes whose functions are not well defined.

Figure 3.4. Model of odorant signal transduction [46].
Transduction occurs at sites on the cilia of the receptor cells that are studded
with trans-membrane receptor proteins [28]. Those parts of the protein that extent
beyond the receptor cell membrane are invested with glycoprotein receptive sites for the
recognition of the thousands of odorant molecules that compose our olfactory
perceptual experience. On the intracellular side of each receptor is a guanosine
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triphosphate (GTP)-binding protein whose role is to amplify the effects of transduction.
A single coupling of odorant to receptor site activates hundreds of GTPs. When the
activated GTP binds with adenylate cyclase (AC), found within the receptor cell, it
forms the basis for reducing adenosine triphosphate (ATP) to cyclic adenosine 3’,5’monophosphate (cAMP). It is cAMP that opens the channels through which sodium
ions enter to depolarize the receptor cell and create the action potentials that result in
olfactory perception. This entire process is referred to as a second messenger system,
where cAMP is the second messenger, and GTP and AC are the intermediates that
enable its action [47].

3.2.2

Chemesthesis or Irritation

Sensory irritation is the burning and painful sensations that occurs due to
activation of the trigeminal nerve endings in the eyes and upper airways [48]. Such
sensations perceived in mucosa due to airbone chemicals were originally known as the
common chemical sense; however, they are now referred to as chemesthesis [1], a term
that captures the concept of chemically-induced somesthesis [49]. It is also known as
chemical nociception, although low levels of stimulation might not produce pain.
Irritation is one of the last end-points affected for a progressive increase in
amount of an environmental chemical. The decreasing order of sensitivity of the endpoints affected is usually regarded as: odour detection, odour recognition, annoyance,
acute irritation of the nose and/or eyes and toxic effects [50]. The first chemosensitive
structures affected for the airbone chemicals are the mucosa of the eyes and the upper
airways. For chemicals to trigger their effects, as previously mentioned for olfaction,
they have to be transferred from air to mucosa and to the receptor sites. These
movements from one phase to another depend upon the properties of the molecules. The
effectiveness of transduction [28] depends on (1) stimulus access to the receptor sites,
(2) the level of recognition once that access has been gained, (3) the electrical properties
of receptor cells and (4) the effectiveness of synaptic transmission to the peripheral
nerves.
A relevant question in ocular and nasal trigeminal chemoreception of airborne
chemicals is whether the stimulus can directly activate certain receptors or whether
activation comes from release of mediators as a result of some degree of cellular injury
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produced by the stimulus [51]. It has been observed that some receptors respond once
mediators are released [52] and other receptors are directly activated by chemicals [53].
A myriad of VOCs have the potential to evoke trigeminal chemosensory
responses such as eye irritation and nasal pungency in humans [51]. Many of these
VOCs are relatively nonreactive vapours, unlikely to damage mucosal tissue simply
upon brief vapour exposure. Still, despite their enormous diversity in chemical structure
and their nonreactive nature, they produce mucosal sensory irritation. Cometto-Muñiz
and co-workers interpreted this observation as an indication that the trigeminal impact
of these VOCs would rest principally on physicochemical parameters governing the
transfer of the VOC from the vapour phase to a receptive biophase, i.e. the free nerve
endings of the trigeminal nerve, rather than on restrictive structural requirements. This
hypothesis is supported by a solvation equation proposed by Abraham, which models
transfer processes and proved to be very successful in describing and predicting human
NPTs [7] and EITs [8]. Unlike nonreactive compounds, chemically reactive compounds
can produce irritation directly by reacting with a receptor or indirectly by mucosal
tissue damage via chemical reaction without the need to interact with any particular
receptor [54].
Unlike olfaction, which relies upon stimulation of hundreds of types of receptors
to give the spectrum of odour quality, chemesthesis for nonreactive VOCs appears to
rely upon stimulation of a very small variety [55]. Indeed, one type of broadly tuned
receptor may transduce the majority of VOCs, except for some special molecules, such
as nicotine.

3.3 METHODS FOR ASSESSING THE IRRITATION POTENTIAL OF
CHEMICALS

3.3.1

In vivo and in vitro techniques to estimate irritation potential

The pioneering work by Draize and co-workers [56], who developed the in vivo
rabbit eye irritation test, has been used for many years to study chemical irritation of
mucosa. In the Draize test, the substance under study is applied to the eye of a living
rabbit. The albino rabbit has been the animal of choice for the testing of potential eye
irritants; however, the rabbit is far from a perfect model for humans due to significant
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differences in their physiology [57]. In the Draize test, the effects of the substances on
the cornea, iris and conjunctiva are graded on individual scales and given weighted
scores. The final eye irritation score is the sum of the weighted scores for the cornea,
iris and conjunctiva.
The cornea is the first ocular tissue to come in contact with foreign materials.
After injury, corneal epithelium can be repaired by movement of surrounding cells to
cover the wound or by the actual replacement of damaged tissue through new cell
division [57]. This relationship between induction of cellular damage and resulting
ocular irritation or other injury is the basis for many of current in vitro ocular irritation
methods. Conjunctiva, which lines much of the external ocular surface and inner eyelids
and iris, which lies underneath the cornea, also become quite inflamed after exposure to
an irritating material.
For in vivo techniques currently used, functional changes such as irritationinduced congestion can be evaluated using rhinomanometry or acoustic rhinometry to
measure the pressure changes or volume changes in the nasal passages [58].
Furthermore, the defensive response of the ocular or nasal mucosa to a chemical irritant
can be evaluated by measuring the volume of secretion (mucus or tear production) or
the presence of inflammatory mediators in that secretion [59].
Despite its extensive use, the limited value of the Draize test for accurately
assessing eye hazard in humans and the development of alternative in vitro test methods
have reduced its use. Limitations of the Draize test include subjective end-points and
inconsistencies between human and animal responses [60]. Hence in vitro techniques
became a major tool on toxicological research; most of such techniques are reductionist,
i.e. they tend to model only one small part of the complex process of eye irritation [57].
Some of the most common in vitro techniques and their features are summarized in
Table 3.1.

66

67

Target cells are grown in submerged Either increasing dilutions of test Permeability
monolayer culture; medium may be material are added to growth
removed for dosing
medium or cell surface for a set
time, or a single concentration
is added for varying times. End
point is induction of permeability
of the monolayer

Living bovine corneas are treated
with test material and changes in
opacity and permeability are
measured by instrument

Chorioallantoic membrane of a
chicken egg is treated

Three-dimensional reconstructed
tissue (often human) is grown with
top surface exposed to air

Fluorescein leakage

BCOP
(Total score)
(Opacity)
(Permeability)

HetCam

Tissue equivalent assay

Test materials are applied neat or at Cytotoxicity
in-use concentrations
directly to the tissue construct and
cell killing is measured

Test materials are applied neat or at Vascular damage,
in-use concentrations
coagulation
directly to the membrane and
damage to the membrane is
recorded

Test materials are applied neat or at Opacity + permeability
in-use concentrations
Opacity
directly to the epithelial surface of Permeability
the cornea

Target cells are grown in submerged Generally increasing dilutions of Cytotoxicity/membrane
monolayer culture
test material are added to growth (only for neutral red
medium until a predetermined end release
point (generally cytotoxicity) is
reached

End point

Neutral red release
Neutral red uptake

Method of applying test
material

Description

Assay

Table 3.1 Features of in vitro assays*

Draize MAS, cornea
epithelium damage

Draize MAS,
conjunctiva

Cornea/conjunctiva?

Draize MAS
Cornea

Conjunctiva?, cornea

Conjunctiva, cornea

In vivo tissue or
irritation scale
modeled

*Table 3.1 was adapted from Tables 2 and 5 in ref. [61].
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In vivo tissue or
irritation scale
modeled

Draize MAS

Tobacco pollen is allowed to
germinate in the presence of test
material

Pollen tube growth

Red blood cell

SIRC

Generally increasing dilutions of Cytotoxicity
test material added to growth
medium until a predetermined end
point (generally cytotoxicity) is
reached

Target cells grown in submerged
culture at clonal densities

Conjunctiva

Draize MAS

Dilutions of test material used;
lysis (release of hemoglobin)
and hemoglobin denaturation are
monitored

Red blood cells are exposed to test
material

Membrane lysis

Draize MAS

Dilutions of test material used; end Cytotoxicity
point is inhibition of pollen
tube elongation

Precipitation

End point is precipitation of protein Either dilutions or neat test
in a nonviable commercially supplied material is added to a membrane
bullet over a responding protein
matrix. Meant to mimic opacity
matrix
formation in the cornea

Eytex

Test materials are applied neat or at Opacity, corneal swelling Corneal damage
in-use concentrations
directly to the tissue construct

End point

Conjunctiva, Draize
MAS

Isolated eye of a chicken is treated
and subsequent damage recorded

Enucleated chicken eye

Method of applying test
material

Cytosensor microphysiometer Cells held over or on a coated sensor Generally increasing dilutions of Cellular metabolism
are treated and changes in cellular
test material added to growth
metabolism are recorded in real time medium until a predetermined end
point (decrease in
metabolism) is reached

Description

Assay

Table 3.1 Continued

Experimental determination of chemosensory effects of VOCs on humans is an
arduous task since there are more than 100,000 industrial chemicals, and even if only a
third could be classed as VOCs or semi-volatile organic compounds, it is obvious that
experimental determination of potency towards humans cannot possibly be extended to
more than a very small proportion [62]. Thus, predictive methods, e.g. QSARs such as
those proposed by Abraham and co-workers for odour, nasal and eye irritation, are
essential to understand the toxicological properties of VOCs. Such predictive methods
save large amounts of time and money required for experimental determination of
chemosensory effects.

3.3.2

The use of predictive methods to evaluate chemosensory effects

The first studies of biological potency of compounds were carried out from 1900
onward by two scientists, H. Meyer [62] and Overton [63], who showed that the
narcotic concentration, C’, of an aqueous solute toward the tadpole was related to the
water-olive partition coefficient, P’, with the latter defined as:

P' =

concentration in organic phase
concentration in water

(3.1)

K. H. Meyer and Gottlieb-Billroth [63] later obtained a quantitative relationship
between C’ and P’,

C’·P’ = constant

(3.2)

The same workers [64] were the first to study the biological potency of gaseous
compounds, in terms of anesthesia (or narcosis) of salamanders and mice. Meyer and
Gottlieb-Billroth [64] proposed that the gaseous concentration of the narcotic, C, and
the Ostwald solubility coefficient of the narcotic in some particular solvent, K, can be
related in the quantitative form,

C·K = constant

(3.3)
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where K is the ratio of the concentrations of the narcotic between the solvent and the
gas phase:

K=

concentration in solvent
concentration in gas phase

(3.4)

Equation (3.3) can be transformed in a logarithmic way,

1
log   = log K + constant
C

(3.5)

Or more generally as Eq. (3.6),

log SP = a ⋅ log K + c

(3.6)

where SP is a biological property for a series of solutes.
In general, connections between biological activity and some physicochemical
property such as partition coefficient, will only hold, for “nonreactive” compounds [65].
Abraham and co-workers [5,7,9] have successfully employed a set of solute descriptors
to explain biological processes such as odour, nasal and eye irritation by means of
QSARs. These take the form of Eq. (3.7) for gas to solvent partitions and the form of
Eq. (3.8) for the distribution between two biophases, e.g. blood to brain.

log SP = c + e·E + s·S + a·A + b·B + l·L

(3.7)

log SP = c + e·E + s·S + a·A + b·B + v·V

(3.8)

Again, SP is a biological property for a series of solutes. The constants
characterize the receptor area and they are calculated by multiple linear regression
analysis (MLRA). The independent variables are solute descriptors (E, S, A, B, and

L/V). E is the excess molar refraction in units of (cm-3·mol-1/10), S is the solute
polarisability/dipolarity, A and B are the solute hydrogen bond acidity and basicity,
respectively. L is a descriptor that is defined as the logarithm of the equilibrium
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constant for the solute gas-hexadecane partition coefficient at 25°C. V is the McGowan
volume, see Chapter 5 for a detailed explanation on the Abraham solvation equation.
Relationships based on Eqs. (3.7) and (3.8) have been successfully applied to a
wide array of biological partition processes such as blood to brain [66], air to liver and
blood to liver [67], air to fat and blood to fat [68] distribution. Characteristic constants
for a number of partitions from gas to condensed phase and between two condensed
phases at different temperatures are given in Tables 3.2 and 3.3:

Table 3.2
Characteristic constants for some gas to solvent (biophase) partitions at 310K [69].
c
e
s
a
b
l
Phase
Water

-1.361

1.055

2.630

3.742

4.495

-0.245

Blood

-1.269

0.612

0.916

3.614

3.381

0.362

Brain

-1.074

0.427

0.286

2.781

2.787

0.609

Muscle

-1.140

0.544

0.216

3.471

2.924

0.578

Liver

-1.031

0.059

0.774

0.593

1.049

0.654

Fat

-0.294

-0.172

0.729

1.747

0.219

0.895

Table 3.3
Characteristic constants for some biological processes at 310K [8,70].
c
e
s
a
b
Process

l

Odour

- 5.295

0.714

1.936

0.763

1.751

0.708

Nasal pungency

- 8.217

0.000

1.690

3.351

1.095

0.902

Eye irritation

-7.918

-0.482

1.420

4.025

1.219

0.853

3.4 EXPERIMENTAL DETERMINATION OF ODOUR, NASAL
PUNGENCY, AND EYE IRRITATION THRESHOLDS
To illustrate the nature of the relationship between odour, chemesthetic
perception and perceived health risk from an airborne chemical, sensory scientists use
techniques based on the science of psychophysics [1]. Psychophysics is the study of the
relationship between the physical stimulus (i.e. the chemical) and the psychological
experience it produces (e.g. the intensity of an odour, the degree to which two odours
are different). Psychophysical procedures can be classified into two categories,
threshold procedures, where the goal is to detect barely discernible stimuli, and
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suprathreshold procedures, where the employed stimuli are clearly discernible and such
indices as perceived intensity are assessed [11]. Results presented in this work deal with
threshold methods and suprathreshold methods are out of scope.
The classical threshold theory assumes the existence of a momentary absolute
sensory threshold, which is defined as the level at which 50% of a given population will
detect the stimulus [71]. However, in real life, there is not a fixed odour or irritation
threshold but rather a gradual transition from total absence to definitely confirmed
sensory detection [72].
Cometto-Muñiz and co-workers have performed measures of odour, nasal
pungency and eye irritation thresholds along homologous chemical series using a
uniform procedure. The approach includes vapour-phase measurements via gas
chromatography, GC, a static-dilution delivery system, and a sensory technique based
on a forced-choice procedure that is controlled for biases and for differences in response
criterion across participants. Subjects lacking a functional sense of smell (anosmics) are
used to control for odour biases in measurements of NPTs. The various strategies
produce a similar outcome: olfactory detection thresholds (ODTs) for homologous
VOCs typically lay between 1 and 5 orders of magnitude below trigeminal thresholds
[73].
Measures obtained in sensorial perception studies include significant
uncertainty, with reported detection and recognition thresholds varying up to five orders
of magnitude between studies from different laboratories using different measuring
techniques. This is due to variation in protocol, such as the dosing of the chemical
(static, dynamic, flow rate, etc), the means of presenting the chemical to the subject
(hood, chamber, funnel), the response mode (forced choice, number of comparison
alternatives), the concentration range and number of concentrations, and the
psychophysical method of measurement (method of limits or method of constant
stimuli). Furthermore, individual sensitivity to the same sensory stimulus can vary by a
factor of up to 1000 [74].
Regarding ocular and nasal chemesthetic thresholds, it is crucial to control for
odour biases since almost all irritants also evoke an odour sensation and, as a rule, do so
beginning at lower concentrations than those producing irritation [73].
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3.4.1

Nasal lateralization

Nasal lateralization allows one to independently obtain thresholds for odour and
irritation in individuals with normal olfactory ability [11]. Lateralization relies upon the
fact that irritants, but not pure olfactory stimuli, can be localized in the nasal mucosa
[1]. Thus, a chemical vapour (at a concentration above ODT) presented to one nostril
and clean air to the other nostril can elicit a smell, but cannot be localized to the
stimulated nostril, as long as the concentration does not exceed the threshold for
activating nasal-trigeminal receptors (the functional definition of sensory irritation). In
contrast, when chemical concentrations exceed the threshold for trigeminal activation,
the subject can reliably discriminate or lateralize which nostril has been stimulated. By
varying the concentrations presented to the subject in a stepwise fashion throughout the
test, one can determine the concentration at which the individual can reliably identify
the stimulated nostril, which is taken to represent the nasal irritancy threshold.

3.4.2

Overview of odour, nasal and eye irritation measurement techniques

Control of vapour concentration may occur via static or dynamic means [75]. In
experiments using static stimulus-delivery system, the stimulus vapour is presented
from the headspace of an enclosed container (e.g. a plastic “squeeze” bottle or a glass
vessel), whereas in dynamic stimulus-delivery system, the stimulus vapour flows
continuously in a carrier gas (e.g. nitrogen or odourless air).
For olfactometry, procedures presenting different concentrations of stimuli to
the subject are presented in Figure 3.5 [76]. It should be noted that none of these
procedures quantify the stimulus at the level of the receptors, as the actual concentration
reaching the epithelia can vary as function of factors such as the thickness or
composition of the mucus layer, and the shape and size of elements of the nasal
chambers (e.g., turbinates), which influence airflow and sorption patterns [11].
Vapour concentrations within closed containers must be accurately determined
in chemosensory research; Cometto-Muñiz and co-workers [77] found that, as a general
rule, there is a simple proportionality between the liquid and vapour-phase
concentrations of VOCs when they are in equilibrium in a closed container.
Nevertheless, deviations from proportionality are common for solutions above 1–10%
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v/v. The most volatile members of a series begin to depart from proportionality at
concentrations of ~1% v/v. As volatility decreased, departure from proportionality
began only at higher concentrations, 10% v/v or higher. Departures were also observed
for the highest molecular weight compounds and were likely due to deviations of the
solutions from the behaviour of an ideal mixture. Cometto-Muñiz et al. also determined
that the use of different solvents to dilute an odorant can alter the vapour concentration
above a liquid solution although maintaining a proportional relationship [77].

Figure 3.5. Procedures for presenting low concentrations of stimuli to subjects for
assessment. A. An early draw-tube olfactometer of Zwaardemaker. B. Sniff Bottle; C.
Perfumist's strip; D. Plastic “squeeze” bottle; E. Blast Injection Device; F.
Microencapsulated “scratch and sniff” test; G. Sniff ports on a rotating table
connected to the University of Pennsylvania's Dynamic Air-Dilution Olfactometer
[76] .
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3.4.2.1

Static Systems
Static olfactometry, generally the easiest form of stimulus control, customarily

entails the use of a number of glass or odourless plastic vessels, each with a dilution of
odorant in an odourless solvent [76] such as distilled and deionised water.

Figure 3.6. Plastic “squeeze” bottles with pop-out spouts.
The actual stimulus in the static system is the concentration of the odorant or
irritant in the headspace above a solution, which varies proportionally with the
concentration of the stimulus in the solution by a factor known as the activity
coefficient [75]. This factor depends on the stimulus, the solvent, and sometimes even
on the concentration of the same stimulus-solvent pair, and often deviates from Raoult’s
Law [78]. Checking the vapour-phase concentration is the only way to avoid mistakes
in the relationship between liquid-phase and vapour-phase concentrations. Such
calibration can be carried out in a very simple way by GC.
The choice of the stimulus-delivery system leads to significant differences in the
measured thresholds, e.g. Cometto-Muñiz and co-workers [79] compared the results
obtained from plastic “squeeze” bottles and glass vessels, and found that thresholds
obtained from the glass vessels provide more realistic values. Furthermore, NPTs
obtained from glass vessels were significantly lower than those provided by the plastic
“squeeze” bottles, on average, to a factor of 4.6. Figures 3.6-3.10 illustrate the different
forms to deliver the stimulus by static systems.
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Figure 3.7. 1900 ml glass vessel used for Figure 3.8. Subject being tested birhinally
nasal stimulation with chemical vapours (i.e., both nostrils) via the glass vessels
[73].
[73].

Figure 3.9. 1900 ml glass vessel adapted Figure 3.10. Subject being tested for eye
with an eyepiece for ocular stimulation [73]. irritation [73].
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3.4.2.2

Dynamic Systems
Dynamic dilution techniques are generally believed to provide a more accurate

stimulus concentration than static procedures [11], although they require more complex
equipment.
As mentioned above, a dynamic system involves an airstream containing the
odorant or irritant substance, generally at vapour saturation for that temperature, that
can be mixed in various proportions with odourless air or nitrogen acting as solvent or
carrier. Loading the carrier gas with vapours from liquid stimuli can be achieved by
direct vaporization into the carrier stream, by bubbling the odourless gas through the
liquid, or by passing the gas over an extended surface of the stimulus (Figure 3.11) [75].

Figure 3.11. Various techniques for introducing odorant into a stream of non-odorous
air [75].

3.4.2.3

Environmental Chambers
Air-dilution olfactometers and static dilution devices may have limitations on

the amount of air they deliver to the nose per unit time. However, chamber offers the
greatest freedom for human odour and irritation sampling. Such chambers provide a
way to allow odour and pungency research with environmental realism [11]. Properly
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conducted and controlled whole-body exposures to airborne chemicals constitute the
gold standard to assess the chemosensory impact of environmental pollutants.
Nevertheless, work with such large-scale environmental chambers cannot proceed at the
pace required for studies focused not just on one or a few compounds but looking at the
broader and more fundamental issue of the physicochemical basis for human
chemosensory detection of airborne chemicals [80].
Currently, Cometto-Muñiz and co-workers are using this environmental
chamber to measure ODTs and NPTs for a wide variety of VOCs. The aim is to
compare these data with those obtained in the last few years by using plastic “squeeze”
bottles and glass vessels and see whether there is a systematic deviation of the data
between plastic “squeeze” bottles and glass vessels, and the environmental chambers.

3.4.2.4

Methodology
The threshold measured most often is the detection threshold, also termed

absolute threshold, which is the lowest stimulus concentration where the presence of the
stimulant is noted. In odour threshold assessment, subjects seek to distinguish the
presence of odour from odourless air, and do not seek to specify or recognize odour
quality. On the other hand, in nasal pungency and eye irritation, subjects seek to decide
which of the multiple presentations produce the stronger sensation.
ODTs largely depend on the methodology used to gather them. Threshold values
are dependent upon factors such as the method of stimulus dilution, volume of
inhalation, species of molecule, type of psychophysical task, and number of trials
presented [81].

3.4.2.4.1 Ascending Method of Limits (AML) procedure
Cometto-Muñiz and co-workers used the plastic “squeeze” bottle method in
their earliest work and obtained the threshold by detecting the difference from odourfree background. This is a concentration ascending method, in which a multiplealternative forced-choice procedure is employed against blanks with increasing
concentrations. Therefore, the thresholds reported are nearly equal to the detection
threshold hence this procedure avoids adaptation to the stimulus, i.e. loss of sensitivity
from mere stimulation [82]. The method requires participants to select, on each trial, the
stronger of two stimuli, one always a blank (solvent) and the other a dilution step of the
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tested substance, starting with a concentration clearly below threshold. Selection of the
blank led, on the following trial, presentation of the next step, i.e. a higher
concentration, paired with a blank. Selection of the stimulus led, on the following trial,
to presentation of the same dilution step from a duplicate set, also paired with a blank.
The procedure continues until the subject selects the substance over the blank five times
in a row. The dilution step where this first occurs is taken as the threshold. The
ascending concentration approach to the threshold and the alternate use of each nostril
help to minimize the effects of the commonly found phenomenon of olfactory
adaptation [83].
Participants in the odour experiments need to perform in the normosmic (i.e.,
normal sense of smell) range according to a standardized clinical olfactory test
described elsewhere [82]. In turn, participants in the nasal pungency experiments need
to perform in the anosmic (i.e., absent sense of smell) range according to the same test,
this is to avoid odour biases in their judgments of nasal pungency. Nevertheless, the
introduction of nasal lateralization measures offers the alternative to determine
threshold values with no bias for odour and chemesthesis in individuals with normal
olfactory ability.
The “absolute” value of ODT and NPT measured under these standardized
conditions might not directly represent thresholds obtained under actual whole-body
exposure, but their consistency and the wide variety of VOCs tested proved to be
extremely useful to establish robust QSARs between potency for odour, nasal
pungency, and eye irritation and associated physicochemical characteristics.

3.4.2.4.2 Trained Panel method
The trained panel method was developed in Europe in the early 90s to identify
the main sources of IAP. This method uses a reference gas, a scale, special equipment
and selection and training procedures [84]. The reference gas is 2-propanone, which is
introduced in a concentration range from 0 to 87 ppm to the human nose by the socalled PAP meter. The PAP meter is a 3-liter glass jar covered with a plastic cap, a fan
and a diffuser. Perceived sensation is measured with a scale between 1 (no smell) to 20
(extremely strong smell) in which panelists have to write down a number that indicates
the strength of the stimulus. Panelists are free to go back and forth between the eight
unknown concentrations of reference gas. Five of these unknown concentrations have to
be evenly distributed within the range of the three lowest reference gas concentrations,
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i.e. from 0 to 42ppm, and the other three unknown from 42 to 87 ppm. Next, a selected
group of panelists who better perceive pollution is trained for three to five days to
determine, first, the reference gas concentrations and second, both reference gas
concentrations and other sources of pollution.

3.4.2.4.3 The Single-Staircase (SS) procedure
In the SS method, the concentration of the stimulus is increased following trials
on which a subject fails to detect the stimulus, and decreased following trials where
correct detection occurs [11]. An average of a number of the up-down transitions is
used to estimate the threshold value. This method is more reliable than the AML
method, since a more through sampling of the perithreshold region is made. On the
other hand, the SS method is much more time-consuming and for extremely irritating
substances can be trying on the subject. As for the AML method, the SS procedure is
also an ascending method, i.e. stimulus presentation is made from weak to strong.

3.4.2.4.4 The Triangle Odour Bag method
The triangle odour bag method was first developed in 1972 by the Tokyo
metropolitan government [85]. In the triangle odour bag method, the odour threshold is
also obtained by detecting the difference from odour-free background [86]. The triangle
odour bag method is a concentration descending method, the use of a descending
method is justified by the authors inasmuch as panels can easily distinguish the odour
sample and avoid the risk of coincidence with the concentration ascending method [85].
GC is used to measure odorant concentration in the bag. Each panel consists of 6
panelists, panelists use three bags, one bag is the odour bag into which a certain amount
of the primary odour is injected and the two other bags are filled with only odour-free
air [85]. Panel tests to determine the odour concentration are carried out by means of
dilution, that is, the test is started with a concentration that the panel can easily detect,
and the dilution ratio is successively diluted approximately 3 times in any step of
dilution when the answer of the panelist is correct. It is continued until an incorrect
answer occurs. For the final presentation of the result using the triangle odour bag
method, the mean of the threshold concentrations for 4 out of 6 panel test results, which
excludes the maximum and minimum value, is taken. Removal of the maximum and
minimum threshold values avoids the influence of anomalous threshold values.
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Figure 3.12. Triangle odour bag method [85].

3.5 PSYCHOMETRIC FUNCTIONS
Complete concentration-detection (also called psychometric or detectability)
functions are those functions that describe the probability of chemosensory detection as
a function of concentration. They range from where detection occurs at chance, i.e.
subthreshold level, to where detection becomes virtually perfect, i.e. beginning of the
suprathreshold level [73]. Detectability functions can provide information on how the
senses of smell and chemesthesis process mixtures of compounds. The topic of
chemosensory responses to mixtures has relevance not only to the basic understanding
of the chemosenses but also to a wide variety of applied topics such as food aromas or
air quality issues [87].
Cometto-Muñiz and co-workers have developed psychometric functions for a
wide array of VOCs to study their chemesthetic potency because (1) very little
information is available on the dose-effect relations of irritants [88], (2) despite
advantages of the study of anosmics, the scarcity of such persons made it desirable to
find a way to obtain criterion-free thresholds for chemesthesis from people with normal
olfaction [55] and (3) knowledge of the psychometric function for individual VOCs
presented in mixtures facilitates a comprehensive and dynamic quantitative
understanding of the rules of dose- and response-additivity in mixtures that the simple
measure of a ‘‘threshold’’ value cannot provide [73].
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Figure 3.13. Typical plot for psychometric functions.
The psychometric functions are modeled by a sigmoid (logistic) equation:

Pmax

P=

1+ e

 x −C 
−

 D 

(3.9)

where P is the detection probability (0 ≤ P ≤ 1), Pmax = 1.0, x is the vapour concentration
(in log ppb by volume), and C and D are constants. C is the value of x when P=0.5, that
is, when detection probability is half way between chance (P=0.0) and perfect (P=1.0)
detection. This value is taken as the detection threshold. In turn, the constant D defines
the steepness of the function.
Detection probability (P) is corrected for chance and standardized by adjusting it
to a scale ranging from 0.0 for chance detection to 1.0 for perfect detection according to
[89],

P=

m ⋅ p −1
m −1

(3.10)

where P is the detection probability corrected for chance, m is the number of alternative
forced-choices, and p is the proportion correct (i.e. number of correct trials / total
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number of trials). Psychometric functions for chemesthesis are much steeper than
psychometric functions for odour detection for the same substances [55].

3.6 SENSORY EFFECTS OF AIRBONE CHEMICALS IN MIXTURES
Stimuli triggering irritation are usually the result of complex mixtures
containing a large number of chemicals. Those chemicals can interact at one or several
levels before or during the perception: chemical or physical interaction in the gas
mixture, interaction of molecules at the receptor surfaces (olfactory and trigeminal
systems), peripheral interaction in the nervous system and finally interaction in the CNS
[71].
At suprathreshold level, studies on mixtures have been performed and have
concluded that the perceived odour intensity of a mixture is less than the sum of the
perceived odour intensities of the components (i.e. hypoadditivity) [90]. When the type
and concentration of the mixed chemicals appeals not only to the olfactory but also to
the nasal trigeminal system, the degree of additivity grows larger [91]. As the overall
chemosensory response was separated into “odour” and “nasal pungency”, it revealed
that the chemesthetic response, as opposed to the olfactory response, showed complete
additivity and, even, hyperadditivity [92], i.e the total perceived intensity of the mixture
is greater than the sum of its components.
At threshold level, the outcome of studies of odour mixtures has suggested
complete stimulus agonism (i.e. each of the two components needs to be at a
concentration that is equal to one half of its individual threshold concentration for the
mixture to achieve threshold) [93] with some cases of synergistic stimulus agonism (i.e.
each of the two components needs to be at a concentration that is lower than one half of
its individual threshold concentration for the mixture to achieve threshold), as the
number of components increased [94]. Furthermore, other study reports measurement of
thresholds for nasal and ocular chemesthesis in addition to odour thresholds [95]. In this
study, the results for odour implied various degrees of partial agonism, (i.e. each of the
two components needs to be at a concentration that is higher than one half of its
individual threshold concentration for the mixture to achieve threshold) including
complete agonism for one of the five mixtures of varying number and type of
components. The results for chemesthesis implied a stronger degree of agonism than
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that for odour, particularly in the case of eye irritation, where there was significant
synergistic agonism for the mixture with the higher number of components (nine
substances) and the mixture having the most lipophilic components (a six-substance
mixture).
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Chapter 4

Gas Chromatography

4.0 INTRODUCTION
Chromatography is an analytical technique discovered in the late 1800s by the
Russian botanist Tswett. It is a physical method of separation in which the components
to be separated are distributed between two phases, the stationary phase and the mobile
phase, the latter moves in a definite direction, and separation is based on selective
distribution of the analyte between the two phases [1]. Chromatography embraces a
wide array of analytical techniques whose classification is based on the physical state of
both the mobile phase and the stationary phase of the system. The mobile phase can be
a gas, and the technique is then called gas chromatography (GC) or it can be liquid, and
the method is then known as liquid chromatography (LC). Furthermore, both gas and
liquid chromatography can be sub-divided; GC can be divided into two techniques, gasliquid chromatography (GLC), where the stationary phase is a liquid coated onto a solid
support and gas-solid chromatography (GSC), where the stationary phase is a solid.
There are multiple subdivisions in LC but this technique is out of the scope of this
chapter.
In gas chromatographic techniques, the sample is eluted within a mobile phase,
which ideally is inert to the solutes contained in the sample. The mobile phase moves
through a stationary phase whose interaction with solutes provokes solutes to be eluted
at different times, which are known as retention times. Interaction between solute and
stationary phase depends on their physicochemical properties, hence determination of
solute and stationary phase physicochemical properties is essential to predict
chromatographic behaviour of solutes in any stationary phase. Determination of the
physicochemical properties of stationary phases is the so-called characterization of
stationary phases.
To determine the retention properties of stationary phases is necessary to obtain
solute retention data in those phases. Classification of stationary phases was developed
by Rohrschneider [2] who proposed the retention parameter model, later, Abraham and
co-workers [3] proposed a new model, the solvation parameter model. These models
classify (or characterize) stationary phases in different ways. Stationary phases are
characterized in the retention parameter model by retention data measured for
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prototypical substances, and in the solvation parameter model by explanatory regression
coefficients found by a statistical method [4].
Qualitative analysis in GC is based on retention data, such as retention time,
relative retention time, etc. Qualitative analysis responds to the question “Which solutes
are present in the sample?”. Quantitative analysis is related to peak size, and either peak
heights or peak areas can be measured by accurate electronic systems connected to the
detector; both of these lead to the amount of solute in the sample. So, quantitative
analysis responds to the question “How much of each or any solute is in the sample?”
GC is required in analytical chemistry and especially for the analysis of volatile
samples, e.g. pesticides, and constituents of wine, fruits, tobacco smoke, drugs and
petrochemical ensembles.

4.1 HISTORY OF CHROMATOGRAPHY
Chromatography was discovered in the late 1800s, when Mikhail Tswett, a
Russian botanist separated natural pigments into coloured zones by percolating plant
extracts through adsorbent-packed columns, but it was not until a few years later, in
1906, that Tswett published his studies of the chromatographic method and its
applications on the chemistry of chlorophyll [5]. Very little chromatographic
development took place over the next 25 years until Kuhn and co-workers [6] carried
out experiments in the early 1930s, following Tswett’s methodology. In spite of these
studies chromatography did not develop further as analytical technique until the late
1930s and early 1940s with the introduction of liquid-liquid chromatography in which
the stationary phase was supported on silica in a packed bed [7]. The authors of the
study recommended [8] the substitution of the liquid mobile phase with a suitable gas,
which is the origin of GC. As with Tswett and chromatography, the discovery of GC as
analytical technique by Martin and co-workers was not properly considered and studied
until a few years later when Martin and co-workers [9] demonstrated the importance of
this technique. During the decade of the 1950s there was great progress in different
areas of GC, i.e. the introduction of capillary or open tubular columns by Golay [10],
the construction of the first chromatograph [11], etc. In the following years, these
advances in GC provoked the progress of other analytical techniques, especially LC.
This technique was dramatically developed in the mid 1960s [12,13] with the
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introduction of high-pressure liquid chromatography (HPLC), nowadays called highperformance liquid chromatography. In the early years of this technique, high pressures
were required to carry out the experiments. However it was observed that by reducing
particle size and column length, the performance of the chromatographic process
increases dramatically; this is the reason of the change of the terms pressure for
performance in HPLC. Another LC technique is paper chromatography, which was
introduced in the middle 1940s by Martin et al. [14] and later it evolved to thin layer
chromatography (TLC). Even though this analytical technique initially had a huge
success for its simplicity, nowadays, its use is rather scarce.

4.2 GAS CHROMATOGRAPHY (GC)

4.2.1 Introduction

GC is a separation technique which uses a gas as mobile phase and a solid or
liquid as the stationary phase. During the elution process, repeated sorption/desorption
acts take place, the constituents of the sample have to distribute between the gaseous
mobile phase and the stationary phase, and thus molecular interactions between the
solute and the stationary phase will occur. The chromatographic process is controlled by
intermolecular forces, with polar and dispersion interactions being the major
contributors to the overall interactions. Polar forces include dipole-dipole interactions
and hydrogen bonding. Dispersion forces are produced as a result of dipoles formed
between electrons and nuclei interacting on the polarisable electronic system of other
atoms. Dispersion forces are relatively weak but are still the main interactive forces in
non-polar solvents (stationary phases) such as hydrocarbons [15,16].
As noted above, the chromatographic process is based on the solute distribution
between two phases, being the equilibrium partition of the solute between the phases:
K

Cgas

Csp

(4.1)

where Cgas is the solute concentration in the gas phase and Csp is the solute
concentration in the stationary phase. The equilibrium constant (K) is the partition
coefficient between both phases and is calculated according to Eq. (4.2),
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K=

Csp
C gas

(4.2)

If the partition coefficient is constant over all concentration ranges, the frontal
and rear boundaries of the analyte band or zone will be symmetric. The
chromatographic system is either ideal or non-ideal. In ideal chromatography, the
exchange between two phases is thermodynamically reversible. Furthermore, the
equilibrium between the solid granular particles or liquid-coated particles and the gas
phase is immediate; that is, the mass transfer is very high, and longitudinal and other
diffusion processes are small enough to be ignored. In non-ideal chromatography, such
assumptions cannot be made. The non ideal system best explains liquid or gas partition
chromatography [17].
K values differ depending on the solute and the stationary phase. The larger the
K value the greater the affinity of the solute for the stationary phase.
For a solute at infinite dilution in the stationary phase, the partial molar Gibbs free
energy of solvation, ∆G0, can be obtained directly from K according to Eq. (4.3),
∆G0 = -RT ln K

(4.3)

Here, T is the column temperature (K) and R is the universal gas constant (dm3·atm·K1

·mol-1).

4.2.2 The gas chromatograph

For GC, the mobile phase is a gas such as hydrogen, nitrogen, and helium at
high purity (approx. 99.999%). High purity gases will ensure that (1) noise does not
influence detector signal and (2) impurities do not go throughout the system and block
it. The selection of the mobile phase is important since its chemical properties such as
viscosity and density will determine the pressure and flow rate necessary to carry out
the analysis.
The syringe used to inject solutes into the system is not part of the gas
chromatograph; however, it plays a key role in the analysis. The use of small sample
volumes prevents column overload as the sample is vaporised within the injector.
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The mobile phase goes from the gas supply through the pneumatic system to the
injector, in which mobile phase and sample are mixed. Sample volumes introduced into
the system depend on the type of column. For packed columns, volume samples of
approximately 0.5 µL can be injected for the analysis whereas lower volumes are
required for capillary columns. The internal diameter of the capillary columns would
provoke overload if volumes in the range of 0.5 µL are introduced into the column; the
use of split/ splitless injectors overcomes this problem.
Injectors in which the sample is directly introduced to the column are the most
common for packed columns. The carrier gas is introduced perpendicular to injection,
so both sample and carrier gas are mixed and flow together at temperatures higher than
200°C within the injector and later through the column at lower temperature.
In GC, selectivity depends on the column. The first type of columns used in GC
were packed columns, these columns are based on a porous solid support covered with a
liquid stationary phase. This ensemble fills the column, which is made of glass or
stainless steel. The most important support materials for packed columns are
diatomaceous earths [18], which fulfil most of the requirements to be a support, such as
low surface activity, the surface must have sufficient energy to hold the stationary phase
in place and cause it to wet the surface in the form of a thin film. This support would
also have a large surface area to weight ratio to allow for the use of high phase loadings
and a regular shape, with a narrow range of cross-sectional diameters, so that columns
of high efficiency can be prepared [18]. Silica (SiO2) is the main component of
diatomaceous earth, approximately 90% of total composition; other metal oxides are the
remaining components of these earths, with Al2O3 (4-5%) and Fe2O3 (1-2%) between
the most important oxides in this group.
The other type of column in GC is the capillary (open tubular) columns, these
columns are subsequently divided in other three groups, support-coated open tubular
(SCOT), wall-coated open tubular (WCOT), and porous-layer open tubular (PLOT).
Whilst packed columns are filled with the support and the stationary phase, in capillary
columns the stationary phase is coating the interior wall of the column. SCOT has both
solid support and a liquid stationary phase, the solid support is attached to the wall and
the stationary phase is coating the support. WCOT has the liquid stationary phase
attached to the column wall. PLOT has a porous layer of stationary phase coating the
column wall.
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Table 4.1
Characteristic properties of some GC columns [18].
Column
Length (m) Internal
Film Thickness
Type
Diameter (mm) (µm)
Classical
2
2.16
5% (w/w)
packed
SCOT
15
0.50
WCOT

Classical
packed
SCOT
WCOT

Phase Ratio
26
20

30

0.32

0.32

249

Retention
Factor (k)
4.8

Hmin (mm)

Plates per meter

0.50

Column Plate
Number
4000

6.2

0.95

15790

1050

0.5

0.20

150000

5000

2000

The oven in a chromatographic system is a heated and thermostatted
compartment where the column is located. Oven range temperature varies from 40400°C, even though most of the analyses are carried out at temperatures between 60200°C. The temperature required for the analysis depends on the features of the selected
stationary phase. There are two types of analysis depending on the oven temperature,
isothermal and gradient of temperature. The isothermal method is the easiest way to
carry out the analysis; however, isothermal analysis has the disadvantage that analysis
of samples including solutes with quite different retention properties will lead to not
very accurate results, since less retained compounds are eluted quickly and more
retained compounds are eluted hours or even days after less retained compounds do. To
overcome this problem, a gradient of temperature is used, the temperature gradient
leads to a significant reduction on the elution times for retained compounds compared
to the elution times obtained by the isothermal method for the same compounds.
Selection of the gradient of temperature depends on the chromatographer but it usually
varies between 0.1-50°C/min, depending on the compounds to be analyzed.
At the end of the column there is a detector, which transforms the chemical or
physical signal into an electronic signal that can be observed on a computer, i.e. the
chromatogram.
The range of solutes that can be analyzed by GC is quite broad, which prompted
scientists to set up detectors whose response depended on the type of molecules to be
analyzed. Table 4.2 reports some characteristics of different GC detectors.
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Table 4.2
Characteristics for common GC detectors [19].
Detector

Selectivity

Limit of Detection

Linear Range

Thermal
Conductivity
Detector (TCD)

Responds if thermal
conductivity is different
from carrier gas

1 ng/ml

105

Flame Ionization
Detector (FID)

Organic compounds

1pg(C)/s

107

Electron-capture
Detector (ECD)

Electron-capturing
compounds such as
halogens

10fg/s (lindane)

104

NitrogenPhosphorous
Detector (NPD)

N- and P-containing
compounds

1pg N/s
0.5pg P/s

104

Flame Photometric
Detector (FPD)

P- and S-containing
compounds

50pg S/s

103

2pg P/s

104

Photoionization
Detector (PID)

Aromatics

5pg C/s

107

Electrolytic (Hall)
Conductivity
Detector (ELCD)

Halogens and S

1 pg Cl/s

106

5pg S/s

104

Atomic Emission
Detector (AED)

Element selective

0.1-50pg/s
depending on the
element

104

The most important detector properties [19] are (1) limit of detection, which
refers to the minimum mass or concentration that the detector responds. If the detector
is very sensitive, noise can be a problem as compounds in trace amounts need to be
detected; (2) linear range, which is the concentration range to which the detector
responds. As larger the linear range as better is the detector to analyze samples
including compounds in a wide range of concentrations; (3) selectivity refers to the
capacity of the detector to respond to one or another solute. Selectivity is based on
chemical composition of the solutes or solute properties, e.g. number of electrons
changed during the chemical reaction, and (4) sensitivity of a detection system is
defined as the change in detector signal with a change in mass or concentration of the
eluted solute.
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Figure 4.1. Schematic diagram of GLC system.

4.2.3 Essential parameters in GC

The chromatogram is the graphical representation of the elution process into the
chromatographic column. Retention times or retention volumes are the most common
parameters used to measure retention within the column. Compounds are eluted from
the column in the inverse order of the magnitude of their distribution coefficients with
respect to the stationary phase [20], thus, peaks for less-retained solutes emerge before
the peaks for highly-retained solutes.
The mobile phase is assumed to be completely inert to the column, so no
interactions between mobile phase and stationary phase take place. The required time
for the mobile phase to be eluted from the column is the so-called dead (hold-up) time
(tm), which is the time for any solute not interacting with the stationary phase to be
eluted. As solutes interact with the stationary phase, they are eluted after the mobile
phase and the time difference between mobile phase retention time and solute retention
time is so-called adjusted retention time (tr’). Hence, the period of time between sample
injection and the solute retention time (tr) is defined by Eq. (4.4):
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tr = tm + tr '

(4.4)

A solute that is not retained by the stationary phase is eluted at the same time as
the mobile phase and hence tr’ = 0, leading to tr = tm.
A typical elution chromatogram is shown in Figure 4.2, which illustrates the
concentration-time profile of the solute at the detector as the solute elutes from the end
of the GC column.
Signal

tr

t’ r

tm

Peak Area

Time
Injection

Inert gas (eg. Methane)

Solute

Figure 4.2. Typical chromatogram in GC.

The best chromatogram is the one with symmetric Gaussian peaks; however,
achieving this is not always possible. In GC, different parameters, such as resolution,
selectivity, and efficiency are determined to evaluate the quality of the analysis, which
will be graphically represented by the chromatogram.
Resolution indicates the separation of two peaks in a chromatogram, and its
value is determined by [18]:

R=2

tb − ta
Wa + Wb

(4.5)
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where R is the resolution., ta and tb are the retention time of the peak maxima for solutes

a and b, and Wa and Wb are the average base width of the peaks. The higher the
resolution value, the better the separation of solutes on the column. Quantification of
solutes requires a resolution value of approximately 1.2, resolution values of 1.5 are
considered adequate to ensure complete peak separation.

Selectivity is related to the capacity of the system to provide different retention
times for different compounds. Two compounds eluting at the same retention time
indicate that the chromatographic system is not selective in the separation of those
compounds.

Efficiency of a chromatographic system is related to peak width. Peak
broadening is caused by the solute retention into the column and it is proportional to the
column length covered by the solute. The column efficiency [21] is expressed in terms
of the peak retention time (tr) and the band variance in time units (σ) according to Eq.
(4.6):

t 
N= r 
σ

2

(4.6)

4.2.4 Retention times and volumes, relationships and corrections

Times and volumes in GC are related by the flow rate, F, at the pressure of the
column outlet. If the hold-up and retention time, tm and tr, is multiplied by F, the gas
hold-up volume Vm and the total retention volume of the solute, Vr, can be determined
respectively.

Vm = t m ⋅ F

(4.7)

Vr = t r ⋅ F

(4.8)

The adjusted retention volume, Vr' , can be obtained in the same way

Vr' = t 'r ⋅ F

(4.9)
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where tr’ is the adjusted retention time.
Hitherto, volume terms are calculated based on the flow rate at the pressure of
the column outlet; however, if flow-rate measurements are made with a soap-film
meter, it is necessary to correct the flow rate for the difference between the dry gas
(column) and water saturated gas (meter) measurements according to Eq. (4.10),

 T   P
Fc = F c  1 −  w
 Ta    P0





(4.10)

where the vapour pressure of the soap solution is taken as the vapour pressure of pure
water, Pw , at the temperature of the soap solution. F is the flow rate at the column
outlet, P0 is the ambient pressure, Tc is the column temperature and Tf is the flowmeter temperature.
Thus, Eq. (4.10) is transformed to

Vr ´= t r ´⋅Fc

(4.11)

Furthermore, in pressure-driven systems, a pressure gradient exists between the
column inlet and outlet (the carrier gas flow rate gradually rises from inlet to outlet as
the carrier gas expands with the pressure drop) resulting in a change in volumedependent terms over the length of the column that depends on the compressibility of
the mobile phase [21].
Hence the adjusted retention volume, Vr' , measured at outlet pressure needs to be
corrected to the mean column pressure. This is done by multiplying Vr' by the gas
compressibility correction factor, J 32 , to give the net retention volume, VN , as shown in
Eq. (4.12).

VN = J 32 ⋅ Vr'

(4.12)

The pressure correction factor is calculated according to Eq. (4.13), where Pi and
P0 are the inlet and outlet pressures at the two ends of the column.
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J mn =

[
[

m

]
]

n (Pi P0 ) − 1
⋅
m (Pi P0 )n − 1

(4.13)

Thus, the net retention volume is calculated by Eq. (4.14):

V N = J 32 ⋅ t 'r ⋅

P0 − Pw Tc
⋅
P0
Tf

(4.14)

4.2.5 Mechanisms of retention in GLC

The retention mechanism in GLC was not completely understood until the
middle of the 20th century when Martin [22] included the adsorption on the liquid phase
as part of the retention mechanism in GLC. Furthermore, interactions at the gas–solid
(support) interface occur as a result from polar interactions between the solute and
support functional groups [18]. Therefore retention in GLC is composed of three terms;
(1) the gas-liquid partition, (2) adsorption on the liquid phase, and (3) gas-solid
(support) interactions. If measurements are done at phase loadings where the
contribution of the structured liquid phase layer can be neglected, an equation for the
mechanism of retention in GLC can be proposed [23].
VN* = VL ⋅ K L + A GL ⋅ K GL + A LS ⋅ K GLS

(4.15)

where VN* is the net retention volume per gram of column packing, VL is the volume of
liquid phase per gram of packing, K L is the gas-liquid partition coefficient, A GL is the
gas-liquid interfacial area per gram of packing, K GL is the adsorption coefficient at the
gas-liquid interface, A LS is the liquid-solid interfacial area per gram of packing, and
K GLS is the coefficient for adsorption at the liquid-solid interface.
The gas-liquid partition coefficient, K L , value can be obtained dividing all terms in Eq.
(4.15) by VL , leading to Eq. (4.16).

VN*
1
(A GL ⋅ K GL + A LS ⋅ K GLS )
= KL +
VL
VL

(4.16)
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The gas-liquid partition coefficient value can be obtained by plotting VN* VL ,
the experimental distribution coefficient at a specified phase loading for retention by a
mixed retention mechanism, versus 1 VL , K L is the intercept at 1 VL = 0 . For solutes
retained solely by gas-liquid partitioning, the slope of the plot is zero.
Gas-liquid partitioning is the dominant retention mechanism for nearly all
solutes. For solutes retained by a mixed retention mechanism, liquid-interfacial
adsorption is of increasing importance for thin films (larger surface area to volume
ratio), low temperatures (the contribution from adsorption relative to absorption usually
declines at higher temperatures), and for solutes of significantly different polarity to the
stationary phase [3]. The difference, ∆, between K L and VN* VL defined by Eq. (4.17),
serves as an index of the relative importance of interfacial adsorption to the retention
mechanism [24].

  V* 

100 log N  − logK L 

  VL 
∆(%) =
logK L

(4.17)

∆ values vary with the solute, phase loading and temperature, indicating that
interfacial adsorption is both a solute and a system property. For non-polar stationary
phases, ∆ values are small (0–12%) [24] whereas ∆ values are significant for polar
phases (0-35%) [25].

4.2.6 Evaluation of retention data

In the early years of GC, chromatographers had this powerful technique that
allowed them to separate analytes in complex samples; however, they did not have a
standardized system to perform qualitative analysis of such samples. Hence a
standardized system to calculate retention data was necessary.
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4.2.6.1

Isothermal conditions – Retention index system
It was not until the late 50´s when Kováts [26] proposed his well-known

retention index system in terms of isothermal retention indices. This system uses nalkanes as reference substances, which are non-polar, chemically inert and soluble in
most common stationary phases.
In the Kováts system, the retention index of a substance, I, is equivalent to 100
times the number of carbon atoms of a hypothetical n-alkane with the same adjusted
retention time, adjusted retention volume, specific retention volume, etc. The retention
index values for the n-alkanes, used as the fixed points on the retention index scale, are
defined as 100 times the carbon number of the n-alkane on all phases. Consequently, the
retention index of any substance “X” is calculated from Eq. (4.18) by co-injection of X
with two n-alkanes usually differing by one carbon number,

I x = 100n + 100

log t ´x − log t ´n
log t ´n +1 − log t ´n

(4.18)

where t´n and t´n+1 are adjusted retention times (or adjusted retention volume, specific
retention volume, etc.) of the reference n-alkane hydrocarbons eluting immediately
before and after substance “X” and t ´x is the adjusted retention time for substance “X”.
Hence, at any temperature and on any phase the retention index value of the
reference substances, i.e. n-alkanes, is 100 for methane, 1600 for hexadecane, etc.

4.2.6.2

Non-isothermal conditions
As mentioned, the Kováts retention index is based on isothermal conditions.

However, most analyses in GC employ temperature-programming (non-isothermal)
conditions. Thus, soon after Kováts proposed his retention index system, Van Den Dool
and Kratz [27] developed a new retention index system for non-isothermal analysis. In
Van Den Dool and Kratz’s system, the retention index is calculated according to Eq.
(4.19):

I x = 100n + 100

Tx − Tn
Tn +1 − Tn

(4.19)
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where T is the retention temperature. Total retention volumes (times) instead of
retention temperatures can be used so the retention index can be calculated according to
Eq. (4.20):

I x = 100n + 100

tx − tn
t n +1 − t n

(4.20)

where t refers to the total retention times (chart distances) measured under the
conditions of temperature programming.

4.2.6.3

Temperature dependence of the retention index
The temperature of the analysis influences retention index values, and so

different equations have been proposed for the temperature dependence of the retention
index value in GC [28]. These equations are hyperbolic equations (see Eq. (4.21)) and
empirical linear equations (Eq. (4.22)), that are eventually approximations of the
hyperbola sections on narrower temperature ranges

I (T ) = A +

B
(T + C)

I(T) = a + bT = α +

(4.21)

β
T

(4.22)

where I(T) is the retention index at any temperature (K). A, α, B, β and C are
experimentally derived constants.

4.2.7 Models to characterize GLC stationary phases

Development of GLC entailed the introduction of a large number of stationary
phases, most of them being similar to each other. The use of similar columns was a
consequence of the absence of a model to classify stationary phases regarding their
physicochemical properties. As a result, analyses were time-consuming and expensive
because of need for appropriate stationary phases to obtain high quality separations. The
selectivity of a stationary phase is defined as its relative capacity to enter into specific
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intermolecular interactions such as dispersion, induction, orientation, hydrogen-bond
formation and charge-transfer complexation [3]. The lack of classification models
prompted Rohrschneider and co-workers to classify stationary phases by the retention

parameter model. Other models to characterize stationary phases have been proposed
ever since; the solvation parameter model proposed by Abraham and co-workers, which
is based on Linear Free Energy Relationships (LFERs), is among the most successful
ones.

4.2.7.1

Retention parameter model
The model introduced by Rohrschneider [29] and modified by McReynolds [30]

was the first widely adopted approach for stationary phase characterization based on
stationary phase selectivity for specific solute interactions. In the RohrschneiderMcReynolds system stationary phases are characterized by directly measured retention
index differences of 5 or 10 selected compounds [31].
The principle of the method proposed by Rohrschneider is that intermolecular
forces are additive and their individual contributions to retention can be evaluated from
the difference in retention index values of a series of test probes measured on the liquid
phase to be characterized and on squalane, used as a non-polar reference phase [23].
Hence, solute retention index on the non-polar stationary phase will be determined
solely by dispersion forces, any difference in that retention index values for a polar
phase and a non-polar phase will be due to polar interactions. Therefore solute retention
indices in both polar and non-polar stationary phases are related according to Eq. (4.23)

I TPolar = I TNon − Polar + ∆I

(4.23)

where I TPolar is the retention index for a selected solute T on the polar stationary phase to
be characterized; I TNon − Polar is the retention index for the same solute on the non-polar
reference phase and ∆I is the retention index difference equivalent to the contribution
from polar interactions.
The retention index difference, ∆I, is expressed by Rohrschneider as a series of
terms composed of a solute specific contribution (a, …., e) and a stationary phase
characteristic term (x, …., s), see Eq. (4.24). Terms in Eq. (4.24) represent the
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individual contributions to molecular interactions in the retention mechanism as the
solute percolates throughout the column.

∆I = ax + by + cz + du + es

(4.24)

It is well-established that the main intermolecular interactions responsible of
retention in chromatography are dispersion, orientation, induction, and donor-acceptor
complexation. Hence, the choice of the set of test solutes must adequately characterize
such interactions. Rohrschneider proposed five solutes; benzene, ethanol, 2-butanone,
nitromethane, and pyridine to characterize the stationary phase.
Determination of the stationary phase characteristic constants was performed by
measuring ∆I for each solute in turn and assigning a value of 100 for the solute specific
constant associated with that solute. Thus, by determining the retention index for five
selected solutes on the stationary phase to be characterized, and on squalane, at a fixed
reference temperature of 100°C, it was possible to assign numerical values for the five
stationary phase characteristic constants. McReynolds modified Rohrschneider’s
approach in three ways; (1) by increasing the number of test solutes from five to ten,
replacing three of the Rohrschneider’s solutes (ethanol, nitromethane, 2-butanone) by
less volatile homologues (n-butanol, nitropropane and 2-pentanone) to provide easier
access to retention index values on some phases where Rohrschneider’s solutes
possessed low retention, (2) by proposing 120°C instead of 100°C as the standard
reference temperature, and (3) by using ∆I instead of ∆I/100 for the calculation of the
characteristic phase constants.

4.2.7.2

Solvation parameter model
The solvation parameter model describes retention in chromatographic systems

in terms of the solute-solvent intermolecular interactions in the stationary phase [32].
The partition of a solute between the gas phase and a solvent (for GC, the stationary
phase) is described by a cavity theory of solution [33]. For this theory, transfer of a
solute from one phase to another requires the formation of a cavity in the acceptor phase
of a suitable size to accommodate the solute with the solvent molecules in the same
arrangement as in the bulk solvent. The energy consumed by this process depends on
the strength of solvent-solvent interactions and the size of the solute. In the second step,
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the solvent molecules are reorganized into their equilibrium position around the solute.
Finally, the solute is inserted into the cavity and establishes various solute-solvent
interactions identified as dispersion, induction, orientation and hydrogen bonding for
non-ionic solutes. The free energy change at equilibrium is equal to the difference in
free energy of cavity formation in the solvent and the strength of solute-solvent
interactions.
In the solvation parameter model, the contribution of the individual free energy
processes are represented as the sum of product terms each one composed of solute
descriptors and complementary solvent properties [32]. Thus, a solute has a certain
capacity for a defined intermolecular interaction indicated by its descriptor value. The
contribution of this interaction to the total solvation free energy is dependent on the
solvent possessing a complementary capacity for the same interaction. The sum of each
product term for all possible interactions and for cavity formation is equal to the total
free energy change for the partition process.
Hence, for the distribution of any solute between the gas phase and the
stationary phase Abraham set up a LFER with five solute descriptors as shown in Eq.
(4.25)

log SP = c + e·E + s·S + a·A + b·B + l·L

(4.25)

In Eq. (4.25) the dependent variable, SP, is some free energy related solute
property such as distribution constant, retention factor, or relative adjusted retention
time. If the Kováts retention index is used then I takes the place of log SP because I is
already a logarithmic term. The coefficients c, e, s, a, b, and l can be found by standard
procedures for MLRA. These coefficients reflect differences in the phases´ abilities to
interact with the solute [34]:
e accounts for solvent polarizability/dipolarity and hence incorporates dispersion and
induction effects.
s expresses the solvent capability to interact with the solute through permanent dipoles
of their own or through induction effects.
a is solvent capability of accepting hydrogen bonds.
b is solvent capability of donating hydrogen bonds.
l expresses the ease of cavity formation in the solvent.
The independent variables in Eq. (4.25) are solute descriptors as follows [35]:
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E is the solute excess molar refraction in units of (cm3·mol-1)/10.
S is the solute dipolarity/polarizability.
A is the overall or summation hydrogen bond acidity.
B is the overall or summation hydrogen bond basicity.
L is the logarithm of the gas to hexadecane partition coefficient at 298 K.

Table 4.3
System constants or coefficients for different GLC stationary phases at 121˚C [32].
c
e
s
a
b
l
Stationary phase
Squalane

-0.221

0.138

0.000

0.000

0.000

0.584

Carbowax 20M

-0.560

0.317

1.256

1.883

0.000

0.447

DEGS

-0.650

0.230

1.572

2.105

0.171

0.407

OV-7

-0.231

0.056

0.433

0.165

0.000

0.510

H10

-0.568

-0.051

1.323

1.266

1.457

0.418

An advantage of the solvation parameter model is that the system constants
contain chemical information about the stationary phase. As it can be observed from
Table 4.3, in GLC, the e-coefficient is almost negligible for any stationary phase.
Coefficients for squalane and OV-7 are similar, neither of these stationary phases
establishes hydrogen bond interactions with the solute, i.e. both a- and b-coefficients are
zero (for OV-7, a- coefficient is not zero but it is almost negligible). Highly
polar/polarizable solutes slightly tend to go to the OV-7 stationary phase over the gas
phase (small s-coefficient) whereas affinity of such solutes to squalane is similar to that
for the gas phase (s=0). In both cases, the main term is that related to cavity formation,
i.e. the product of the l-coefficient and the solute L descriptor.
Carbowax 20M, DEGS, and H10 are hydrogen bond accepting stationary phases (large
a-coefficient) and polar/polarizable solutes tend to go to the stationary phase more than
to gas phase (large s-coefficient). H10 is the only hydrogen bond donating stationary
phase (large b-coefficient), this type of stationary phase, with hydrogen bond donating
properties, is quite rare.
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4.2.8 Qualitative and Quantitative Analysis in GC

GC can be used to determine any stable compound that is vaporized at
temperature below 300˚C, thus, a vast number of compounds can be analyzed by GC.
To identify the chemical composition of any sample, the chromatographer uses the
qualitative analysis parameters provided by GC, i.e. retention times, retention volumes,
retention indices, etc and coupled analytical techniques, e.g. GC-MS. Quantitative
analysis is used to determine concentration levels of chemicals in the sample.

4.2.8.1

Qualitative Analysis
Procedures of detection and identification are united within qualitative chemical

analysis [36]. Chemical identification is considered to be assigning an analyte
(analytical signal) to one of the set of known individual chemical compounds or to a
group/class of compounds based on matching their properties. Identification of an
analyte should be differentiated from its detection, which is essentially a discovery of
analytical signal without decisive recognition of its nature.
Typical qualitative information extracted from a chromatogram is the peak
retention time, which permits the recognition of a target analyte [37]. This identification
requires the previously establishment of that parameter by the use of suitable standards
and also involves the obtaining of well-resolved, reproducible chromatograms.
Obtaining well-resolved chromatograms is especially difficult when dealing with
complex matrices, in which the presence of interferences can lead to erroneous
identification in the chromatogram. The retention index proposed by Kováts (see above)
and retention volumes are also used in GC for chemical identification.

4.2.8.2

Quantitative Analysis
GC is an excellent quantitative analytical technique whose quantitative principle

depends on the fact that the size of the chromatographic peak is proportional to the
amount of material [38]. Measures of peak height and peak area are the most common
ways to obtain quantitative data from the chromatogram [39].
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4.2.9 Uses of GC

Column variety and the wide range of detectors make GC one of the favourite
analytical techniques to study a vast number of systems, e.g. the analysis of food
constituents to avoid food poisoning, which is the main concern in food industry,
requires analytical techniques including GC along with HPLC [40]. GC is also
employed to identify chemicals in beverages [41], tobacco smoke [42] and to isolate
pure components from complex mixtures. Coupled techniques including GC, e.g. GCMS, are used to detect environmental pollutants in water [43]. GC and olfactometry is
another combination of techniques, which is used to determine aromas of chocolate
[44], wines [45], etc. For the pharmaceutical sector, though HPLC is the most widely
used chromatographic technique, GC plays a key role inasmuch as it allows for
determination of drugs in biological samples [46].
Determination of air to solvent, K, water to solvent or solvent to solvent, P,
partition coefficients is an important use of GC. To calculate K or P values, samples of
the two phases are withdrawn separately and analysed by analytical GLC. The areas of
the resulting peaks from the phase 1 (A1) and from the phase 2 (A2) are measured in the
chromatogram (i.e. quantitative analysis) and used in Eq. (4.26) to determine the air,
water, or solvent to solvent partition coefficient.

K or P =

C1 A 1 V1
=
C 2 A 2 V2

(4.26)

Here, Ci is the solute concentration in the phase i and Vi is the volume of phase i
introduced in the chromatograph.
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Chapter 5

An Introduction to the Abraham Solvation Equation

5.0 INTRODUCTION
Linear free energy relationships, LFERs, and quantitative structure activity
relationships, QSARs, are employed to quantify the effects of changes in chemical
structures on physicochemical activity and biological activity, respectively. LFERs
derive from the major use of these relationships as a mathematical tool for correlating
changes in free energy in different reaction series, with the Hammett equation [1] being
the best known example of a LFER. On the other hand, QSARs have been used to
correlate molecular structural features of compounds with their known biological
properties. Attempts to establish relationships between chemical structure and
biological effects may be traced back [2] as far as the work of Crum Brown and Fraser
[3,4], but Meyer and co-workers [5,6] may have been the first to use a quantitative form
showing that the product between narcotic concentration and water to oil or gas to
solvent concentration ratio is remarkably constant, see Chapter 6 for further
information.
The solvation model of Abraham, Kamlet and Taft [7] has offered a good basis
for the understanding, description and prediction of the ways in which solutes and
solvents interact with each other. One important approach to the problem of
solute/solvent interactions has been based on solvatochromism. The solvatochromic
comparison approach developed by Kamlet and Taft has provided quantitative scales of
solvent hydrogen bond abilities and solvent polarity. A number of quantitative
relationships between a variety of physicochemical solute properties and certain solvent
parameters have been put forward. Particularly successful and very extensive
applications of the solvation model have evolved from the Abraham solvation equation.
The Abraham model contains five solute descriptors that are together linearly
correlated with a given solute property. This model is not simply numerical in nature
but offers physicochemical interpretation of a large number of processes. This approach
is a well-known and well-used equation for the description of relationships between
structure and both physicochemical and biochemical properties.
To completely understand and comprehend a phenomenon like diffusion of a
drug through a biological membrane or a simple chemical reaction would require the
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knowledge of the bulk chemistry and properties of membranes and solutions [8]. This
would, probably, be impossible because what little experimental data one could deduce
would be coming from a complicated matrix of many different chemicals. It would be
impossible to separate different molecular interactions and to assign chemical properties
to each physical observation. Even if it were possible to do so, it is doubtful if the
value(s) would provide much real insight into the molecular interactions. The large
amount of human and mathematical errors involved in such a computation would yield
numerical values with extremely large uncertainties. Also, the procedures are usually
invasive to the specimen under analysis, and there is no guarantee that the property
being studied will not change during the course of the measurement. To keep the
process simple, so as to understand and extract any useful information from such a
complicated system, it is necessary to treat the process under consideration as simple
partitioning-type models where the given solute molecule interacts with different
partition barriers.

5.1 LINEAR FREE ENERGY RELATIONSHIP

5.1.1 Solvation Parameter Model

Abraham, Kamlet and Taft developed a solvation model [7,9,10] which
describes the solution of a gaseous solute into a solvent. The solution process can be
divided into three distinct steps as follows.
a) The first step begins with the pure solvent devoid of the solute. A cavity of
suitable size and shape to accommodate the solute is created in the solvent. This
requires breaking intermolecular interactions between the solvent molecules
initially present in the equilibrium or in their lower energy state, and is therefore
always energetically unfavourable process (endoergic).
b) Next, the cavity is filled with the solute.
c) Finally, the solute-solvent interactions are set up. This step is energetically
favourable (exoergic). In this process, the neighbouring solvent molecules will
be reorganized to some extent but the Gibbs energy of reorganisation is regarded
as small or zero.
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Figure 5.1. The three steps of the cavity model of solvation;

interactions.

The term solvation refers to the surrounding of each dissolved molecule by a
shell of more or less tightly bound solvent molecules. This solvent shell is the result of
intermolecular forces between solute and solvent [11].
The creation of a cavity is an endoergic effect, as mentioned, the magnitude of
which depends on the forces holding the solvent molecules together and the size of the
solute. The Gibbs free energy of reorganisation can be taken as zero, and so needs to be
considered no further. With the introduction of a solute molecule into the solvent cavity,
a number of solute-solvent interactions will occur. These interactions are exoergic and
aid the processes of solution. Both the cavity term and the solute-solvent interaction
term will depend on the properties of the solute and the solvent under consideration.
Hence to describe these effects for the general case of a number of solutes in a number
of solvents, it is necessary to construct an equation that includes the relevant properties
of both the solutes and the solvents.
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Abraham, Kamlet and Taft [7,9,12,13] extended the LSERs of earlier workers
[14] to involve solute-solvent interactions. Furthermore, they pointed out the necessity
to consider both non-specific and specific solute-solvent interactions separately. This
linear solvation energy relationship, LSER, model has the general form shown in Eq.
(5.1).
Solute Property = constant + Cavity term(s) + Polarisability/dipolarity term(s) +
Hydrogen bonding term(s)

(5.1)

5.1.2 The Solvatochromic Comparison Approach

Solvatochromism is an important approach to the problem of solute-solvent
interactions. The term solvatochromism is used to describe the pronounced change in
position of an UV-Vis absorption band, accompanying a change in the polarity medium.
A hypsochromic (or blue) shift, with increasing solvent polarity, is usually called
negative solvatochromism. The corresponding bathochromic (or red) shift is termed
positive solvatochromism.
Kamlet, Taft and co-workers employed and further developed a solvatochromic
comparison method to evaluate a β-scale of solvent hydrogen-bond acceptor (HBA)
basicity, an α-scale of solvent hydrogen-bond donor (HBD) acidity, and a π*-scale of
solvent polarisability/dipolarity using UV-Vis spectral data of solvatochromic
compounds [15-19]. Magnitudes of enhanced solvatochromic shifts, ∆∆ΰ, in HBA
solvents were determined for 4-nitroaniline relative to homomorphic N,N-diethyl-4nitroaniline. Both standard compounds are capable of acting as HBA substrates in HBD
solvents, but only 4-nitroaniline can act as a HBD substrate in HBA solvents. Taking
the ∆∆ΰ-value of 2800 cm-1 for hexamethylphosphoric triamide (a strong HBA) as a
single reference point (β1 = 1.00), a β-scale of solvent HBA basicity for HBA solvents
was developed. Using the same solvatochromic comparison method, i.e. the enhanced
solvatochromic shift ∆∆ΰ, in HBD solvents for 4-nitroanisole and the pyridinium-Nphenoxide betaine dye, an α-scale of HBD acidity was evaluated. The same authors also
introduced a π*-scale of solvent polarisability/dipolarity. The π*-scale is so named
because it is derived from solvent effects on the π → π* electronic transitions of a
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variety of nitroaromatics. Solvent effects on the ΰmax values of such solvatochromic
indicators have been employed in the initial construction of the π*-scale, which was
then expanded and refined by multiple least-squares correlations with additional
solvatochromic

indicators.

In

this

way

an

averaged

π*-scale

of

solvent

polarisability/dipolarity was established which measures the ability of the solvent to
stabilise a charge or a dipole by virtue of its dielectric effect. A normalised range of
0.00 (cyclohexane) to 1.00 (dimethyl sulfoxide) for the π*-values of common solvents
was chosen so that, taken with the α-scale of solvent HBD acidity and the β-scale of
solvent HBA basicity, these parameters can be used together in a multiparameter
equation.
Using the solvatochromic solvent parameters α, β, π*, the multiparameter Eq.
(5.2) was proposed for use in LSERs [16,18,20]. Kamlet, Taft, Abraham and coworkers developed Eq. (5.2) to correlate the solubility and distribution behaviour of
non-electrolyte solutes with solvent properties [19,21].
SP = SP0 + A·π*·π2* + B·α1·β2 + C·β1·α2 + D· (δH2)1· (V2/100)

(5.2)

SP represents the value of some property in a series of solvents; it can represent, for
example, the logarithm of a rate or equilibrium constant, as well as a position of
maximal absorption in an UV/Vis, IR spectrum; SP0 is the regression value of this
solute property in cyclohexane solvent. The subscript 1 refers to the solvent and
subscript 2 to the solute. A, B, C and D are the regression coefficients for the exoergic
polarisability/dipolarity term, the exoergic hydrogen bonding terms of adduct formation
between HBD solvents and HBA solutes (measured by α1 and β2) as well as between
HBA solvents and HBD solutes (measure by β1 and α2) and the endoergic cavity term,
respectively. V2 is the molar volume of the solute, taken as its molecular mass divided
by its liquid density at 293K. The δH2 term represents Hildebrand's solubility parameter
squared [22] and corresponds to the cohesive pressure c, which characterised the energy
associated with the intermolecular solvent-solvent interactions. Thus, δH2 is considered
as a measure of the energy required to separate solvent molecules to provide a suitable
sized cavity for the solute. Whereas δ2H measures the solvent's contribution to the cavity
term, V2/100 represents the solute's contribution to the cavity term [23].
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When dealing with the effects of different solvents on properties of a single
solute, the factors relating to the solute can be subsumed into the regression coefficients
of Eq. (5.2), and the following equation results:
SP = SP0 + d·δ + s·π1*+ a·α1 + b·β1 + h· (δH2)1

(5.3)

where d·δ is an empirical polarisability correction term [24] with δ taken as 0.00 for
non-chlorine substitued aliphatics, 0.5 for poly-chlorinesubstituted aliphatics, and 1.0
for aromatic solvents. As mentioned, SP is a property of a given solute in a series of
solvents and δ, π1*, α1, β1, and (δH)2 are the independent variables, that is descriptors of
the solvents.
Conversely, Kamlet, Abraham and Taft went back to the full Eq. (5.2), in order
to obtain an equation for the case when dealing with solubilities or other properties of a
set of different solutes in a single solvent, or with distributions of different solutes
between a pair of solvents. The resulting Eq. (5.4) relates the property SP specifically to
the solute parameters V2, π2*, α2, and β2.
SP = SP0 + s·π2* + d·δ2 + a·α2 + b·β2 + m· (V2/100)

(5.4)

One of the earliest tests of the above equation was its use in correlating retention
in reversed-phase liquid chromatography [25]. Soon thereafter it was used to study
water-octanol partition coefficients and solubility in water [26]. Eq. (5.4) works well
when applied to processes in condensed phases, but for the processes of the type gas to
condensed phase, Abraham devised a solute parameter, denoted log L16, where L16 is
the Ostwald solubility coefficient on n-hexadecane at 298 K. This L16 term, as log L16,
is related to the endoergic work of creating a cavity in the solvent and the exoergic
solute-solvent dispersion interactions [27]. Once added to Eq. (5.4), the term in solute
volume was redundant.
SP = SP0 + s·π2* + d·δ2 + a·α2 + b·β2 + l·log L16

(5.5)

There is a considerable theoretical difficulty in the application of Eqs. (5.2),
(5.3), (5.4) and (5.5) to properties that are related to the Gibbs free energy. The
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measurements that lead to values of π*, α and β are spectroscopic in nature and hence
give rise to spectroscopic energies, which are the differences in the energies of the
ground state and the spectroscopic excited state. Because of the Frank-Condon
principle, the solvent molecules round the excited state are in the same position as the
molecules round the ground state. Hence the excited state is not in thermodynamic
equilibrium with the solvent, and spectroscopic energies are not the same as
thermodynamic energies. Indeed, there is no theoretical connection between
spectroscopic energies and thermodynamic energies such as the Gibbs free energy. This
is no doubt why equations derived from the solvatochromic comparison method are
often known as LSERs (linear solvation energy relationships), because they are
certainly not LFERs (linear free energy relationships).
This fundamental difficulty with LSERs was the principle reason why Abraham
and co-workers developed a new polarisability/dipolarity scale, π2H and new hydrogen
bond acidity and basicity parameters, α2H and β2H respectively [28-30], that were
derived from equilibrium measurements, and hence were related to Gibbs free energy.
In addition, the McGowan characteristic volume [31,32], Vx, was also preferred to V2.
The newly devised descriptors were combined into the two linear equations, (5.6) and
(5.7) [33]. These two equations contain, for the most part, independent variables that are
related to Gibbs free energy, and hence are regarded as LFERs. In this respect, Eqs.
(5.6) and (5.7) are much more appropriate than the LSERs of Kamlet, Abraham and
Taft for the correlation of solute properties that are themselves free energy related.
SP = c + r·R2 + s·π2H + a·α2H + b·β2H + v·Vx

(5.6)

SP = c + r·R2 + s·π2H + a·α2H + b·β2H + l·log L16

(5.7)

5.2 THE ABRAHAM SOLVATION EQUATION

5.2.1 The Abraham Solute Parameters

As just mentioned, Abraham and co-workers drew up a list of solute descriptors
to characterise solute-solvent interactions occurring during the solvation process. The
solute properties or descriptors finally used are given in Table 5.1; both the old and the
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new notation are shown.

Table 5.1
Old and new notation of the Abraham solute descriptors.
Old Symbol New Symbol
Descriptor
R2

E

Excess molar refraction

π2H

S

Polarisability/dipolarity

Σα2H

A

Overall solute hydrogen bond acidity

Σβ2H

B

Overall solute hydrogen bond basicity

Σβ20

B0

Amended

basicity

parameter

for

specific

solute/systems
Vx

V

McGowan volume

log L16

L

Solute gas/hexadecane partition coefficient

Using the new notation, the general solvation equations (5.6) and (5.7) become:
SP = c + e·E + s·S + a·A + b·B + v·V

(5.8)

SP = c + e·E + s·S + a·A + b·B + l·L

(5.9)

where SP is a property of a series of solutes in a given system and where the solute
descriptors (E, S, A, B, V and L) are independent variables. The solute descriptors do
have physical significance, and their numerical values do contain encoded information
pertaining to the different types of molecular solute-solubilizing media interactions [8].
E is an excess molar refraction [34] in units of (cm-3·mol-1/10), S is the solute
polarisability/dipolarity [28], A and B are the solute hydrogen bond acidity [29] and
basicity [30], respectively. V is the McGowan characteristic volume in units of (cm3

·mol-1)/100 [32,35], and L is a descriptor that is defined as the logarithm of the

equilibrium constant in the solute gas-hexadecane partition coefficient at 25°C [27].
The first four descriptors, E, S, A, B, can be regarded as measures of the tendency of a
solute to undergo various solute-solvent interactions, all of which are energetically
favourable, i.e. exoergic. On the other hand, L and V are both measure of the size of a
solute, so will be measure of the cavity term, see Figure 5.1. Further, since the size of
the solute is related to general dispersion interactions, both L and V also describe
solute-solvent dispersion interactions [33].
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The development of the Abraham solvation equations (5.8) and (5.9) to analyse,
correlate and predict particular property, SP, requires a knowledge of the relevant
Abraham parameters. Thus, the solute parameters need to be identified. They were
determined by Abraham and co-workers by means of a variety of methods mainly based
on experimental measurements, and details of how they were initially obtained are
covered next. Further, in order to overcome the reliance on experimental data,
alternative methods to obtain the Abraham solute descriptors have also been proposed
and will be discussed later in this chapter. The best advance in this field has been the
use of a group contribution approach by Platts and co-workers [36]. This technique
allows a rapidly and effective calculation of descriptors. For any compound, once its
solute descriptors are calculated, there is no need to calculate a new set of solute
descriptors for each type of prediction.

5.2.1.1

The Excess Molar Refraction, E
The polarisability-correction descriptor, δ2, used in Eq (5.4), is only an empirical

factor limited to one of three values, 0.5 for halogenated aliphatics, 1.0 for aromatics or
0.0 for all other compounds. A number of possible alternatives for δ2 were considered
by Abraham [34], excess of molar refraction, E, being one of them.
The excess molar refraction is the molar refraction of the compound, MRX,
calculated using McGowan’s volume, V, less the molar refraction of an alkane with the
same McGowan volume.
E = MRX(observed) – MRX(alkane)

(5.10)

where
MRX(observed) = 10[(η2-1)/( η2 + 2)]V

(5.11)

MRX(alkane) = 2.83195V − 0.52553

(5.12)

Therefore E descriptor values are easily calculated according to Eq. (5.13):
E = 10[(η2-1)/( η2 + 2)]V – 2.83195V + 0.52553

(5.13)
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Here η is the refractive index of a solute that is liquid at 20°C (for solids, the refractive
index of the hypothetical liquid at 20°C can be calculated) and V is the McGowan
characteristic volume in (cm3·mol-1)/100 [32,37].
Because of the volume term in molar refraction, the latter always increases with
increasing size. The refractive index function itself is rather better indication of the
presence of polarisable electrons in a molecule; thus values of the refractive index are
always larger for aromatic or halogenated aliphatic compounds than for other aliphatics.
By subtracting the molar refraction for an alkane of the same characteristic volume, the
dispersive component of molar refraction (already accounted in V and L in LFER
correlations) is removed. E provides a quantitative indication of polarisable n- and πelectrons. E is an almost additive quantity that can easily be estimated for solids, and
for structures in general, from fragment or substructure values [38]. The units of E are
the same as those of MRX i.e. (cm3·mol-1)/10.

5.2.1.2

The Solute Polarisability/Dipolarity Scale, S
Originally π2* was taken as the solvent parameter π1* for non-associated liquids

as set out by Kamlet and Taft [7,13,18,21,39]. As π1* is experimentally accessible only
for compounds that are liquid at 25°C, values of π2* had to be estimated for associated
compounds such as acids, phenols, alcohols and amides as well as gaseous and solid
solutes. In addition, there is present the inherent assumption that π1* is identical to π2*
for non-associated liquids, but this may not always be the case. Furthermore, because of
its spectroscopic origin, this parameter fails to be Gibbs energy related. It therefore
seemed necessary to develop a method that would allow the determination of a
polarisability/dipolarity scale, S, that would be free energy related and include all types
of solute molecule.
Abraham and co-workers constructed the new polarisability/dipolarity
parameter, S, from the extensive sets of gas liquid chromatographic (GLC) retention
data. The use of the McReynolds [40] and Patte and co-workers [41] chromatographic
data provided S values for hundreds of solutes. S values for substituted aromatics,
polyhalogenated aliphatics, nitroalkanes and nitriles were obtained using the general
solvation equation applied to Fellous and co-workers retention data for 17 stationary
phases [42]. The S values for halogenated or polyhalogenated solutes were again
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obtained by the same method using retention data for various other stationary phases
[43,44].

5.2.1.3

The Solute Hydrogen-Bond Acidity Scale, A
Abraham and co-workers [29] derived a new hydrogen bonding acidity scale,

α2H, from thermodynamic measurements on 1:1 hydrogen bond complexation, which
are related to the Gibbs free energy. The α2H parameter is a measure of hydrogen bond
acid strength. This scale was drawn from values of equilibrium constants for the 1:1
complexation, log K1:1 of acids by reference bases (such as pyridine) in an inert solvent
(tetrachloromethane) at 25 °C.
A–H + B

A–H-----B

(5.14)

The hydrogen bond acids and reference bases were present in low concentration
so that in solution they were both monomeric, nonassociated solutes. Abraham and coworkers studied forty five reference bases which yielded forty five equations in which
log K1:1 is the dependent variable, Eq. (5.15).
log K1:1 (series of acids against reference base B) = LB log KHA + DB

(5.15)

where LB and DB characterize the base, and where the log KHA values characterize the
series of acids.
The general scale of hydrogen-bond acidity was set up by plotting a series of log
K values for acids against a given reference base versus a series of log K values for
acids against any other reference base, yielding a series of straight lines. The generated
lines intersected at a point where log KHA = log K1:1 = -1.1, where K1:1 is expressed in
molar concentration units. This point of intersection corresponds to the origin of the
scale of hydrogen bond acidity and so solutes with no hydrogen bond acidity have log
KHA equals to -1.1 units. Further, the various log K1:1 plots show family-independent
behaviour, so that it was possible to obtain an ‘average’ hydrogen-bond acidity for
solutes in tetrachloromethane, given as log KHA. The origin of the scale was shifted to
zero and compressed by transforming log KHA into a hydrogen bond acidity scale [29],
α2H, Eq. (5.16).
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α2H = (log KHA + 1.1)/4.636

(5.16)

The factor 4.636 is an empirical value, used simply to compress the acidity scale into a
convenient working range. In bulk solvent the solute can form multiple hydrogen bonds
with the surrounding molecules, therefore the 1:1 complexation no longer applies and
the α2H values may not be relevant. In the event, Abraham found that the α2H values
could actually be used as the solute overall or effective hydrogen-bond acidity
descriptor, A, for most mono-acids. To obtain A values a preliminary version of Eq.
(5.9) was set up using α2H as the hydrogen-bond acid descriptor and was applied to
various water-solvent partitions (SP is equal to the logarithmic value of water-solvent
partition coefficients) [33,45]. The α2H descriptor was then modified where necessary,
in order to obtain the effective value, A. A new set of equations was then constructed,
and the same process repeated until a self-consistent set of equations and A values was
given. Since the solutes in the water-solvent partitions are surrounded by solvent
molecules, the overall hydrogen bond acidity scale is the actual scale required. It was
observed that values of A were constant along any homologous series, except perhaps
for the first one or two members, so once a few values are established, values for the
rest of the homologous series can be deduced. Multiple hydrogen bonding of a solute
with several solvent molecules gives a higher A value than α2H, obtained from a simple
1:1 complexation constant, see Table 5.2.
It should be noted that the work carried out to obtain an overall A scale from the
1:1 α2H scale proceeded side-by-side with the calculation of A that took place during the
S calculation. Therefore a constant check had to be made on the self-consistency of the
derived A values.
Finally, it is important to clarify that hydrogen bond acidity, which indicates the
ability of a compound to donate a hydrogen bond, is not related to Brønsted acidity of a
compound, which, in turns, refers to loss of a proton. This fact is well illustrated in
Table 5.2. It can be seen from their A values that acetic acid and phenol do have similar
ability to participate to hydrogen bond interaction. However, acetic acid is a typical
Brønsted acid as defined by its pKa value [46] of 4.75 at 25 °C. This is not the case for
phenol whose pKa value [46] is given as 9.89 at 20°C.
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Table 5.2
Comparison between α2H, A and pKa values for a set of solutes.
α2H
pKa
Solute
A
n-Heptane

0.00

0.00

N/A

Ethanol

0.33

0.37

15.9 [47]

Pyrrole

0.41

0.41

17.51 [48]

Water

0.35

0.82

15.75

Acetic acid

0.55

0.61

4.75 [46]

Phenol

0.60

0.60

9.89 [46]

5.2.1.4

The Solute Hydrogen-Bond Basicity Scale, B
In an exactly similar way, Abraham and co-workers [49] established a new

hydrogen-bond basicity scale, β2H, for solutes using 1:1 hydrogen bond complexation
equilibrium constants in tetrachloromethane. log K1:1 values for thirty four bases against
a given reference acid were used to construct a scale of solute hydrogen bond basicity
similar to the solute hydrogen bond acidity scale. The thirty-four equations in terms of
log K were of the form,
log K1:1 (series of bases B against reference acid A) = LA log KHB + DA

(5.17)

where LA and DA are now characteristics of the acid and log KHB describes the
hydrogen bond basicity of a series of bases. These equations also gave straight lines
passing through log KHB = log K1:1 = -1.1. The hydrogen bond basicity was defined by
Eq. (5.18), where the factor 4.636 was chosen so that β2H = 1 for the strong hydrogen
bond base hexamethylphosphotriamide.
β2H = (log KBH + 1.1)/4.636

(5.18)

The β2H descriptor can be used as the overall or effective hydrogen-bond
basicity descriptor, B, for mono-bases with a few exceptions. A large number of B
values were determined in a similar way as A [33,49]. A preliminary version of Eq.
(5.9) was set up using β2H as the hydrogen-bond base descriptor and was applied to
various water-solvent partitions. The β2H descriptor was then modified where necessary,
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in order to obtain B values. A new set of equations was then constructed, and the same
process repeated until a self-consistent set of equations and B values was given. Table
5.3 gives a comparison between β2H and B values.

Table 5.3
Comparison between β2H and B values.
β2H
Solute

B

n-Heptane

0.00

0.00

Diethyl ether

0.45

0.45

Butanone

0.18

0.51

Acetonitrile

0.44

0.32

Ethanol

0.44

0.48

Benzene

0.15

0.14

Pyridine

0.62

0.52

Dimethyl sulfoxide

0.78

0.88

Phenol

0.22

0.30

4-Methoxyaniline

0.45

0.65

1,4-Dioxane

0.47

0.64

Abraham introduced an additional hydrogen bond basicity term, B0, for solutes such as
sulfoxides, anilines, pyridines, and some heterocyclic compounds in water-solvent
partitioning systems where the solvent phase is quite aqueous. The latter include noctanol, ethyl acetate, n-butyl acetate, diethyl ether and di-n-butyl ether. For nonaqueous phases such as chloroform, alkanes, benzene and the gas phase, the original B
term can be used for all solutes.

5.2.1.5

The L Parameter
The solute descriptor, L, initially formulated by Abraham and co-workers [27],

characterises solute size and solute tendency to participate in solute-solvent interactions
of the general London dispersion type. L is now a well-established descriptor in LFERs.
L is defined through L16, Eq. (5.19), which is the solute Ostwald solubility of a solute in
n-hexadecane at 298K,
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L16 =

concentration of solute in n - hexadecane
concentration of solute in the gas phase

(5.19)

Abraham and co-workers chose n-hexadecane as a reference solvent for solute
descriptor because n-hexadecane is a readily available non-polar liquid of well-defined
structure. L values were originally determined by direct GLC measurements on packed
columns coated with n-hexadecane at 25°C [27]. This approach is mainly limited to
non-polar and polar volatile solutes at 25°C, but more importantly interfacial absorption
phenomenon contributes non-negligibly to the retention mechanism. So to overcome
this drawback, Dallas and Carr [50] have made use of fused silica capillary columns for
which interfacial absorption impact on retention mechanism is small. These direct
approaches; however, are restricted to volatile and semi-volatile solutes that have a
suitable retention time at 25°C. The use of predictive model has allowed the
determination of L values for less volatile solutes. For solutes too involatile at 25°C,
values of L can be obtained via GLC measurements on non-polar phases such as
squalane or apiezon at elevated temperature [51]. GLC data for a series of solutes can
be fitted to an equation of the form,
SP = SP0 + e·E + l·L

(5.20)

Here, SP can be either the logarithm of the retention volume, or relative retention time
or can be just the retention index, I. Thus, for the large series of solutes studied by
Dutoit [52] on a hydrocarbon phase at 130 °C, Abraham and co-workers constructed an
equation on the lines of Eq. (5.20). Then further values of L can be calculated for any
solute for which I, or I/10, is available. In this way, some 1500 L values have been
obtained [51].
I/10 = 6.669 + 8.918·S + 20.002·L

(5.21)

2

n = 138, r = 0.9995, sd = 0.449, F = 67950
Here and elsewhere, n is the number of data points, r2 is the coefficient of
determination, sd is the standard deviation and F the Fisher statistic.
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5.2.1.6

The McGowan Characteristic Volume, V
The cavity term V [32,53] (in cm3·mol-1/100) was chosen by Abraham because

it can simply be calculated by summation of atomic fragments and number of bonds in a
molecule Eq. (5.22), all bonds being counted as one, no matter whether single, double
or triple.
(5.22)

V = (∑ atom contributions – (6.56 · Bn))/100

Some typical values for atom contributions required for the calculation of V are given in
Table 5.4.

Table 5.4
Atom contributions for calculation of V (in cm3· mol-1/100)a.
C = 16.35
P = 24.78
Se = 27.81
N = 14.39

S = 22.91

Br = 26.21

O = 12.43

Cl = 20.95

Sn = 39.35

F = 10.48

B = 18.32

Sb = 37.74

H = 8.71

Ge = 31.02

Te = 36.14

Si = 26.83

As = 29.42

I = 34.35

a

For each bond between atoms, 6.56 cm3.mol-1 is to be subtracted.

Actually, it is not necessary to count the number of bonds, Bn, in a complicated
molecule because the algorithm of Abraham [33] can be used, Eq. (5.23).
Bn = Na – 1 + Rg

(5.23)

where Na is the total number of atoms and Rg the number of rings.

5.2.1.7

Advances in the Abraham Solute Descriptor Determination

5.2.1.7.1 Estimation of Solute Descriptors from Experimental Data
The V descriptor can always be determined from the solute structure. Most of
the time, E is easily calculated. In such a case, S, A, B and L remain to be determined.
Abraham developed a general procedure to simultaneously determine descriptor values.
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The method is based on the use of Eqs. (5.8) and (5.9) applied to as many
physicochemical properties as possible. In Table 5.5, are listed some typical
physicochemical properties in use.
The descriptor values for S, A, B and L are taken as the most statistically sound
descriptor values that satisfy the various physicochemical properties, already calibrated
through known solvation equations. In this way, a database of descriptors for some
4000 compounds has been established, see Table 5.6.

Table 5.5
Water-solvent and gas-solvent processes used in the determination of solute descriptors.
Systems
Dependent variable
SP
Water-solvent partition

P: water/solvent partition coefficient

log P

HPLC

k': capacity factor

log k'

Gas-solvent partition

L: gas/solvent partition coefficient

log L

GLC

I: retention index

I

trel: relative retention time

log trel

Vg: specific retention volume

log Vg

Table 5.6
Table of the available solute descriptors.
Descriptor
Maximum value

Minimum value Total

E

4.62

-1.21

5702

S

5.70

-1.80

5222

A

4.33

0.00

5890

B

5.25

0.00

4951

V

8.56

0.07

5949

L

29.97

-1.74

4073

This general method for determination of descriptors from experimental data has been
widely used in this thesis. This approach has allowed for the estimation of Abraham
descriptors for over 100 compounds, for more details see Chapter 10.

5.2.1.7.2 Estimation of Solute Descriptors from Empirical Methods
Whilst methods based on experimental data deliver descriptors for most
molecules, a number of drawbacks exist. First, one must physically obtain a sample of
131

the solute of interest. Second, certain measurements may not be suited to certain types
of solute. Third, the process of measurement is time-consuming, and laborious. Finally,
this approach, based on experimental measurements, limits the possibility of using it in
so-called high-throughput screening, the rapid evaluation of molecular properties for
large libraries of compounds [36]. Consequently, a number of methods for the
estimation of solute descriptors that do not require experimental data but that are often
based on computed quantities have been proposed. The various approaches are
presented below.

•

Estimation from Structure
In any homologous series, the value of S, A and B remains almost constant,

apart from the first two members. Thus, homologous are dealt with ease. For branched
compounds, the values of S often decreases by 0.03 units for each branch, compared to
the unbranched compounds, this is particularly applicable to aliphatic compounds. L
values along homologous series are well correlated with carbon number, NC, and for
any such series a plot of L versus NC will yield to a good regression equation, from
which further L values can be extrapolated [51].

•

Estimation from Solute Physicochemical Properties
Abraham and co-workers [29] put forward a reasonable correlation, Eq. (5.24),

between the solute hydrogen bond acidity, α2H, and the Hammett inductive parameter,
σI, for a few halogenated compounds, such as chloroform, dichloroethane, 1-chloro1,1,2-trifluoro-2-iodoethane, α,α-dibromotoluene, methyl dichloroacetate and 1,1,1trifluoro-2-bromo-2-chloroethane.
α2H = - 0.114 + 0.992 σI
n = 18

r = 0.91

(5.24)
sd = 0.02

where r is the correlation coefficient.
This equation is good enough to calculate additional α2H values for those sorts of
halogenated solutes.
Abraham [44] proposed the estimation of S values for chlorinated benzenes, Eq.
(5.25), through the use of solute dipole moment, µ, and the number of chlorine atoms,
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NCl. The choice of these two solute properties was driven by the interest in dissecting S
values into contributions from dipolarity (µ) and polarisability (NCl)
(5.25)

S = 0.538 + 0.0743 NCl + 0.0353µ
n = 13

•

r = 0.98

sd = 0.03

Estimation from Quantum Properties
Murray and Politzer [54] have developed a general approach that permits the

analysis, correlation and prediction of Abraham hydrogen bonding parameters from a
series of computed quantities evaluated on solute molecular surface. The authors have
shown that there is a reasonable relationship between the calculated surface maxima,
VS,max, that describes the electrostatic potential associated with hydrogen atoms in the
solute, and the descriptors α2H and A, see Eqs. (5.26) and (5.27).
α2H = -0.371 + 0.0257 VS,max
n = 15

r = 0.97

sd = 0.05

(5.26)
F = 199.6

A = -0.316 + 0.0246 VS,max
n = 15

r = 0.97

sd = 0.04

(5.27)
F = 222.4

Since the usual error in hydrogen bond parameters is around 0.03 units, it is possible to
estimate further A values, at least for monofunctional oxygen acids. Similarly, Murray
and Politzer [55] have shown a sufficient correlation between the electrostatic potential
minimum, Vmin, and β2H for a series of oxygen bases and a series of nitrogen bases. The
oxygen and nitrogen bases have to be taken separately. Here is an example for the
oxygen bases
β2H = -0.228 - 0.0134 Vmin
n = 16

r = 0.96

sd = 0.07

(5.28)
F = 146.4

The above equation can be used to calculate β2H values for oxygen bases.
Havelec and co-workers [56] have made use of a neural network approach to
estimate S values. The authors took a number of structural and quantum mechanical
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properties as input, combining them either linearly via MLRA or nonlinearly via a feedforward neural network.

•

Estimation from Group Contribution Methods
In group contribution approach, molecules are broken down to predefined

fragments and their corresponding contributions are summed up to obtain the final
descriptor values. Molecules however are never mere collection of fragments. Group
contribution methods attempt to account for this by introducing different correction
factors that are also considered additive. Consequently, all such methods rely on a basic
equation of the type
n

m

descriptor value = ∑ a i f i + ∑ b j Fj
i =1

(5.29)

j =1

where [57] fi represents the fragmental contribution and ai represents the number of
occurrences of fragment type i, Fj represents the correction factor contribution and bj
represents the number of occurrences of correction factor j.
The group contribution method was first applied to estimation of the Abraham
descriptors by Havelec and co-workers [56]. Their approach simply consists in adding
contributions to L from a given set of fragments, the contribution being derived by
MLRA. Furthermore, Platts and co-workers [36] developed additive models for the
estimation of Abraham's molecular descriptors E, S, A, B, B0, and L. From a database
of between 2500 and 3500 values for each descriptor, Platts and co-workers were able
to identify common substructures and, through a process of MLRA they evaluated
contributions of each substructures to each descriptors. Their final model used 81 atoms
and functional group fragments for E, S, A, B, B0, and L and was able to reproduce
experimentally derived results with correlation ranging from 0.95 to 0.99. However, A
required an entirely separate set of 51 fragments to be developed, resulting in a
correlation coefficient of 0.97. Typically, errors of around 0.05-0.15 log unit (for values
covering a range of 2-6 log units) were found [36].
Of particular importance is the speed of calculation allowing rapid evaluation of
molecular properties for large libraries of compounds. Once a list of SMILES strings is
entered in the program, the descriptors can be calculated for up to 50 molecules per
minute in a PC and for up to 700 molecules per minute using a UNIX version. When the
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descriptors are known, computer calculation of properties from the regression equations
of type of Eqs. (5.8) and (5.9), is trivial, and so a number of properties of molecules can
be estimated very rapidly from structure. This model has been trained and applied to
several systems [36,58,59].
A software package, ABSOLV, based on the group contribution approach
developed by Platts and co-workers, is now commercially available. ABSOLV uses the
new Abraham solute descriptor notation, see Table 5.1 [60].

5.2.2 Applications of the Abraham Solvation Equation

The Abraham solvation model is used for predicting a large number of
properties, e.g. free energies of partition in chemical and biological systems, calculating
molecular descriptors, and predicting partition behaviour [8]. The equation coefficients
(c, e, s, a, b and v/l) obtained depend on the system under investigation and can be used
to predict or estimate further values of the independent variable for a completely new
solute providing the descriptors are known. In addition, the equation coefficients
provide information on the phase system. For a partition between two condensed
phases, Eq. (5.8) is used and equation coefficients will then refer to differences in
physicochemical properties of the two phases. The e-coefficient is a measure of
difference in phase polarisability/dipolarity, the s-coefficient reflects differences in the
solvent’s abilities to interact with the solute either through permanent dipoles of their
own or through induction effects. The a-coefficient measures the difference in the two
phases hydrogen-bond basicity (because an acidic solute will interact with a basic
phase) and the b-coefficient is a measure of how the phases differ in hydrogen-bond
acidity. The v-coefficient is a combination of exoergic dispersion forces that make a
positive contribution to the v-coefficient and an endoergic cavity term that makes a
negative contribution. The dispersion interaction nearly always dominates so that the vcoefficient is usually positive except for solution of gases and vapours in water. The vcoefficient is a useful measure of how the hydrophobicity of the two phases differs.
Eq. (5.9) is simpler and is applied to processes involving gas to condensed phase
transfer. The l-coefficient is also resultant of dispersion and cavity effects and is usually
positive. Since the l-coefficient varies between -0.21 for water at 25°C and +1.00 for n-
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hexadecane at 25°C, it seems to be a suitable measure of condensed phase lipophilicity
[51].
It is important to note that for gas to condensed phase processes the s-, a- and bcoefficients must always be positive, or null, because interactions occurring between a
condensed phase and a solute increase the solubility of the solute. The e-coefficient is
an exception because it is tied to hydrocarbons as zero; hence phases containing
fluorinated or chlorinated compounds may give rise to a negative e-coefficient.
Therefore, the coefficients in the solvation parameter equation are not just fitting
constants but must obey general chemical principles [51].
The generality of the solvation equations is highlighted by the fact that they
have been applied to a hugely diverse range of processes. Eq. (5.8) has been employed
for processes that take place in condensed phases, such as water-solvent partitions [59,61],
water-micelle partitions [62], high performance liquid chromatography (HPLC) [63],
normal phase liquid chromatography [64], microemulsion [65] and micellar [66] electrokinetic chromatography, thin-layer chromatography [67], solid phase extraction [68],
blood-brain distribution [69,70], brain perfusion [71], water-skin permeation [70], and
tadpole narcosis [72]. Abraham and Le [73] have shown that a modified form of the
Abraham solvation equation can be used to calculate and predict the solubility of solids
and liquids in water. Furthermore, Eq. (5.8) has been applied to the prediction
gastrointestinal absorption values [74]. On the other hand, Eq. (5.9) has been applied to a
numerous gas-solvent partitions [75], to gas-biological phase partitions [76], and to a very
large number of gas chromatographic systems [77]. Similarly, this equation has been used
to correlate NPTs [78], EITs [79], and to predict respiratory irritation in mice [80].
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Chapter 6

The Partition Coefficient

6.0 INTRODUCTION
The first studies on partition coefficients were carried out in the last decades of
the 19th century by Berthelot and Jungfleisch [1] and Nernst [2]. The partition
coefficient, particularly the water-octanol one, is a physicochemical parameter widely
used to measure lipophilicity in toxicology, pharmacology and other research areas to
explain biological partition/distribution processes. The use of the water-octanol pair as
model of lipophilicity is rationalized because octanol has a polar head and a
hydrophobic alkyl chain, which resembles the lipids of biological membranes [3]. In
general, the partition coefficient commonly refers to partition of the solute between two
immiscible (or partly miscible) solvents [4]; the solvents are commonly water and an
organic solvent. When an equilibrium is established, the distribution ratio of the solute
between the solvents is the so-called partition coefficient. The partition coefficient is
indicated as P or K; here and elsewhere P will be used to denote the partition
coefficient, defined by Eq. (6.1),

P=

C solvent
C water

(6.1)

where C solvent is the solute concentration in the solvent phase and C water is the solute
concentration in the water phase at equilibrium. This relationship holds only if the
solutions are sufficiently dilute.
Meyer and Overton [5-7] were pioneers in connecting the partition coefficient to
biological activity (narcosis). The connection will only hold, in general, for nonreactive
compounds that do not interact with the biological system in any specific way. They
correlated water-olive oil partition coefficient with aqueous narcotic response, and their
work led to a relationship:

C'⋅P' = constant

(6.2)
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where C' is the narcotic concentration in units of mol/l and P' is the water-olive oil
partition coefficient. Though this first attempt used the water-olive oil system to
correlate the partition coefficient value with biological activity, currently the wateroctanol system is the most common system to evaluate biological activity.

Using logarithms on Eq. (6.2):

1
log  = logP'+ constant
 C' 

(6.3)

Eq. (6.3) is what is known as the Overton-Meyer rule and it is a simple QSAR.
Though olive oil was the organic phase used in Meyer and Overton’s pioneering work,
the properties of octanol were later observed to fit better to biological properties, and
octanol has become the solvent of choice. The use of the water-octanol system to
explain biological processes led scientists both to experimentally determine and to
predict water-octanol partition coefficients. Fujita and co-workers [8] made a
breakthrough in predicting partition coefficients as they discovered the additiveconstitutive character of the partition coefficient. They were the first to propose the
water-octanol partition coefficient as a good model for biological partition.
Experimental determination of water-solvent partition coefficients is not easy,
with time consumption and a rather small log P range that can conveniently be
measured as major drawbacks. Thus, prediction of partition coefficients is currently an
area of interest [9-11]. Among the experimental methods, the shake-flask method is the
most used method to obtain experimental partition coefficient values. Furthermore,
chromatographic methods, such as HPLC, micellar electrokinetic chromatography
(MEKC), and counter-current chromatography (CCC) are also used in the experimental
determination of partition coefficients. With regard to predictive methods, as Leo [12]
quotes, a large variety of such methods are currently used to calculate partition
coefficients, including substitution methods, fragmentation methods using atomic
contributions or group contributions, and methods that employ a variety of molecular
properties.
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6.1 THE PARTITION COEFFICIENT
Nernst [13] observed that some solutes do not fit the general relationship shown
in Eq. (6.1) and therefore they do not distribute between the immiscible solvents as
supposed. This is because some solutes undergo processes in solution, including
dimerization, ionization, etc, that affect the observed distribution. Thus, Nernst [14]
defined the partition coefficient as referring to the same molecular species in both
solvents. Partition coefficient values are obtained simply for solutes not undergoing
ionization in the aqueous phase. If the solute is ionized then distribution coefficient (D)
values are obtained, that refer to the partition of both the neutral and the ionized species.
For the case of ionization in the aqueous phase Eqs. (6.4) and (6.5) show the
relationships between log P and log D for a weak monoprotic acid that is partially
ionized in the aqueous phase and for a weak monoprotic base that is partially protonated
in the aqueous phase respectively [15]:

(

logD = logPXH − log 1 + 10 (pK a − pH )

(

logD = logPX − log 1 + 10 (pH − pK a )

)

)

(6.4)

(6.5)

where XH and X refer to the neutral form of the weak acid and base, respectively.
Other parameters such as concentration and temperature also influence partition
coefficient values. Even if the distributed solute does not associate or dissociate in the
solvents, there will be a concentration dependence of the partition coefficient due to the
fact that, as concentration is increased, the solute passes from the dilute solution region
to the concentrated solution region, i.e. beyond the region where Henry’s law holds [4].
Regarding temperature dependence, the effect of temperature on partition coefficient is
not great if the solvents are not very miscible with each other [16], the effect is usually
of the order of 0.01 log unit per degree.
The partition coefficient refers not only to a pair of immiscible solvents, but also
to solvents that are partially miscible; this includes the water-octanol pair. Water and
octanol saturate each other at equilibrium, and so experimental methods such as the
shake-flask method use pre-saturated solvents to establish the partition coefficient
values. By saturating both solvents, their physicochemical properties change depending
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upon their solubility in each other, as more soluble is one solvent in the other the more
different will be the properties of the saturated solvent. As Sangster [4] points out, for
the effect of saturated solvents on the solubility for a range of compounds, it is not easy
to predict the effect of saturated solvents on different solute properties.

6.1.1 Thermodynamics of the partition process

The thermodynamics of partition can be set out as follows. The Gibbs free
energy ( µ ) of a solute in a solvent is expressed by:

µ 1 = µ 10 + RTlna 1

(6.6)

where µ10 is the chemical potential of the solute in some particular standard state and a1
is the activity of the solute in solvent 1; R is the universal gas constant and T is the
temperature. For solvent 2, a similar relationship will be set up

µ 2 = µ 02 + RTlna 2

(6.7)

At equilibrium, µ1 = µ 2 by definition, and so

a
µ 02 - µ 10 = -RTln 2
 a1


 = ∆G 0


(6.8)

o

where ∆G is the standard Gibbs energy change on transferring the solute from solvent
1 to solvent 2. Here

a2
is the partition coefficient according to:
a1

 µ 10 - µ 02
a2
P=
= exp
a1
 RT





(6.9)

The activity coefficient, a, is given by
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a = xf ’ or a = cf’’ or a = mf’’’

(6.10)

where f is an activity coefficient, and the amount of solute is measured in mol fraction,
x, or molar concentration, c, or molal concentration, m. If the solute is present at low
mol fraction or low concentration, the activity coefficient will approach unity and the
partition coefficient for a given species can be written in terms of molar concentration
as

c
P =  2
 c1

∆G

o
t



 c→0

 c
= - RT ln  2
 c1

(6.11)

 
 
 c→0 

(6.12)

6.1.2 Experimental methods to calculate partition coefficients

Mostly two kinds of experimental methods are used to determine partition
coefficient values, the shake-flask method and chromatographic methods.

•

The shake-flask method was the first experimental method developed to

determine partition coefficient values and is a multi-step method:
First, pre-saturation of the solvents is necessary in the case of solvents that are
partly miscible. Second, the solvents are poured into a vessel to form the two-solvent
system, and the test solute is then added to the vessel. The test solute may be prepared
in octanol (or the appropriate solvent) pre-saturated with water. Third, the two-solvent
system is stirred. In their review Leo et al. [17] mention the method requirements,
which include 100 inversions in roughly 5 minutes to produce consistent results; very
vigorous shaking should be avoided since this tends to produce emulsions,
centrifugation in 250-ml centrifuge bottles is recommended, and working at low
concentrations in each phase (0.01M or less). Finally, after the equilibrium is reached,
solute concentrations in either one or both phases are determined using a variety of
techniques, including spectroscopic methods, HPLC, GC, TLC, etc [18]. Measurements
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of solute concentration in one phase leads to less accurate results than those obtained by
measurements in both phases. A drawback of the shake-flask method is the required
compound high purity, since small amounts of impurities can cause serious error [19].
However, careful work using HPLC can reduce this difficulty. The range of log P
values that can accurately be calculated using the shake-flask method is from –2 to 4.

Chromatographic methods are widely used to obtain partition coefficient values

•

since they are less time-consuming than the shake-flask method. HPLC, electrokinetic
chromatography and CCC are among the chromatographic techniques used to determine
log P values. For reverse phase-HPLC, partition coefficient values can be derived from
chromatographic retention data because the latter is related to the compound´s
distribution between the mobile phase and the stationary phase as follows [20]:
The retention factor (k), which is the ratio of the average number of analyte
molecules in the stationary phase to the average number of molecules in the mobile
phase, is determined from the retention time (tr) and dead time (t0) as shown in Eq.
(6.13)

k=

tr − t0
t0

(6.13)

One use of HPLC is to estimate water-octanol partition coefficients, as log Poct.
Values of log k are obtained using an appropriate combination of stationary phase and
mobile phase for a set of 30-40 solutes with known values of log Poct. Then it is usually
possible to construct an equation of the form

log Poct = a + b ⋅ log k

(6.14)

Thus, further measurements of log k in the same system can be used to estimate log Poct
values. In Eq. (6.14), a and b are parameters that depend on the conditions of the
analysis (including stationary phase and mobile phase).
TLC is another separation technique that has been used to determine partition
coefficient values. TLC provides a rather poor choice of separation systems because the
system properties that control retention are quite different to those responsible for
partitioning in the water-octanol system [21]. By contrast, micellar and microemulsion
systems used for electrokinetic chromatography are suitable to determine partition
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coefficient values inasmuch as their properties may be similar to those of the wateroctanol system. Partition coefficient values that can be accurately determined (0.5 log
units) by MEKC range from -2.3 to 6.2 [22]. For microemulsion electrokinetic capillary
chromatography, such range goes from -0.5 to 4.5 with a 0.2 log units error [23].
Furthermore, CCC has been used to determine water-octanol partition
coefficient values in the range from -1 to 4 without any correlation or standardization
using octanol as the stationary phase [24]. For this sort of chromatography both the
stationary phase and the mobile phase are liquids. For CCC, partition coefficient values
are determined according to Eq. (6.15):

D=

[A]stationary phase
[A]mobile phase

=

Vr − Vm Vr − Vm
=
Vs
Vc − Vm

(6.15)

where the subscript r, m, and c stand for retention, mobile phase, and column. V is the
volume of the different systems. Chemical reactions within the system are unusual,
therefore the distribution ratio, D, equals the partition coefficient value, P. The
influence of the pH of the solution on the partition coefficient value, P, is shown in Eqs.
(6.4) and (6.5).

6.1.3 Predictive methods on determination of partition coefficient values

6.1.3.1

Substitution
The first predictive method of partition coefficient values was established by

Fujita and co-workers [25]. They considered log P to be an additive-constitutive, free
energy-related property which was the sum of the log P of the parent solute plus a π
term which represented the difference between a particular substituent and the hydrogen
atom which it replaced. Thus, π for substituent X was defined as:

π X = logPR − X − logPR − H

(6.16)
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For some compounds, correction factors on π terms are needed, e.g. compounds
capable of hydrogen bonding have a more positive π value when it replaces a hydrogen
atom on an electron-deficient ring than when it replaces one on benzene [26].

6.1.3.2

Linear Free Energy Relationships (LFERs)
Abraham and co-workers [27] have made major contributions on partition

coefficient estimation. They have set up LFERs for different water-solvent systems
including that one from water to octanol, see Eq. (6.17)

log P = 0.088 + 0.562·E – 1.054·S + 0.034·A – 3.460·B + 3.814·V
n = 613

r = 0.997

(6.17)

sd = 0.116

The coefficients of liquid–liquid transfer LFERs reflect differences in the two
phases being studied [28], large coefficients reflect big differences in the solvents
whereas small or statistically insignificant coefficients means there is little or no
difference between the phases with regard to the interaction ability being probed.
The signs of the coefficients, together with how the partition coefficient is
defined, show which of the two bulk phases interacts more strongly via each of the
specific interactions modeled by the LFER equation. For Eq. (6.17), positive
coefficients promote transfer out of water into the octanol, and negative coefficients
favor transfer into the aqueous phase. LFERs are beneficial in that they provide a
quantitative measure of the difference whereas intuition does not.
There is a relatively large difference in the ability of water and octanol to donate
hydrogen bonds (b = −3.46). Clearly, while octanol can donate hydrogen bonds, water
is still a better donor. Some of this effect likely arises from the ability of water to donate
two hydrogen bonds in contrast to the single hydrogen bond donor site on octanol.
While the b-coefficient shows differences in the hydrogen bond donating ability of
octanol and water, the a-coefficient shows that octanol and water are virtually
equivalent in their hydrogen bond accepting ability. The fact that the hydrogen bond
accepting strength of octanol and water are essentially the same, even though their
hydrogen bond donating strengths are quite different, may simply arise from the fact
that both octanol and water have an oxygen atom with two lone electron pairs available
for hydrogen bonding, whereas octanol can only donate a single hydrogen atom
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compared to water which can donate two hydrogen atoms. This has important
implications for understanding solute partitioning in biological systems since wateroctanol partition coefficients are often correlated with phenomena such as the
bioavailability of drugs and the bioaccumulation of organic substances in fish. In this
context, the negligible a-coefficient suggests that solute hydrogen bond donating ability
will have little influence on such phenomenon.
The s-coefficient shows that highly polar/polarizable solutes definitely prefer the
aqueous phase over the octanol phase, all else being equal. The e-coefficient shows that
excess solute polarizability slightly favors transfer into the organic solvent.
The major factor controlling the transfer of all non-polar solutes turns out to be the
large coefficient of solute size (V), which strongly favors increased transfer into the
organic solvent. This is the essence of the “hydrophobic” effect. The solute V parameter
is complicated by the fact that it accounts for both unfavorable cavity formation effects
and favorable dispersion interactions. Thus, the transfer of solutes out of water into
octanol becomes increasingly favorable as their size increases.

6.1.3.3

Fragmentation
Rekker and co-workers [29-31] set up the first method to predict partition

coefficient values by fragmentation. Fragmentation methods are based on breaking the
structure of the molecule in different fragments and then the average contribution to log
P of simple fragments is determined. Thus, the log P value for any compound could be
determined according to Eq. (6.18):

log P = ∑ a n f n + ∑ b m Fm

(6.18)

where a is the number of occurrences of fragment f of type n and b is the number of
occurrences of correction factor F of type m. The software known as the Medchem
ClogP program developed by Pomoma College is an alternative approach to log P
prediction using fragmentation methods (see ref. [26] for a comprehensive review on
Medchem ClogP).
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6.1.4 Uses of the partition coefficient

Since Hansch and co-workers [32] demonstrated quantitative correlations
between partition coefficient and biological activity, such type of relationships have
been widely used. A comprehensive review on QSARs and the partition coefficient [33]
depicts different parameters of biological activity that can be calculated using partition
coefficients, such as bioconcentration of fungicides, olfactory threshold concentrations,
gastric absorption, anti-inflammatory activity, analgesic effect of morphine analogs, soil
adsorption, etc.
The wide range of both experimental and predictive methods set up to determine
partition coefficient values proves the need for accurate partition data. Implications of
using accurate partition coefficient values are addressed by Linkov and co-workers [34]
who determined that the use of various partition coefficient values reported in the
literature to calculate health-protective polychlorinated biphenyl sediment quality
objectives led to estimated differences on remediation costs of $48 million.
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Chapter 7

An Introduction to the Statistics

7.0 INTRODUCTION
Scientific work is often based on data and results that have been reported in the
literature. Such results need to be tested to see if they are free of bias, or are internally
self-consistent. This data evaluation is done by means of statistics. Hence, statistics is
an important area of science concerned with measurements and their uncertainty.
Throughout this work, statistics are widely used in different areas, such as characterization
of GLC stationary phases, descriptor determination, comparison of different
methodologies to obtain descriptor values, and calculation of parameters such as EITs;
partition coefficient values, etc. Thus, different statistical significance tests have been used
such as multiple linear regression analysis, MLRA, and paired T-test.
MLRA has been widely used in this work. The Abraham solvation equation, Eq.
(7.1), is a linear equation relating a dependent variable, which is either a biological or
physicochemical solute property, SP, with a series of independent variables, E, S, A, B and
L, which are solute properties or descriptors.

SP = c + e·E + s·S + a·A + b·B + l·L

(7.1)

The coefficients of the Abraham solvation equation are determined by MLRA. This is a
common technique in statistics where the response, dependent variable (y), is linearly
correlated to two or more predictor variables or independent variables (X), to produce
equation coefficients (b1, b2, …, bk) specific to the data set under analysis [1].
y = b0 + b1X1 + b2X2 + … + bkXk

(7.2)

Once the coefficients are known, values of the dependent variable can be predicted for any
solute if predictor variables are known for the solute. Prediction accuracy of the calculated
“y” value depends on the degree of scatter in the data.
The paired T-test is another statistical test used in this work; from this test it is
possible to detect whether or not there is a significant difference between the results
obtained by two different methods.
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Finally, the use of training sets and test sets to evaluate the predictive ability of a
given model is discussed.

7.1 MULTIPLE LINEAR REGRESSION ANALYSIS

7.1.1 Linear least squares

In statistics, linear regression analysis is a widely used term; however, it is not
completely appropriate and it should be quoted as linear least squares regression. The latter
refers to a model correlating the response and the predictor variables by mathematical
equations as Eq. (7.2). Least squares method is a criterion based on estimating the
coefficients of the equation by minimizing the sum of the squared deviations between the
observed values and the predicted values, that is minimizing the ‘sum of the square of the
residuals’, SSE,

n

SS E = ∑ (y i - ŷ i ) 2 = min

(7.3)

i =1

(y i - ŷ i ) represents the residuals of the model, where the yi value is the ith observed
response and the ŷi value is the ith response calculated from the regression line, fitted
response. The residuals provide a measure of the closeness of agreement of the observed
and the fitted responses; hence, they provide a measure of the adequacy of the fitted
model. Small residuals are an important indicator of the adequacy of the regression fit [2].
Linear least squares as the statistical model is the best choice to carry out the
calculations in this work. Some of the advantages of the linear least squares method are as
follows; (1) in science, many processes are inherently linear and those that are non-linear
can be well-approximated by a linear model over short ranges; (2) linear least squares
makes very efficient use of the data, thus, the use of small data sets and linear least squares
does not worsen the results; and (3) the theory behind the model is well-established and
well-understood.
Nevertheless, this model also has disadvantages such as limitations in the shapes
that linear models can assume over long ranges, possibly poor extrapolation properties,
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and sensitivity to outliers (one or two outliers might seriously skew the results of a least
squares analysis). This makes model validation, especially with respect to outliers, critical
to obtaining sound answers to the questions motivating the construction of the model.

7.1.2 Interpreting the results

7.1.2.1

The regression table
In this work, the MINITAB statistical software [3] has been used to carry out

MLRA.

Figure 7.1. Minitab screen of the regression table.

The software displays the results of the MLRA in a regression table, which
includes the coefficient constants, (b1, b2, …, bk), the standard error of the coefficient, SE
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Coeff., the T-value for the predictor or independent variable, T, and the P-value for the
predictor coefficient value. Figure 7.1 displays the Minitab screen obtained as a result of
performing MLRA for a set including eighty-eight data points. The following is a brief
description of each statistical parameter in the regression table.

•

Coefficient constant (b1, b2, …, bk) represents the estimated change in the mean

response per unit increase in X when all other predictors are held constant.

•

The standard error of the estimated coefficient, SE Coeff, is the estimated standard

deviation of the coefficient. It measures the precision of the estimated coefficients. The
smaller the standard error the more precise the estimate. The formula for the standard error
of the estimated coefficients in multiple regression in matrix terms is

SE Coeff = ((X' X) -1 sd 2 )

(7.4)

with X as the matrix of predictors and sd as the standard deviation of the error in the
model, see below.
•

The T-value for the predictor is calculated according to Eq. (7.5). The bigger the

absolute value of T the more likely the predictor is significant.

T=

Estimated Coefficient
SE Coeff

(7.5)

The T-value is used to calculate the coefficient value of P, the P-value, which is the key
figure of the estimated parameters in the regression table. This helps to ascertain whether
or not the association between the response and the predictors is statistically significant. If
the P-value is smaller than a level of significance (α-level) selected, the association is
statistically significant. A commonly used α-level is 0.05 (or 5%).
Following the regression table, some other parameters necessary to interpret the
results are given in the MLRA output. Those parameters are:
•

The standard deviation of the error in the model, sd, measures the overall error

associated with the regression line and is estimated from the residuals between the
experimental value “yi” and the corresponding value calculated from the fitted line ”ŷi”.
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n

∑ (y

i

- ŷ i ) 2

i =1

sd =

(7.6)

n - p -1

sd is dependant on the number of samples, n, in the data set and also upon the number of
predictors, p, used in the model. The standard deviation is an estimate of the variance
about the regression, i.e. about the fitted line. Standard deviation is relative to the
numerical range of the data set and to the magnitude of the dependent variable.
The Pearson correlation coefficient, r, quantifies the variation in the data and

•

measures how closely the data set fits the relationship given by the MLRA. The square of
the Pearson correlation coefficient, r2, is the coefficient of determination and can assume
values between 0 and 1. A value of 1 indicates that the data set is explained by the
correlation equation perfectly, while a value of zero means there is no correlation between
the data set and the model. Furthermore, r2 indicates the fraction of information explained
by the regression equation, i.e. for r2 =1 the regression equation explains 100% of the
information contained in the data points, conversely for r2=0, the equation does not explain
any of the data. r2 gives a measure of the success of the correlation of the dependent
variable, y, against the independent variables, X. The r2 value is determined according to
Eq. (7.7),

n

∑ (ŷ
2

r =

i

− y) 2

i =1
n

∑ (y

(7.7)
i

− y)

2

i =1

where the y value is the mean response. For physicochemical data e.g. GLC and HPLC,
the coefficient of determination values can reach as high as 0.9999, on the other hand, r2
values for biological assays are usually much lower than those for physical data due to the
intrinsic error associated with the experimental technique.
Neither the coefficient of determination nor the usual statistics, e.g. T-test and P-value,
which accompany the regression model provide insight into the quality and the potential
influence of individual observations on the estimates. In this work, the predictive r2 is used
as the criterion for evaluating the power of predicting of an equation.

•

The prediction performance of a model can be validated by using a cross-

158

validation (“leave-one-out”) method. The observed value for the first data point of the
dataset is omitted from the dataset and the values for the remaining data points are used to
find the regression equation. Then this new regression equation is used to obtain a
predicted value of the first data point. This procedure is repeated, leaving each data point
out in turn. Then for each data point the difference between the observed and predicted
value is calculated. The sum of the squares of these differences is called the predicted
residual error sum of squares, PRESS, which is particularly useful for comparing the
predictive powers of different models. The PRESS value is calculated as follows,

n

2

i =1

i

PRESS = ∑ e

(7.8)

∗

(7.9)

ei = yi − yi

∗

where y i is the predicted response for the ith data point by means of the regression
equation. In general, the smaller the PRESS value, the better the model’s self-consistency.
•

The predictive r2, r2 (pred), indicates how well the model predicts responses for

new observations, whereas r2 indicates how well the model fits the data. r2 (pred) is given
by Eq. (7.10),

r 2 (pred) = 1 −

PRESS
n

∑ ( y i − y) 2

(7.10)

i =1

The predictive r2 can prevent over-fitting the model, that is, fitting the model too closely to
the data in the current data set, and it is not useful for predicting new data. Predicted r2
ranges from 0 to 1, larger values of predicted r2 suggest models of greater predictive
ability.

7.1.2.2

The ANOVA table
Having obtained the values of the model parameters that give the best

representation of the data, the next stage is to assess how well the chosen model actually
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fits the data.
The first step is to define a suitable measure of variation for which a partitioning
into components due to assignable causes and to random variation can be accomplished
[2]. While there are many measures that could be used, the total sum of squares, SST, is the
most common,
n

SS T = ∑ (y i − y) 2

(7.11)

i =1

This represents the total sum of squares adjusted for the overall average by subtracting it
from each individual response. SST is the total variation in the data. The partitioning of the
above total sum of squares into components for the assignable causes and for random
(uncontrolled experimental) variation yields the following Eqs. (7.12) - (7.14),

SS T = SS R + SS E

(7.12)

n

SS R = ∑ (ŷ i − y) 2

(7.13)

i =1
n

SS E = ∑ (y i − ŷ i ) 2

(7.14)

i =1

where SSR is the sum of squares regression which indicates the portion of variation
explained by the model, while the sum of squares error, SSE, is the portion not explained
by the model and is attributed to the error. If the fit of the model is good, SSE is expected
to be small compared with SSR, and this forms the basis of a significance test for the
regression [4].
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Figure 7.2 Minitab screen of the ANOVA table.

The significance of the regression with respect to the measurement error is
assessed by the F-statistic, which uses the ratio of the mean square regression, MSR, to
the mean square error, MSE, see Eq. (7.15). A significant ratio means that the amount of
variation in the data due to the underlying model is greater than could be explained by
the variation expected as a result of the measurement noise [4]. In other words, the
model and its calculated parameters are reasonable and likely to be true.

n

SS R
MS R
DFR
F=
=
=
SS E
MS E
DFE

∑ (ŷ i − y) 2
i =1

p
n

∑ (y i − ŷ) 2

(7.15)

i =1

n − p −1

The column labelled P in the ANOVA table is the significance value and
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represents the probability of getting an F-value at least as large as the one calculated by a
random chance. The value of 0.000 found in many outputs means that the P-value when
rounded is smaller than 0.001 or 0.1%. The value of < 0.001 means that there is less than 1
chance in 1000 of getting such a large value [5]. The confidence level and the significance
level are related in that the confidence level = 100 · (1-P).
The F-statistic can also be calculated according to Eq. (7.16).

F=

r 2 (n − v − 1)
1− r2 v

(

)

(7.16)

where r is the correlation coefficient, n is the number of data points and v is the number of
independent variables.

7.1.3 Lack of fit

The ability to determine when a regression fit adequately models a response
variable is greatly enhanced when repeated observations for several combinations of the
predictor variables are available [2]. The error sum of square can then be partitioned
into a component due to pure error, SSEP, and a component due to lack-of-fit error,
SSELOF.
SSE = SSEP + SSELOF

(7.17)

The pure error sum of squares, SSEP, is calculated using the response of the
repeated observations:

m  ni

SSE P = ∑  ∑ (y ij − y i• ) 2 
i =1  j=1


(7.18)

In Eq. (7.18), a double subscript has been introduced for clarity. It is only in the
calculation of SSEP that this is needed. It is assumed that there are m combinations of
values of variables with repeated observations. For the ith combination, ni repeats are
available, the average of which is denoted by y i • . The total number of degrees of
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freedom, f P , for this estimate of error is
n

f P = ∑ (n i − 1)

(7.19)

i =1

The lack-of-fit error sum of squares, SSELOF, is obtained as the difference between SSE
and SSEP, with fLOF = (n – p - 1) – (q - m) degrees of freedom, where q = n1 + n2 + ··· +
nm
If the lack-of-fit test is statistically significant by its F-statistics (ratio of lack of
fit mean square to pure error mean square), F = MSELOF / MSEP, the model being used
is wrong for the data and there is no point in trying to get any further information about
the model from the data. Instead, a better model should be sought.

7.1.4 MLRA drawbacks

MLRA requires adequate independent variables to determine accurate regression
coefficients. To obtain adequate independent variables, variables should not be
collinear. Collinearity among independent variables is the main problem when MLRA
is used in data analysis. Two or more variables are multicollinear when they are linear
combinations of each other. The use of a set of collinear independent variables leads to
uncertain regression coefficients, including regression coefficients much larger than
expected, regression coefficients with the wrong sign, etc; so relationships among
independent variables have to be small or negligible to ensure feasible regression
coefficients.
The number of data points and the spread of descriptors “descriptor window”
used in regression analysis are important to obtain reasonable predictions, the larger the
number of data points the more feasible the result of the regression analysis. Hence, a
ratio of number of data points to number of descriptors of 5 to 1 is often considered
appropriate. However, the 5:1 ratio should be regarded as a minimum. With regard to
the “descriptor window”, this determines which compounds can be studied by using the
relationship set up by the MLRA. Predictions based on the relationship set up by the
MLRA should only be made within the “descriptor window” of the compounds used.
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7.2 PAIRED T-TEST
The paired T-test is used to compare two methods of analysis by studying test
samples containing different measurements. This test assumes that the pairs are
independent and that the distribution of differences between pairs (if the experiment is
repeated many times) is Gaussian [6]. As always there is the variation between the
measurements due to random measurement error. In addition, differences in the samples
and differences between the methods may also contribute to the variation between the
measurements [7]. In order to overcome this difficulty the differences, d, between each
pair of results by the two methods can be used instead of the yi value of each tested
sample. If there is no difference between the two methods then these differences are
drawn from a population with mean µd = 0. In order to test this, it must be ascertained
whether d , which is the mean of the differences between each pair of results by the two
methods, differs significantly from 0 within a confidence interval. The confidence
interval for the mean or average value of n observations at any desired level
(percentage) of confidence is given as

t

sd

(7.20)

n

where sd is the calculated standard deviation and t is a factor depending upon the
desired level of confidence that can be obtained from tables in statistics textbooks, n is
the number of observations. So the 95% confidence interval is calculated according to
Eq. (7.21)

d ± t n −1, 0.05

sd
n

(7.21)

where n is the number of paired comparisons. The standard deviation of the differences,
sd, is given by the following formula

n

∑ (d i - d) 2
sd =

i =1

(7.22)

n -1
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The confidence interval is a range of likely values for µd. Since the true value of µd
is not known, the confidence interval allows one to guess its value based on the sample
data. The mean sample difference provides an estimate of µd, and the standard deviation of
the sample difference sd, is used to determine how far off the estimate might be. In general,
the proportion of intervals that include µd is equal to 1 minus the chosen α-level.
Commonly, data are analysed with a α-level of 0.05, therefore a 95% (or 0.95)
confidence interval is constructed. This means that we can expect 95% of the test results
run on the same sample over a period of time, to fall between the confidence interval from
the average or “true” result [8]. This interval indicates that, based on the sample data, µd
values are in the range shown in Eq. (7.23)

d − t n −1,0.05

sd
n

≤ µd ≤ d + t n −1,0.05

sd
n

(7.23)

If the reference value of 0 is not within the confidence interval, it can be
concluded, with a 95% confidence, that µd is not 0. In other words, the methods are
different and cannot be compared or, there is a systematic error in either one of the two
methods. Any α-level greater than 0% and less than 100% can be chosen.
The T-test gives two statistics that can be used to conduct a test of the mean
difference: a T-value and a P-value. The T-value is not very informative by itself, but it is
used to determine the P-value. The T-value is determined according to Eq. (7.24). The Pvalue is calculated from the T-value and from a statistical table. Furthermore, to determine
the P-value, it is necessary to calculate the number of degrees of freedom, n-1, where n is
the number of paired comparisons [6].
The P-value indicates just how likely it is that the same distribution of differences
would be obtained, with its particular mean and standard deviation, if µd = 0 is true. The Pvalue required for the T-test must be decided before the test is conducted. The value
chosen is called again the α-level. If the P-value is less than or equal to this α-level, then it
can be concluded that µ is not equal to the reference value. And it can be concluded that
the methods are different and cannot be compared, probably because there is a systematic
error in one of the methods or just because the two methods do not perform equally. As
an example, the paired T-test is used to evaluate the results of determining paracetamol
concentration in tablets by two different analytical techniques [7].
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Table 7.1
Paired data of paracetamol concentrations using different techniques.
Batch
UV spectrometric assay
Near-infrared reflectance spectoroscopy
1

84.63

83.15

2

84.38

83.72

3

84.08

83.84

4

84.41

84.20

5

83.82

83.92

6

83.55

84.16

7

83.92

84.02

8

83.69

83.60

9

84.06

84.13

10

84.03

84.24

The statistic T is calculated according to Eq. (7.24):

T=

d
sd

n

(7.24)

For the paired data in Table 1, d = 0.159 ; s d = 0.570 ; n = 10 leading to a T-value of
0.88. Using the statistical tables it is determined that for those conditions the critical Tvalue is 2.26 for P = 0.05. Since the calculated T-value of T is less the critical value,
the null hypothesis is not rejected and therefore the methods do not give significantly
different results for the paracetamol concentration.

7.3 TRAINING SET AND TEST SET
The most satisfactory way to assess the predictive power of an equation is to divide
the total data set into a representative training set, or fitting set, and a test set. These two
data sets are chosen in this work by an alternative space-filling technique developed by
Kennard and Stone [9]. They proposed a sequential method that should cover the whole
descriptor space of the total set. The procedure is based on selecting as the next sample
(candidate object) the one that is most distant from those already selected objects
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(calibration objects). As starting points either the two objects that are most distant from
each other are selected, or preferably, the one closest to the mean. From all the
candidate points, the one is selected that is furthest from those already selected and
added to the set of calibration points. To do this, the distance from each candidate point
i0 to each point i, that has already been selected is measured and which is the smallest is
determined through

( min (d i ,i 0 ))

(7.25)

i

From these the one for which the distance is maximal is selected,

d selected = max(min (d i,i0 ))
i0

i

(7.26)

These two sets of data are used in the following way. The training set is used to set up
either Eq. (7.1) or Eq (7.27) depending on the solute parameter, SP, under study, and thus
to obtain the coefficient system of the equation.

SP = c + e·E + s·S + a·A + b·B + v·V

(7.27)

Once this is done, the equation obtained is used to predict the SP values for the compounds
in the test set that have not been used to construct the equation, by introducing their solute
descriptors. As a result, the differences between the predicted values and the
experimentally observed values can be compared, and a conclusion on the predictive
power of the equation can be achieved.
The key statistics to evaluate the differences between predicted and observed
values include the standard deviation (sd), the average error (AE), the average absolute
error (AAE), and the root-mean-square error (RMSE). For details on the standard
deviation, see above.

Average error, AE
The average error gives an indication of whether an equation is biased i.e. whether it
systematically over- or under- predicts the desired response variable. The nearer the
average error is to zero, the less biased the model.
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AE =

∑ (ŷ

i

− yi )

(7.28)

n

Average absolute error, AAE
The average absolute error is sometimes used, and is a measure of the average absolute
difference between predicted and measured responses. It is always smaller than the sd
value, and is defined as

 y − ŷ i
AAE =  i
 n





(7.29)

Root mean square error, RMSE
The root mean square error is the square root of the average of the squared differences
between predicted and measured responses and is a direct measure of the prediction
error of the model given in the same units.

 ∑ (y i − ŷi )2 

RMSE = 
n



1

2

(7.30)
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Chapter 8

Aims

The aim of the present project is to achieve a better understanding of the
chemosensory effects of volatile organic compounds (VOCs) in humans. To do so, first,
a database of ETS components will be collected, most of them being organic
compounds (see attached CD-ROM). The UCL database contains thousands of
compounds and their descriptors; however, dozens of VOCs reported in ETS are not in
the UCL database. Hence, in this work an attempt will be made to obtain descriptors for
as many VOCs in ETS as possible for which the UCL database does not report
descriptor values. Thus, to achieve the goals of this project, the latter can be divided as
follows.

1.

Characterization of stationary phases by gas liquid chromatography (GLC). Eye
irritation, as eye irritation thresholds (EITs), caused by VOCs has been assessed by
Abraham et al. [1] by means of the Abraham solvation equation. To determine
EITs, the descriptor values of the compound are needed. Descriptor values are
obtained using data including gas liquid chromatographic (GLC) retention data,
water-solvent partition data, etc. Thus, a set of stationary phases of different
selectivity is required to determine descriptor values. The choice of the stationary
phase is based on the characterization of the stationary phase. Such characterization
shows the ability of the stationary phase to participate in different solute-solvent
intermolecular interactions.

2.

Determination of new descriptors for a large set of ETS compounds. ETS contains
thousands of compounds. A large number of these compounds do not have
descriptors, thus, their EITs can not be determined. To overcome this issue,
literature data along with experimental GLC retention data and water-solvent
partition values will be used to determine the EITs of the compounds by application
of the Abraham solvation equation developed for eye irritation [1]. The descriptor
values obtained in this work can be used to predict any physicochemical or
biological property for which the Abraham solvation equation is available.
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3.

The physicochemical model for delivery of VOCs to eye receptor neurons (ERNs),
and the two-stage model. The pathway of a VOC from the gas (or vapour) in the
environment to the ERN where the biological response is triggered is very
complex. VOCs have to undergo several partition and diffusion processes to reach
the cornea where ERNs are located, leading to a very complicated system. One aim
is to reduce a number of successive equilibria to one equilibrium, which allows a
quite simple model to be constructed for the biological or toxicological effect, e.g.
eye irritation, nasal pungency, of gases and vapors.

4.

Study of cut-off points in several sets of homologous series of ETS compounds.
Experimental results from studies carried out by Cometto-Muñiz et al. [2] lead to
the hypothesis of the presence of a cut-off point in a homologous series of
compounds tested for sensory irritation. The cut-off point in a homologous series
might be the consequence of the physicochemical properties of the compounds,
such as vapour pressure, or due to the adopted geometry of the compound when it
interacts with the biological tissue. Molecular modeling by computer software will
be used to determine whether the experimental results are a consequence or not of
the molecular shape, size, and geometry.

5.

To establish a relationship between different chemosensory responses. A new
quantitative structure-activity relationship (QSAR) will be developed that includes
data on a number of biological processes, which would be particularly useful in
toxicology. This relationship will contain data on Draize eye scores, EITs, and
Nasal Pungency Thresholds (NPTs). The prediction of different sensory data by a
unique relationship would illustrate the usefulness of Abraham descriptors to
explain different biological processes using a unique set of solute parameters.

6.

Analysis and prediction of psychometric functions for a set of compounds tested for
eye irritation, nasal pungency and nasal lateralization. Obtaining a psychometric
function for the chemical senses entails considerably more experimental work than
just measuring a threshold, but psychometric functions provide more detailed
information to help characterize the sensory modality. Thus, the prediction of
psychometric functions based on the Abraham descriptors would lead to a
considerable reduction of experimental work.
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Chapter 9

Characterization of Stationary Phases by Gas Liquid
Chromatography

9.0 INTRODUCTION
Chromatography is defined as the separation of analytes by using a stationary
phase whose physicochemical properties makes possible such separations. The key
principle in a gas liquid chromatographic, GLC, separation is the interaction of the
analytes with the stationary phase so that properties of both the analytes and the
stationary phase control the separation.
Currently, there are two main types of columns that are used in GLC, packed
and capillary columns. Differences between these columns include column capacity,
packed columns having higher sample capacity than capillary columns, and efficiency,
capillary columns providing much better efficiency (narrow peaks), which leads to
greatly improved peak separation. Furthermore the column material, which must be
inert to avoid any interference with the analytes, is different depending on the type of
column used. Packed columns are either glass or metal, which has the disadvantage of
being active; however, it has advantages as regards durability. Capillary columns are
made of fused silica.
Columns in GLC are filled with a stationary phase, and the variety of stationary
phases is almost unlimited because they can be home-made synthesized [1]. The
polarity of the stationary phase plays a key role in the choice of the most suitable
stationary phase for the analysis (non-polar phases retain non-polar analytes
preferentially, on the other hand, polar phases retain polar analytes preferentially). The
choice of the stationary phase is based on the characterization of the stationary phase.
Such characterization shows the ability of the stationary phase to participate in different
solute-solvent intermolecular interactions, which are represented by the characteristic
stationary phase constants. The characteristic stationary phase constants are very useful
in the prediction of retention data of different analytes in the selected stationary phase.
Next, requirements for characterization of stationary phases are summarized [2]:
•

Accurate and reproducibly measurable characteristic parameters, which
completely describe the retention properties of the stationary phase. Testing

173

of the chromatographic column with the stationary phase by a well-defined
and generally accepted method.
•

Test of the completeness of the characterization by prediction of retention
data of different compounds with sufficient accuracy from the characteristic
parameters.

•

Classification of stationary phases according to their physicochemical
properties, which are responsible for the chromatographic retention.

The aim of this work is to characterize stationary phases using GLC. The
methodology used for the characterization of these phases is based on the general
LFER, Eq. (9.1), developed by Abraham [3]. This equation is used to evaluate sorption
data systematically, to evaluate stationary phase sorption properties, and to sort out the
relative strengths of multiple simultaneous interactions.

SP = c + e·E + s·S + a·A + b·B + l·L

(9.1)

Here SP is a set of GLC retention data obtained from one particular stationary
phase. The various explanatory variables and coefficients included in Eq. (9.1) have
been explained in Chapter 5.
The coefficients are obtained from multiple regression of the particular retention
data against the solute parameters. Hence the characteristic LFER and the magnitude of
the coefficients e, s, a, b, and l provide an understanding of the stationary phase under
investigation. For many solubility processes all the terms might not be required.
Whether or not a given term is significant can be determined using the student’s t-test.
E values can be obtained from the refractive index (see Chapter 5) and L values
can be obtained using a non-polar stationary phase, for example squalane. Therefore it
is useful to characterize other stationary phases that lead to accurate A, B and S values,
i.e. with high a-, b- and s-coefficients in Eq. (9.1). Most GLC phases are non-acidic, so
that the b-coefficient is zero. Hence these phases are not useful to determine B values,
which are better calculated by use of water-solvent partitions, see Chapter 10.
Three stationary phases, OV-275, DEGS and HP-Innowax were characterized in
this work. OV-275 as a stationary phase was chosen due to its high polarity so it
complements other characterized stationary phases with a lower polarity in the
determination of descriptors. Because of its high polarity, a large s-coefficient is
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expected; it is also a non-acidic stationary phase, therefore the b-coefficient will be near
zero. A moderate or large a-coefficient is expected. DEGS was chosen for similar
reasons. Thus, both OV-275 and DEGS were characterized with the purpose of being
used in future work to calculate S and A values. HP-Innowax was used because its acoefficient is expected to be higher than the s-coefficient, which does not occur for OV275 and DEGS, so HP-Innowax should be quite useful in determining A values.

9.1 CHARACTERIZATION OF STATIONARY PHASES WITHIN
PACKED COLUMNS
Characterization of both polar and non-polar GLC stationary phases by means of
the Abraham solvation equation, Eq. (9.1), has been previously described [1,4-9]. A
rather large set of compounds is needed for the characterization of a stationary phase,
being at least five times greater than the number of terms in the LFER, and MLRA is
performed for the analysis. Compounds included in the data set have to be as different
as possible so correlation between descriptors would not affect the accuracy of the
results.
All materials were 95-99% purity. They were selected from a set of 350
compounds for which solvation descriptors were known and were available in the
laboratory of UCL where this work was carried out. Several factors were considered in
selecting the final solutes. First, they represent a wide variety of compounds and
functional groups. Second, the values of the solvation parameters cover a wide range of
known values for a given parameter. Finally, the retention times of the solutes should
not be impracticably long under the experimental conditions as to make the measured
retention times unreliable.

9.1.1 Characterization of poly(dicyanoallylsiloxane) (OV-275)

OV-275 has been previously characterized in other conditions [5]; OV-275
stands for poly(dicyanoallylsiloxane), which is a very polar liquid used as a stationary
phase in GLC to analyze volatiles and contains 70 mol% dicyanopropyl and 30 mol%
dicyanoethyl.
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Figure 9.1. Structure of poly(dicyanoallylsiloxane) (OV-275). [10]

9.1.1.1

Materials
The column was prepared by using a glass column. The stationary phase, OV-

275, was purchased from Thames Restek UK Ltd., Saunderton, England. OV-275 was
purchased already with the support (Chromosorb-G-AW-DMCS 45/60 mesh), ready to
be packed into the glass column from Alltech Associates Applied Science Ltd.,
Carnforth, England. Chromosorb is one of the most common diatomite supports used in
GLC to prepare packed columns. The stationary phase loading of the solid support was
15% of OV-275.

9.1.1.2

Preparation of packed column with OV-275 as stationary phase
The stationary phase was packed by introducing glass wool at one end of the

column; at the other end a vacuum pump was connected so the glass wool goes all the
way from one end to the other end of the column and it is stuck there. Next the solid
support loaded with OV-275 was introduced in the same way as the glass wool up to 10
cm. to the end. Vibration was used to prevent gaps within the column. Next, the new
packed column was conditioned by placing the column in the chromatograph and heated
at the operation temperature (89°C) for 24 hours in a stream of nitrogen carrier gas. This
process eliminates any residual solvent that may remain from the coating procedure,
along with any other volatiles. After conditioning, a stable baseline should be obtained.

9.1.1.3

Instrumentation
Phillips PYE 304 gas chromatograph with a flame ionization detector (FID) was

used for the analysis. The chromatographic conditions for OV-275 characterization are
shown below:
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Oven Temperature: 89°C
Injector Temperature: 340°C
Detector Temperature: 280°C
Carrier gas flow rate: Variable

The carrier gas flow rate was determined by using a bubble flow-meter on the
detector, a calibration curve was obtained by plotting flow rate vs. pressure (in psi or
bar) shown in the GLC. Flow rates varied between 8 ml·min-1 and 32 ml·min-1. A
thermometer, type no. TC 1100, supplied by Tempcon Instrumentation Ltd. was used to
measure ambient and column temperatures.

9.1.1.4

Retention studies
Characterization of stationary phases is based on the determination of retention

data for compounds for which descriptors are known (solute probes), using a reference
compound to obtain relative retention times. Depending on the type of stationary phase
the reference compound varies, e.g. for non-polar stationary phases, alkanes are used as
reference inasmuch as they are more retained within the column; on the other hand, for
polar stationary phases, alcohols are common references. Pre-tests indicated that the
most suitable reference compound for OV-275 was hexan-1-ol. Alcohols smaller than
hexan-1-ol elute too fast from the column and therefore they are not an adequate
reference for compounds eluting later since the reference will elute too fast and
therefore solute-solvent interactions into the column can not be properly assessed.
If alcohols within the same homologous series larger than hexan-1-ol, e.g. octan1-ol, are chosen as reference, most of the compounds elute before the reference and in
this case not very accurate measurements can be obtained.
For compounds eluting much later than hexan-1-ol, high carrier gas flow rates
can be used and hexan-1-ol will not be eluted too fast, which will avoid inaccurate
measurements. In case that a compound is eluted at similar time to hexan-1-ol, their
peaks will overlap and it is then not possible to determine the retention time of that
compound. To avoid this problem, instead of using hexan-1-ol as a reference another
member of the series of alkan-1-ols for which the relative retention time (against hexan1-ol) is known is included, e.g. pentan-1-ol or heptan-1-ol. Hence, a straightforward
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relationship is established to calculate the relative retention time of the compound
against hexan-1-ol.
Analysis of solids was performed by dissolving the solid in a low molecular
weight alkan-1-ol, e.g. methanol or ethanol. Table 9.1 shows the solute probes used for
the OV-275 characterization along with their descriptor values.

Table 9.1
Solute probes and their descriptors used for OV-275 characterization.
Compound
E
S
A
B
Undecane
0.000
0.00
0.00
0.00
Dodecane
0.000
0.00
0.00
0.00
Allyl bromide
0.497
0.55
0.00
0.11
Benzene
0.610
0.52
0.00
0.14
Chloroform
0.425
0.49
0.15
0.02
Ethanol
0.246
0.42
0.37
0.48
Tridecane
0.000
0.00
0.00
0.00
Allyl amine
0.350
0.49
0.16
0.58
2-Methylbutan-2-ol
0.194
0.30
0.31
0.60
Toluene
0.601
0.52
0.00
0.14
2-Pentanone
0.143
0.68
0.00
0.51
Propanol
0.236
0.42
0.37
0.48
Tetradecane
0.000
0.00
0.00
0.00
1-Bromohexane
0.349
0.40
0.00
0.12
1,2-Dichloroethane
0.416
0.64
0.10
0.11
2,3-Butanedione
0.220
0.72
0.00
0.62
g-Terpinene
0.497
0.32
0.00
0.20
Ethylbenzene
0.613
0.51
0.00
0.15
2-Pentanol
0.195
0.36
0.33
0.56
4-Methyl-2-pentanol
0.167
0.33
0.33
0.56
Hexanal
0.146
0.65
0.00
0.45
Butanol
0.224
0.42
0.37
0.48
Allyl alcohol
0.342
0.46
0.38
0.48
Acetonitrile
0.237
0.90
0.07
0.32
2,2,2-Trifluoroethanol
0.015
0.60
0.57
0.25
4-Heptanone
0.113
0.66
0.00
0.51
o-Xylene
0.663
0.56
0.00
0.16
1-Dodecyne
0.133
0.22
0.09
0.10
1-Heptaldehyde
0.140
0.65
0.00
0.45
5-Methyl-3-heptanone
0.110
0.63
0.00
0.51
Hexyl acetate
0.056
0.60
0.00
0.45
N-Methylpyrrole
0.559
0.79
0.00
0.31
Pentanol
0.219
0.42
0.37
0.48

L
5.191
5.696
2.510
2.786
2.480
1.485
6.200
2.268
2.630
3.325
2.755
2.031
6.705
4.130
2.573
2.225
4.815
3.778
2.840
3.179
3.357
2.601
1.951
1.739
1.224
3.705
3.939
5.657
3.865
4.200
4.290
2.923
3.106
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Table 9.1 Continued
Hexadecane
2-Ethoxyethanol
Hexanol
1-Phenylhexane
2-Nonanone
3-Picoline
g-Picoline
Heptanol
2-Ethylhexan-1-ol
2-Nonanol
1,2-Dichlorobenzene
Cyclohexanol
Cyclohexanone
1,1,2,2-Tetrachloroethane
Octanol
Indene
Diiodomethane
3,5-Dimethylpyridine
2-Undecanone
Nonanol
2-Furaldehyde (Furfural)
Benzaldehyde
Decanol
Benzylamine
o-Tolunitrile
Undecanol
Diethylformamide
Acetophenone
Naphthalene
Geraniol
Ethan-1,2-diol
Nitrobenzene

0.000
0.237
0.210
0.591
0.113
0.631
0.630
0.211
0.209
0.168
0.872
0.460
0.403
0.595
0.199
1.001
1.453
0.659
0.101
0.193
0.690
0.820
0.191
0.829
0.780
0.181
0.305
0.818
1.340
0.513
0.404
0.871

0.00
0.52
0.42
0.50
0.68
0.81
0.82
0.42
0.39
0.36
0.78
0.54
0.86
0.76
0.42
0.77
0.69
0.79
0.68
0.42
1.13
1.00
0.42
0.77
1.06
0.42
1.25
1.01
0.92
0.54
0.90
1.11

0.00
0.31
0.37
0.00
0.00
0.00
0.00
0.37
0.37
0.33
0.00
0.32
0.00
0.16
0.37
0.00
0.05
0.00
0.00
0.37
0.00
0.00
0.37
0.15
0.00
0.37
0.00
0.00
0.00
0.35
0.58
0.00

0.00
0.81
0.48
0.15
0.51
0.54
0.54
0.48
0.48
0.56
0.04
0.57
0.56
0.12
0.48
0.20
0.23
0.60
0.51
0.48
0.45
0.39
0.48
0.72
0.31
0.48
0.76
0.48
0.20
0.63
0.78
0.28

7.714
2.792
3.610
5.720
4.735
3.631
3.640
4.115
4.433
4.817
4.518
3.758
3.792
3.803
4.619
4.559
3.857
4.214
5.732
5.120
3.318
4.008
5.610
4.385
4.478
6.128
3.995
4.501
5.161
5.510
2.661
4.557

Table 9.2
Descriptor window for solutes used in OV-275 characterization.
E
S
A
B
L
1.453
1.25
0.58
0.81
7.714
Maximum Value
0.000
0.00
0.00
0.00
1.224
Minimum Value
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Table 9.2 and Figure 9.2 illustrate the descriptor window of the solute probes
used to characterize the stationary phase OV-275. Descriptor windows for E and S are
similar, with most of the compounds having descriptor values between 0 and 1. In
general, the A value for most compounds is close to 0 with a significant number of
compounds with A values close to 0.4. The descriptor window for B value is slightly
smaller than that for E and S, between 0 and 0.8, with most of the compounds having B
values close to 0.5. Furthermore there are a significant number of compounds with B
values between 0 and 0.3. For the L descriptor, there is a normal curve with the peak
curve close to 4. L descriptor values range between 0 and 8.
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Figure 9.2. Descriptor window for OV-275 characterization.
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Each analysis contains the reference compound, hexan-1-ol, and at least two
other alkan-1-ols, with both lower and higher molecular weight than hexan-1-ol. The
presence of alkan-1-ols ensures system stability through the analysis. In between the
alkan-1-ols, two or three solute probes, depending on the resolution, are included.
For OV-275, the results of the analyses are shown in Table 9.3. Relative
retention time, tr’, is calculated by using Eq. (9.2),

tr '=

t analyte

(9.2)

t 1− hexanol

where t analyte is the corrected retention time for column hold-up of the solute probe
during the analysis and t 1− hexanol is the corrected retention time for column hold-up of
hexan-1-ol at the same analysis.

Table 9.3
GLC data of the solutes employed in OV-275 characterization at 89°C
Compound

tr'

log tr'

Compound

tr'

log tr'

Undecane

0.102

-0.991

Allyl alcohol

0.442

-0.355

Dodecane

0.143

-0.845

2-Ethoxyethanol

0.855

-0.068

Allyl bromide

0.149

-0.827

Hexanol

1.000

0.000

Benzene

0.176

-0.754

1-Phenylhexane

1.339

0.127

Chloroform

0.179

-0.747

2-Nonanone

1.355

0.132

Ethanol

0.199

-0.701

3-Picoline

1.387

0.142

Tridecane

0.204

-0.690

g-Picoline

1.490

0.173

Allyl amine

0.217

-0.664

Heptanol

1.500

0.176

2-Methylbutan-2-ol

0.220

-0.658

2-Ethylhexan-1-ol

1.565

0.195

Toluene

0.256

-0.592

2-Nonanol

1.651

0.218

2-Pentanone

0.288

-0.541

1,2-Dichlorobenzene

1.777

0.250

Propanol

0.291

-0.536

Cyclohexanol

1.785

0.252

Tetradecane

0.301

-0.521

Cyclohexanone

1.852

0.268

1-bromohexane

0.303

-0.519

1,1,2,2-Tetrachloroethane

2.020

0.305

1,2-Dichloroethane

0.310

-0.509

Octanol

2.248

0.352

2,3-Butanedione

0.314

-0.503

Indene

2.346

0.370

g-Terpinene

0.342

-0.466

Diiodomethane

2.395

0.379

Ethylbenzene

0.343

-0.465

3,5-Dimethylpyridine

2.427

0.385

2-Pentanol

0.345

-0.462

2-Undecanone

3.071

0.487

4-Methyl-2-pentanol

0.382

-0.418

Nonanol

3.325

0.522

Hexanal

0.384

-0.416

2-Furaldehyde (Furfural)

3.589

0.555

Butanol

0.435

-0.362

Benzaldehyde

4.208

0.624
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Table 9.3 Continued
Acetonitrile

0.454

-0.343

Decanol

5.053

0.704

2,2,2-Trifluoroethanol

0.455

-0.342

Benzylamine

6.415

0.807

4-Heptanone

0.463

-0.334

o-Tolunitrile

6.811

0.833

o-Xylene

0.478

-0.321

Undecanol

7.361

0.867

1-Dodecyne

0.494

-0.306

Diethylformamide

7.517

0.876

1-Heptaldehyde

0.564

-0.249

Acetophenone

7.843

0.894

5-Methyl-3-heptanone

0.570

-0.244

Naphthalene

8.552

0.932

Hexyl acetate

0.582

-0.235

Geraniol

9.740

0.989

N-Methylpyrrole

0.627

-0.203

Ethan-1,2-diol

10.718

1.030

Pentanol

0.666

-0.177

Nitrobenzene

10.86

1.036

Hexadecane

0.745

-0.128

The values of log tr’ are related to descriptor solute probes by the MLRA which
was performed on a personal computer (University College London, London, UK)
using Minitab, a statistical software purchased from Minitab Ltd., Coventry, England.
The result from the MLRA is displayed in Eq. (9.3):

log tr’= -2.822 + 0.355·E + 1.650·S + 1.797·A + 0.325·B + 0.341·L
n = 65

sd = 0.048

r2 = 99.3%

(9.3)

F = 1735.77

Here, n is the number of solute probes, s is the standard deviation, r2 is the
correlation coefficient, and F is the Fisher-statistic.
Results obtained in this work show that OV-275 is a highly polar stationary
phase, s = 1.65, and a strong hydrogen bond acceptor phase, a = 1.80. The e- and bcoefficients are small if compared with the other characteristic stationary phase
constants and therefore solute-solvent interactions represented by e- and b-coefficients,
i.e. the terms e·E and s·S in Eq. (9.3), are almost negligible in OV-275. The l-coefficient
is slightly smaller than that one obtained for most stationary phases; however, its
contribution to retention, i.e. the term l·L, is significant due to the large L values.
Therefore OV-275 is quite useful in determining S and A values, not very important in
determining L values and not very useful to determine E and B values.
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9.1.2

9.1.2.1

Characterization of Diethylene Glycol Succinate (DEGS)

Materials
The stationary phase, DEGS, was purchased from Thames Restek UK Ltd.,

Saunderton, England. DEGS was purchased already with the support (Chromosorb-GAW-DMCS 45/60 mesh), ready to be packed into the glass column from Alltech
Associates Applied Science Ltd., Carnforth, England.
O
O
X

O
X

O
O

Figure 9.3. Structure of Diethylene Glycol Succinate (DEGS).

9.1.2.2

Preparation of packed column with DEGS as stationary phase
The column packed with DEGS as stationary phase was prepared following the

same procedure as that for OV-275. The column was then conditioned for 24 h at 87°C
prior to performing retention studies.

9.1.2.3

Instrumentation
Gas chromatographic measurements were made using a PYE UNICAM gas

chromatograph (model PU 4550) fitted with a FID and a heated on-column injector. As
for OV-275, a thermometer, type no. TC 1100, supplied by Tempcon Instrumentation
Ltd. was used to measure ambient and column temperature.

9.1.2.4

Retention studies
The column temperature was maintained at 87 ºC and all quoted retention times

have been corrected for column hold-up. The chromatographic conditions for DEGS
characterization are shown below:
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Oven Temperature: 87°C
Injector Temperature: 250°C
Detector Temperature: 250°C
Carrier gas flow rate: Variable

A set of 52 compounds was used to characterize DEGS, this set embraces most of the
chemical series, including alcohols, alkanes, alkylbenzenes, ketones, amides, nitriles,
aldehydes, and terpenes, see Table 9.4.

Table 9.4
Solute probes and their descriptors used in DEGS characterization.
Compound
E
S
A
Methanol
0.278
0.44
0.43
Ethanol
0.246
0.42
0.37
2-Pentanone
0.143
0.68
0.00
Propanol
0.236
0.42
0.37
Dodecane
0.000
0.00
0.00
4-Methylpentan-2-one
0.111
0.65
0.00
Acetonitrile
0.237
0.90
0.07
1,2-Dichloroethane
0.416
0.64
0.10
2,2,2-Trifluoroethanol
0.015
0.60
0.57
Allyl Alcohol
0.342
0.46
0.38
Butanol
0.224
0.42
0.37
3-Methyl-1-butanol
0.192
0.39
0.37
1-Heptaldehyde
0.140
0.65
0.00
N-Methylpyrrole
0.559
0.79
0.00
Tetradecane
0.000
0.00
0.00
1,1,1,3,3,3-Hexafluoro-2-propanol
-0.240
0.55
0.77
Pentanol
0.219
0.42
0.37
Hexyl acetate
0.056
0.60
0.00
Pyridine
0.631
0.84
0.00
Butylbenzene
0.600
0.51
0.00
2-Octanone
0.108
0.68
0.00
2-Chlorotoluene
0.762
0.65
0.00
1-Dodecyne
0.133
0.22
0.09
Hexanol
0.210
0.42
0.37
2-Ethoxyethyl acetate
0.099
0.79
0.00
Bromobenzene
0.882
0.73
0.00
2-Nonanone
0.113
0.68
0.00
Hexadecane
0.000
0.00
0.00
Heptanol
0.211
0.42
0.37

B
0.47
0.48
0.51
0.48
0.00
0.51
0.32
0.11
0.25
0.48
0.48
0.48
0.45
0.31
0.00
0.10
0.48
0.45
0.52
0.15
0.51
0.07
0.10
0.48
0.79
0.09
0.51
0.00
0.48

L
0.970
1.485
2.755
2.031
5.696
3.089
1.739
2.573
1.224
1.951
2.601
3.011
3.865
2.923
6.705
1.392
3.106
4.290
3.022
4.730
4.257
4.173
5.657
3.610
3.747
4.041
4.735
7.714
4.115
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Table 9.4 Continued
1,2-Dichlorobenzene
1,2,3,4-Tetramethylbenzene
Octanol
Heptadecane
Linalool
Furfural
2-Undecanone
N,N-Dimethylacetamide
Benzaldehyde
Nonanol
Benzonitrile
Acetophenone
1,2,3-Trichlorobenzene
o-Tolunitrile
Benzylamine
Decanol
Ethan-1,2-diol
Cyclooctanol
Naphthalene
Nitrobenzene
Undecanol
o-Nitrotoluene
Geraniol

0.872
0.794
0.199
0.000
0.398
0.690
0.101
0.358
0.820
0.193
0.742
0.818
1.030
0.780
0.829
0.191
0.404
0.566
1.340
0.871
0.181
0.866
0.513

0.78
0.66
0.42
0.00
0.55
1.13
0.68
1.13
1.00
0.42
1.11
1.01
0.86
1.06
0.77
0.42
0.90
0.54
0.92
1.11
0.42
1.11
0.54

0.00
0.00
0.37
0.00
0.20
0.00
0.00
0.07
0.00
0.37
0.00
0.00
0.00
0.00
0.15
0.37
0.58
0.32
0.00
0.00
0.37
0.00
0.35

Table 9.5
Descriptor window for solutes used in DEGS characterization.
E
S
A
B
1.340
1.31
0.77
0.86
Maximum Value
-0.240
0.00
0.00
0.00
Minimum Value

0.04
0.19
0.48
0.00
0.67
0.45
0.51
0.86
0.39
0.48
0.33
0.48
0.00
0.31
0.72
0.48
0.78
0.58
0.20
0.28
0.48
0.28
0.63

4.518
5.176
4.619
8.218
4.794
3.318
5.732
3.359
4.008
5.120
4.039
4.501
5.419
4.478
4.385
5.610
2.661
5.054
5.161
4.557
6.128
4.878
5.510

L
8.218
0.970

Table 9.5 indicates that the descriptor window for E values includes compounds
with negative E values; this is often the case for fluorinated compounds. Most of the
compounds have E values between 0 and 1 and S values between 0.5 and 1. For most
compounds, the A value is 0 and almost half of the compounds have B values of 0.5.
Finally L values range between 1 and 8, but they are mainly in the sub-range between 3
and 5.
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Figure 9.4. Descriptor window for DEGS characterization.

For DEGS, heptan-1-ol was the reference compound for the analysis so GLC
retention data are obtained according to Eq. (9.4). The results of the analyses are shown
in Table 9.6.

tr '=

t analyte
t 1− heptanol

(9.4)

where tr’ is the relative retention time, t analyte is the corrected retention time for column
hold-up of the solute probe during the analysis and t 1− heptanol is the corrected retention
time for column hold-up of heptan-1-ol at the same analysis.
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Table 9.6
GLC data of the solutes employed in DEGS characterization at 87 ºC.
tr'
log tr'
Compound
Compound
Methanol
Ethanol
4-Methylpentan-2-one

0.074
0.086
0.134

-1.131
-1.066
-0.873

Dodecane
Propanol

0.134
0.131

-0.873
-0.883

1,2-Dichloroethane
2,2,2-Trifluoroethanol
Butanol
1-Heptaldehyde
Tetradecane
1,1,1,3,3,3-Hexafluoro2-propanol
Pentanol
Butylbenzene
2-Octanone
2-Chlorotoluene
1-Dodecyne
Hexanol
2-Ethoxyethyl acetate
2-Nonanone
Hexadecane
Heptanol
1,2-Dichlorobenzene
1,2,3,4Tetramethylbenzene
Heptadecane
Octanol
Linalool

0.160
0.192
0.217
0.303
0.354

-0.796
-0.717
-0.664
-0.519
-0.451

0.361
0.364
0.503
0.520
0.550
0.602
0.605
0.731
0.844
0.984
1.000
1.388

-0.442
-0.439
-0.298
-0.284
-0.260
-0.220
-0.218
-0.136
-0.074
-0.007
0.000
0.142

1.424
1.660
1.649
1.948

0.154
0.220
0.217
0.290

tr'

log tr'

2.238
2.695

0.350
0.431

2-Undecanone
Nonanol
N,NDimethylacetamide
Benzonitrile
1,2,3Trichlorobenzene
o-Tolunitrile
Decanol
Ethan-1,2-diol
Naphthalene
Nitrobenzene
Undecanol

2.293
3.394

0.360
0.531

4.164
4.165
4.414
4.482
5.592
6.797
7.190

0.620
0.620
0.645
0.651
0.748
0.832
0.857

o-Nitrotoluene
N-Methylpyrrole
Benzylamine
3-Methyl-1-butanol
Geraniol
Cyclooctanol
Allyl Alcohol
Pyridine
Acetophenone
Acetonitrile
Hexyl acetate
Bromobenzene

8.293
0.318
4.189
0.290
9.555
4.703
0.205
0.489
3.545
0.159
0.455
0.736

0.919
-0.498
0.622
-0.538
0.980
0.672
-0.688
-0.311
0.550
-0.799
-0.342
-0.133

Furfural
2-Pentanone
Benzaldehyde

2.059
0.125
2.424

0.314
-0.903
0.385

Therefore, GLC retention data reported for DEGS in Table 9.6, as log tr’, combined
with Abraham descriptors reported in Table 9.4 lead to Eq. (9.5),

log tr’= -3.296 + 0.327·E + 1.568·S + 1.882·A + 0.297·B + 0.424·L
n = 52

sd = 0.051

2

r = 99.3%

(9.5)

F = 1377.81

For DEGS, the characteristic stationary phase constants are similar to those for
OV-275. For DEGS, the s- and a-coefficients are the larger ones so DEGS is
appropriate to determine S and A values. The a-coefficient is slightly larger than that for
OV-275 and the s- coefficient is slightly smaller than that for OV-275. Again, e- and b-
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coefficients are very small and solute-solvent interactions represented by those
coefficients are negligible in DEGS. The l-coefficient is significantly larger than that for
OV-275, which makes this stationary phase more adequate than OV-275 to obtain L
values.

9.2 CHARACTERIZATION OF STATIONARY PHASES WITHIN
CAPILLARY COLUMNS

9.2.1 Characterization of polyethylene glycol (HP-Innowax)

Currently, capillary columns are the main class of chromatographic columns
used. Some of the advantages are that solutes are eluted faster than they do in packed
columns, width peak is largely reduced and better separations can be achieved in shorter
periods of time.

9.2.1.1

Materials
Polyethylene glycol (PEG) is one of the most common stationary phases used

for capillary columns. Columns with PEG as stationary phase include HP-Innowax, HP20M, DB-Wax, AT-Wax, CP-Wax 52CB and SupelcoWax-10.

H

H

C

C

H

H

O

Figure 9.5. Polyethylene glycol structure.

HP-Innowax is a cross-linked PEG stationary phase with working temperature
range isothermal 40-260/270˚C, the term cross-linked refers to the individual polymer
chains are linked via covalent bonds. The HP-Innowax stationary phase used in this
work (length 30 m, internal diameter 0.32 mm, film thickness 0.25 µm) was purchased
from Agilent Technologies (Novi, MI, USA).
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9.2.1.2

Instrumentation
HP-Innowax characterization was carried out by using a CSI 200 series gas

chromatograph fitted with a FID with a heated split/splitless injector. High-purity
helium was used as carrier gas. The chromatographic conditions for HP-Innowax
characterization are shown below:

Oven Temperature: 100°C
Injector Temperature: 250°C
Detector Temperature: 250°C
Carrier gas flow rate: Variable

9.2.1.3

Retention studies
As for packed columns, characterization of HP-Innowax is based on Eq. (9.1).

Data as relative retention times for the 44-solutes set were obtained using heptan-1-ol as
reference. Next, Table 9.7 shows the solute probes along with the descriptor values.

Table 9.7
Solute probes and their descriptors used in HP-Innowax characterization.
Compound
E
S
A
B
Butanol
0.224
0.42
0.37
0.48
p-Xylene
0.613
0.52
0.00
0.16
4-Methyl-2-pentanol
0.167
0.33
0.33
0.56
Nitroethane
0.270
0.95
0.02
0.33
2,2,2-Trifluoroethanol
0.015
0.60
0.57
0.25
Dodecane
0.000
0.00
0.00
0.00
2-Ethoxyethanol
0.237
0.52
0.31
0.81
Pentanol
0.219
0.42
0.37
0.48
Tridecane
0.000
0.00
0.00
0.00
2-Ethoxyethyl acetate
0.099
0.79
0.00
0.79
Hexanol
0.210
0.42
0.37
0.48
Bromobenzene
0.882
0.73
0.00
0.09
Tetradecane
0.000
0.00
0.00
0.00
(Z)-3-Hexenol
0.335
0.56
0.29
0.57
Heptanol
0.211
0.42
0.37
0.48
Indene
1.001
0.77
0.00
0.20
2-Ethylhexan-1-ol
0.209
0.39
0.37
0.48
Hexachloro-1,3-butadiene
1.019
0.52
0.00
0.10
2-Nonanol
0.168
0.36
0.33
0.56
Benzaldehyde
0.820
1.00
0.00
0.39
Linalool
0.398
0.55
0.20
0.67
Octanol
0.199
0.42
0.37
0.48
Diethyl malonate
0.112
0.90
0.00
0.81

L
2.601
3.839
3.179
2.414
1.224
5.696
2.792
3.106
6.200
3.747
3.610
4.041
6.705
3.527
4.115
4.559
4.433
5.421
4.817
4.008
4.794
4.619
4.470
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Table 9.7 Continued
Hexadecane
2-Undecanone
Menthol
Ethan-1,2-diol
Triethyl phosphate
Nonanol
Heptadecane
Cyclooctanol
Nitrobenzene
Octyl ether
2-Nitrotoluene
Decanol
Octadecane
3-Nitrotoluene
Dimethyl adipate
Phenylethanol
Undecanol
Nonadecane
Dodecanol
1,1,1,3,3,3-Hexafluoro-2-propanol
2,2,3,3-Tetrafluoro-1-propanol

0.000
0.101
0.400
0.404
0.000
0.193
0.000
0.566
0.871
0.000
0.866
0.191
0.000
0.874
0.170
0.811
0.181
0.000
0.175
-0.240
0.006

0.00
0.68
0.50
0.90
1.00
0.42
0.00
0.54
1.11
0.25
1.11
0.42
0.00
1.10
1.19
0.86
0.42
0.00
0.42
0.55
0.44

0.00
0.00
0.23
0.58
0.00
0.37
0.00
0.32
0.00
0.00
0.00
0.37
0.00
0.00
0.00
0.31
0.37
0.00
0.37
0.77
0.77

0.00
0.51
0.58
0.78
1.06
0.48
0.00
0.58
0.28
0.45
0.28
0.48
0.00
0.25
0.92
0.65
0.48
0.00
0.48
0.10
0.18

7.714
5.732
5.177
2.661
4.750
5.120
8.218
5.054
4.557
7.777
4.878
5.610
8.722
5.097
5.239
4.628
6.128
9.226
6.620
1.392
1.949

Table 9.8 and Figure 9.6 show the descriptor window for compounds used in the
characterization of HP-Innowax.

Table 9.8
Descriptor window for solutes used in HP-Innowax characterization.
E
S
A
B
1.019
1.19
0.77
1.06
Maximum Value
-0.240
0.00
0.00
0.00
Minimum Value

L
9.226
1.224

From Table 9.8, it can be observed that the descriptor window for E and S
values is analogous to that for OV-275 and DEGS, i.e. descriptor values range between
0 and 1. Most compounds have E values between 0 and 0.2 and S values between 0.4
and 1. Approximately half of compounds have A value different to 0. The window of B
values ranges between 0 and 1, within this range the number of compounds in each subrange is similar. The descriptor window for L values follows a normal curve whose
peak is located at L value of 5.
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Figure 9.6. Descriptor window for HP-Innowax characterization.

Table 9.9
GLC data of the solutes employed in HP-Innowax characterization at 100°C.
Compound
tr'
log tr'
Compound
t r'
Butanol
0.348
-0.458
Linalool
1.537
p-Xylene
0.358
-0.446
Octanol
1.622
Diethyl malonate
1.818
4-Methyl-2-pentanol
0.362
-0.441
Nitroethane
0.377
-0.424
Hexadecane
1.842
2,2,2-Trifluoroethanol
0.377
-0.424
2-Undecanone
1.914
Menthol
2.383
Dodecane
0.386
-0.413
2-Ethoxyethanol
0.436
-0.361
Ethan-1,2-diol
2.436
Pentanol
0.459
-0.338
Triethyl phosphate
2.683
Tridecane
0.511
-0.292
Nonanol
2.718
2-Ethoxyethyl acetate
0.530
-0.276
Heptadecane
3.084
Hexanol
0.652
-0.186
Cyclooctanol
3.286

log tr'
0.187
0.210
0.260
0.265
0.282
0.377
0.387
0.429
0.434
0.489
0.517
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Table 9.9 Continued
Bromobenzene
1,1,1,3,3,3-Hexafluoro2-propanol
Tetradecane
(Z)-3-Hexenol
2,2,3,3-Tetrafluoro-1propanol
Heptanol
Indene
2-Ethylhexan-1-ol
Hexachloro-1,3butadiene
2-Nonanol
Benzaldehyde

0.670

-0.174

0.719
0.737
0.751

-0.143
-0.133
-0.124

0.903
1.000
1.156
1.169

-0.044
0.000
0.063
0.068

1.197
1.332
1.387

0.078
0.125
0.142

Nitrobenzene
Octyl ether

3.601
4.030

0.556
0.605

2-Nitrotoluene
Decanol
Octadecane

4.489
4.650
5.250

0.652
0.667
0.720

3-Nitrotoluene
Dimethyl adipate
Phenylethanol
Undecanol

5.459
6.049
7.377
8.093

0.737
0.782
0.868
0.908

Nonadecane
Dodecanol

9.047
14.008

0.957
1.146

Retention data displayed in Table 9.9 led to Eq. (9.6), which shows the
characteristic stationary phase constants for HP-Innowax

log tr’= -2.675 + 0.033·E + 1.290·S + 1.703·A - 0.051·B + 0.386·L
n = 44

sd = 0.058

r2 = 98.5%

(9.6)

F = 499

In the past years, Poole et al. [9] have used the Abraham solvation model to
characterize a wide range of stationary phases including those containing PEG. Hence,
stationary phase constants for HP-Innowax at different analysis conditions are available
in the literature.
Stationary phase constants are different depending upon temperature, phase
loading, and solute property used to characterize the stationary phase, i.e. relative
retention time, retention volume, retention factor, etc. Poole et al. [9] use retention
factor (k) as solute property and in this work the relative retention time (tr’) is used to
determine the stationary phase constants, thus, the present results will be slightly
different to those obtained by Poole et al.

Table 9.10
System constants for HP-Innowax at different temperatures [9].
c
e
s
a
b
Temperature (˚C)
60
−2.519 0.189 1.708 2.682 0.000
80
−2.592 0.203 1.580 2.370 0.000
100
−2.650 0.205 1.470 2.117 0.000
120
−2.657 0.218 1.338 1.863 0.000
140
−2.689 0.222 1.241 1.664 0.000

l
0.607
0.557
0.511
0.464
0.427
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Next, an attempt will be made to compare the experimental work reported above
on stationary phase characterization with Poole’s work. Results are in Table 9.11 for
HP-Innowax at 100˚C.

Table 9.11
Stationary phase constants of HP-Innowax at 100ºC.
c
e
s
a
Reference
Poole et al. [9]
-2.650
0.205
1.470
2.117
This work
-2.675
0.033
1.290
1.703

b
0.000
-0.051

l
0.511
0.386

Statistically both works lead to a non-significant b-coefficient that can be
removed from the equation, so HP-Innowax is not a hydrogen-bond acid stationary
phase. In this work, it is found that the e-coefficient is not significant so it can be
removed from the equation while Poole found that the e·E term hardly contributes to
retention in HP-Innowax. Both studies show that dipolarity/polarizability, the scoefficient, and the hydrogen bond acceptor, the a-coefficient, properties of the
stationary phase significantly contribute to retention within HP-Innowax. The hydrogen
bond a-coefficient, is the major contributor for retention in HP-Innowax. Thus, S and
especially A values will be accurately determined by using HP-Innowax as stationary
phase.

9.3 PACKED AND CAPILLARY COLUMNS – DIFFERENCES ON THE
LINEAR RANGE
During this work it was found that the linear range in retention time is an
essential feature in capillary columns. To determine the range in which the column
gives a linear response for both packed and capillary columns, a set of compounds, i.e.
the standards, are eluted through the column. Alkan-1-ols are used as standards for
polar stationary phases, while alkanes are used as standards for non-polar stationary
phases. Next, a comparison between the retention properties of the standards for both
capillary columns, with HP-Innowax as stationary phase, and packed columns, with
OV-275 as stationary phase, is shown. Figure 9.7 and Figure 9.8 display the results of
this comparison as plots of the L descriptor value for the standard series versus their log
tr’ for HP-Innowax and DEGS, respectively.
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Table 9.12
Retention data for standards in HP-Innowax.
Solute
log tr'
L
Propan-1-ol
-0.538
2.031
Butan-1-ol
-0.446
2.601
Pentan-1-ol
-0.338
3.106
Hexan-1-ol
-0.182
3.610
Heptan-1-ol
0.000
4.115

Solute
Octan-1-ol
Nonan-1-ol
Decan-1-ol
Undecan-1-ol
Dodecan-1-ol

log tr'
0.210
0.434
0.667
0.907
1.146

L
4.619
5.120
5.610
6.128
6.620

Standards for HP-Innowax
7

6

5
L
4

3

2
-0.50

-0.25

0.00

0.25
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0.75

1.00
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Figure 9.7. L descriptor vs. log tr’ for the standards for HP-Innowax.
In Figure 9.7, standards barely retained within HP-Innowax largely deviate from
the linear trend, this issue is clearly observed for propan-1-ol. Furthermore, intermediate
members of the standard set deviate, whereas the more-retained standards are close to
the trendline.

Table 9.13
Retention data for standards in DEGS.
Solute
log tr'
L
Ethanol
-1.081 1.485
Propan-1-ol
-0.879 2.031
Butan-1-ol
-0.664 2.601
Pentan-1-ol
-0.439 3.106
Hexan-1-ol
-0.218 3.610

Solute
Heptan-1-ol
Octan-1-ol
Nonan-1-ol
Decan-1-ol
Undecan-1-ol

log tr'
0.000
0.217
0.431
0.645
0.859

L
4.115
4.619
5.120
5.610
6.128
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Figure 9.8. L descriptor vs. log tr’ for the standards for DEGS.
Figure 9.7 shows that the column containing HP-Innowax has a non-linear range
between propan-1-ol and dodecan-1-ol whereas the column with DEGS has a linear
range covering the whole set of standard compounds, see Figure 9.8. For HP-Innowax,
the linear range covers from heptan-1-ol to dodecan-1-ol, so descriptors for any
compound eluting faster than heptan-1-ol cannot be accurately determined using these
conditions. Conversely, descriptors for any compound eluting through DEGS can be
accurately determined. For OV-275, results are analogous to those for DEGS (results
not shown).
Therefore, it can be concluded that packed-columns linear range makes them
suitable to obtain descriptors for any solute independently of its retention time.
Conversely, characterization of capillary columns is only suitable for a specific range of
solutes and therefore descriptor determination for any solute out of that range will not
be accurate.
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Chapter 10 Determination of Descriptors by the Solvation Parameter
Model

10.0 INTRODUCTION
The biological and toxicological activity of chemicals can be assessed by
QSARs. These relationships connect the biological and toxicological activity of
chemicals with physicochemical properties, descriptors, used to characterize those
compounds. The number of descriptors used is almost unlimited and include structural
properties [1] e.g. Hammet substituent constant; properties relating to the bulk [2] e.g.
molecular weight; quantum parameters [3]; topological descriptors [4], etc. The use of
large sets of descriptors to assess the toxicological activity of chemicals is frequent
inasmuch as sets containing a small number of descriptors do not fit the relationship
requirements. In spite of such difficulty, Abraham [5] developed a 5-descriptor set that
successfully assesses chemosensory effects [6], blood-brain distribution [7], skin
permeation [8], etc. In addition to the small number of descriptors used in Abraham
equation, the interpretation of the Abraham descriptors is much more straightforward
than for other models. The descriptors developed by Abraham and their symbols are
quoted in Table 10.1.
Table 10.1
Abraham descriptors and their symbology.
Descriptor
Excess of molar refraction
Dipolarity/polarizability
Overall hydrogen bond acidity
Overall hydrogen bond basicity
McGowan volume
Gas-hexadecane partition coefficient

Symbol
E
S
A
B
V
L

The descriptors shown in Table 10.1 were combined into LFERs, Eqs. (10.1) and
(10.2). The former was designed to deal with transfers from the gas phase to a
condensed phase, and the latter for transfers from one condensed phase to another, see
Chapter 5 for further information on the Abraham equation.

197

SP = c + e·E + s·S + a·A + b·B + l·L

(10.1)

SP = c + e·E + s·S + a·A + b·B + v·V

(10.2)

The set of five descriptors include most of the chemical information required to explain
solute-solute and solute-solvent interactions. To date, descriptors for thousands of
compounds have been determined, see Table 10.2.
Table 10.2
Available solute descriptors in UCL database.
Descriptor
Total number
Minimum value
5702
-1.21
E
5222
-1.80
S
5890
0.00
A
4951
0.00
B
5949
0.07
V
4073
-1.74
L

Maximum value
4.62
5.70
4.33
5.25
8.56
29.97

Descriptor values are determined by means of water-solvent partitions, as log P
values, and GLC retention data, as retention indices, relative retention time, etc. These
data along with water solubility and vapour pressure values at 25°C as well as the
refractive index of the compound at 20°C are included in the calculations. Water
solubility and vapour pressure values lead to the gas to water partition coefficient, as
log Kw. It is possible to increase the number of available equations through Eq. (10.3),
where P is the water to solvent partition coefficient and Ks is the corresponding gas to
solvent partition coefficient.

log Ks = log P + log Kw

(10.3)

If Kw is known, any set of log P values can be transformed into log Ks values, thus
doubling the number of equations that can be used. If Kw is not known, it can be
allowed to float as another descriptor to be obtained. Although this has the effect of
increasing the number of unknown descriptors, it considerably increases the number of
equations, especially as there are two different equations for log Kw, one in terms of Eq.
(10.1) and one in terms of Eq. (10.2).
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The descriptors that lead to the best fit of calculated and observed SP values are
taken. The calculations are considerably aided by the ‘Solver’ program in Microsoft
Excel®, that can be set up to find the best fit automatically.

Figure 10.1. Relationships between the different partition processes.

Descriptors for approximately 100 compounds have been determined during this
work. Most of these compounds are ETS constituents while descriptors for other
compounds need to be calculated to obtain descriptors for ETS compounds.
In order to test for the best method of descriptor determination, two different
methods have been assessed. The first method only uses GLC retention data, the second
one uses a combination of GLC retention data and water-solvent partition data as
indicated in section “Determination of Descriptors for the Alkan-1-ols”, see section
10.4. The group of the alkan-1-ols (from butan-1-ol to decan-1-ol) is chosen due to the
vast number of both GLC and water-solvent partition data available for those
compounds. The analysis evaluates whether using fixed S, A, and B values (with small
variations when it is necessary) for all members of the series is appropriate, or
conversely descriptors obtained by experimental measures have to be used for each
individual member of the homologous series.

10.1 DATA REQUIRED TO CALCULATE SOLUTE DESCRIPTORS
GLC retention data, water to solvent partition coefficients, and air to solvent
partition coefficients obtained according to Eq. (10.3) are used to determine new
descriptors for any compound.
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10.1.1 GLC retention data

GLC data reported in the literature (see attached CD-ROM) have been collected
and a GLC database set up; the database includes both polar and non-polar stationary
phases since both types of GLC columns fit the statistical requirements. MLRA has
been performed for each GLC analysis, each analysis includes both the target
compound and other set of compounds with known descriptors (solute probes). Ideally,
GLC retention data for more than 40 solute probes or at least five times more solute
probes than the number of calculated descriptors, will be used in the analysis.
Compounds included in the analysis should be as different as possible so that no
correlation between descriptors is found. The retention index, RI, proposed by Kóvats is
the most common retention data reported in the literature. In Eq. (10.1), retention data,
as RI/100, is used as the dependent variable for the MLRA inasmuch as it leads to
equation coefficients in the same range than those obtained for other water to solvent
and air to solvent partitions. The independent variables, E, S, A, B, and L used in the
regression equation are known descriptor values for the set of compounds. The MLRA
leads to five coefficients (stationary phase constants), these coefficients are e, s, a, b,
and l.

10.1.2 Water to solvent partition coefficient values (log P)

Hitherto no data on water to solvent partitions have been discussed in this work,
but the procedure with the water to solvent partition data is similar to that for the GLC
retention data. In Eq. (10.2), the dependant variable is the water to solvent partition
data, as log P, which is mainly obtained from MedChem database [9]. This database
includes thousands of log P values experimentally determined in a large variety of
water-solvent systems. Previously, for most of those water-solvent partitions, equations
have been experimentally set up and the phase coefficients, e, s, a, b, and v, obtained
[10-12]. Therefore, in the calculations that lead to the best fit of calculated and observed
log P values those equations are tested with the experimental data obtained from
MedChem database. Experimental water-octanol partition coefficients, as log Poct, are
the most common partition coefficients within the literature. The equation obtained by
Abraham et al. [12] for log Poct has a large b-coefficient therefore it is very appropriate
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to calculate B descriptor values. Equations used for the water-alkane partitions have
large s- and a-coefficients, therefore accurate S and A descriptor values will be
determined if water-alkane partition coefficients are available for the compound in the
literature. On the other hand, most of the GLC equations have large l-coefficients, so
they lead to accurate L descriptor values. E and V descriptor values are obtained as
indicated in section 5.2.1.
The larger the number of log P values and GLC retention data included in the
spreadsheet the better the descriptor values obtained by Solver.

10.1.3 Additional experimental data

For any compound, if water solubility and vapor pressure at 25°C have been
experimentally determined, Kw can be then calculated according to Eq. (10.4),

Kw =

Cw
Cg

(10.4)

where Cw is the solute concentration in the water phase according to Eq. (10.5) and Cg
is the solute concentration in the gas phase according to Eq. (10.6).

Cw =

Water solubility (mg ⋅ l -1 )/1000
Molecular weight (g ⋅ mol -1 )

 1 
Vapor pressure (mmHg) ⋅ 

760 

Cg =
24.45

10.1.3.1

(10.5)

(10.6)

The Solver tool

Solver is a tool in Microsoft Excel which can be used to determine the
maximum or minimum value of one cell by changing other cells. Solver minimises the
sum of squares on the required equations to fit the targeted cells S, A, B and L and the
values are accepted when the overall sums of squares are at a minimum. Solver uses the
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generalised reduced gradient (GRG2) nonlinear optimisation code developed by Leon
Lasdon, University of Texas at Austin, and Allan Waren, Cleveland State University.

Figure 10.2. Solver screen including compound data and descriptor values.

Figure 10.2 shows the starting screen of Solver, it includes compound data such as CAS
number, molecular formula, molecular weight, SMILES, and other sort of data if they
are available, including the refractive index at 20°C, water solubility and vapor pressure
at 25°C. Calculated log Poct values from different software packages (ADME Boxes 3.0
“PA” [13], ACD [14], ClogP [15], and MedChem Database “MD” [9]) are also
included; P* stands for the recommended log Poct from MedChem Database. Calculated
descriptors from ADME Boxes 3.0 “PA”, additive models “UNIX” [16], and our
database, “SMART”, are included so new and calculated descriptors can be compared.
The P and L count indicates the number of available log P values and log Ks plus GLC
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data respectively for the compound, sd represents the standard deviation of the data.
Log P obs. and log P calc. are the experimental and calculated log P values for different
water-solvent partitions.
Figure 10.3 displays equations for water-solvent partitions including water-octanol,
water-oleyl alcohol, water-dichloromethane, etc developed by Abraham et al. For GLC
data, the equations are similar but the v-coefficient is 0 instead of l-coefficient.

Figure 10.3. Solver screen including equations for some water-solvent partitions.
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10.2 DETERMINATION OF NEW DESCRIPTORS (5METHYLFURFURAL)
5-Methylfurfural is a tobacco flavorant and a pyrolysis product from sugars [17] and
has been identified in tobacco smoke [18]. 5-Methylfurfural is a good example to
explain how solute descriptors are obtained by Solver from the large number of log P
values and GLC retention data reported in the literature. The number of log P values for
different water-solvent partitions is thirteen while the number of GLC retention data is
seventeen. This leads to thirteen log Ks values using Eq. (10.3), thus, the number of airsolvent partition data sums up to thirty values. The total number of partition values sum
up to forty three values.
The Solver analysis leads to descriptors that reproduce the data with a standard
deviation of the log P values, P sd, of 0.067 and the standard deviation of the air-solvent
partition values, L sd, of 0.062. These sd values lead to the standard deviation of the
whole dataset, P+L sd, of 0.063, see Figure 10.4.
No data on water solubility and vapour pressure for 5-methylfurfural have been
reported in the literature, thus, log Kw was allowed to float, see Figure 10.4. The
experimental refractive index at 20˚C is 1.531, which leads to an E value of 0.744. The
McGowan volume, V, is obtained as explained in section 5.2.1. The obtained A value is
effectively zero, as required for a solute that has no hydrogen-bond acidity, and so this
descriptor is set as exactly zero Therefore, there are 3 descriptors, or unknowns, that
need to be determined, S, B and L, and 43 equations to decipher the system.
The software used to calculate log Poct values reported similar results, between 1.11
and 1.19, depending upon the software. The log Poct of 5-methylfurfural is a good
example of the usefulness on obtaining experimental data instead of relying scientific
research only on calculated values provided by computer software. As stated above, the
calculated log Poct values from different software are quite similar; however, these
values significantly differ from the experimental log Poct for 5-methylfurfural, which is
0.67. Furthermore, comparison between experimental log Poct, 0.67, and the calculated
log Poct, obtained using the descriptors determined in this work, 0.72, shows the
accuracy of descriptor values determined for 5-methylfurfural and the goodness of the
method to determine descriptors. Figures 10.4 and 10.5 display the Solver screen for 5methylfurfural.
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Figure 10.4. Results using Solver for 5-methylfurfural including some water-solvent
partitions.
(Po-Pc)^2 is a measurement of the deviation between the experimental and calculated
log P values. It might occur that the experimental value significantly differs from the
calculated value, if so the experimental value is an outlier and it is not included in the
final analysis to determine solute descriptors. Partition values with (Po-Pc)^2 larger than
0.020 are usually considered outliers. In Figure 10.4, none of the log P values deviates
more than 0.012 so all log P values were used to determine descriptors for 5methylfurfural. In Figure 10.5, some GLC retention values reported in the literature
show (Po-Pc)^2 values higher than 0.020 and they were removed from the analysis. For
GLC retention data, large deviations between experimental and calculated retention
values may occur because inaccurate retention equation, but it might occur because the
compound was not adequately identified in the GLC analysis as it was eluted through
the column. For water-solvent partitions, equations proposed by Abraham et al. for
different water-solvent partitions have been successfully tested in the past years, thus,
large deviations between experimental and calculated values are likely to be
consequence of erroneous measurement of the log P values.
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Figure 10.5. Results using Solver for 5-methylfurfural including some GLC retention
data.

10.2.1 The “leave-one-out” method

The internal self-consistency of the calculations can be assessed by cross-validation
[19] using the method known as “leave-one-out” [20]. The “leave-one-out” method is
used if a reasonable number of equations is available so the individual errors in the
descriptors are assessed. In principle, if log P values and GLC retention data are known
for a compound in a number of GLC and water–solvent systems which have been
characterized by Eqs. (10.1) and (10.2) respectively, then we have n equations and four
unknowns (S, A, B, and L) and so the unknowns can be evaluated, E and V values can
be directly determined from the literature. In practice, this procedure will only work
satisfactorily if the coefficients in the n equations are substantially different. In the
“leave-one-out” method, the first equation in the set of n equations is left out, and the
remaining n-1 equations solved to give the best-fit values of S, A, B, and L. The
calculation is repeated, leaving out each equation in turn, so that n sets of best-fit
descriptor values are obtained.
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For 5-methylfurfural, knowing E = 0.744 and V = 0.8338, three descriptors, S, B
and L, and log Kw, need to be calculated. A preliminary analysis showed that A was
effectively zero, as required for a solute that has no hydrogen-bond acidity, and so this
descriptor was set as exactly zero and the equations then solved for S, B, and L. With S
= 1.11, A = 0.00, B = 0.52 and L = 3.933, 43 of the 50 initial data were reproduced with
a standard deviation of 0.062 log units. The analysis of the n values of S, B, and L
obtained in this way is given in Table 10.3. The standard deviation for each descriptor
as found by the leave-one-out method is very small indeed: 0.004 for S, 0.004 for B and
0.003 for L.

Table 10.3
Comparison on descriptor values using the “leave-one-out” method and maintaining all
data within Solver.
Leave-one-out
All data
a
Meanb
Descriptor Mean SE Mean sd Minimum Maximum Median
1.111
0.0006 0.004
1.100
1.120
1.110
1.110
S
0.522
0.0006 0.004
0.520
0.530
0.520
0.520
B
3.932
0.0004 0.003
3.923
3.939
3.933
3.933
L
a

With no rounding-off.
b Using all the 43 data points, with rounding-off. Note that in all calculations E was fixed at 0.744 and V
fixed at 0.8338, and A was taken as zero.

10.3 DESCRIPTORS OBTAINED FOR ETS COMPOUNDS AND
OTHER IMPORTANT COMPOUNDS
As stated at the beginning of this chapter, the database contains descriptors for
thousands of compounds, however; new challenges require descriptors for new
compounds, thus, continuous update of the database is mandatory. In this work, the
challenge is the large number of VOCs in tobacco smoke. Descriptors are also required
for compounds often appearing in the GLC data from which equations are set up.
Table 10.4 lists the new descriptors for compounds in tobacco smoke as obtained in
this work.

Table 10.4
New descriptors for ETS compounds obtained in this work.
CAS Number
463-49-0

Compound Name
Propadiene

E
0.225

S
0.28

A
0.00

B
0.04

L
1.159

V
0.4453

590-19-2

Buta-1,2-diene

0.310

0.21

0.00

0.11

1.773

0.5862

591-93-5

Penta-1,4-diene

0.186

0.17

0.00

0.09

1.974

0.7271
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Table 10.4 Continued
591-95-7

Penta-1,2-diene

0.310

0.23

0.00

0.11

2.273

0.7271

592-42-7

Hexa-1,5-diene

0.190

0.21

0.00

0.09

2.463

0.8680

3404-73-7

3,3-Dimethyl-1-pentene

0.088

0.06

0.00

0.10

2.790

1.0519

926-56-7

4-Methyl-1,3-pentadiene

0.396

0.27

0.00

0.12

2.761

0.8680

2738-19-4

2-Methyl-2-hexene

0.153

0.09

0.00

0.09

3.120

1.0519

3073-66-3

1,1,3-Trimethylcyclohexane

0.206

0.08

0.00

0.00

3.856

1.2681

3208-16-0

2-Ethylfuran

0.361

0.49

0.00

0.15

2.921

0.8181

126-98-7

Methacrylonitrile

0.263

0.65

0.00

0.36

2.321

0.6430

10152-76-8

Allyl methyl sulfide

0.496

0.50

0.00

0.36

2.932

0.7927

123-73-9

(E)-2-butenal

0.387

0.75

0.00

0.43

2.532

0.6449

123-15-9

2-Methylpentanal

0.135

0.52

0.00

0.41

3.168

0.9697

109-75-1

Allyl cyanide

0.284

0.81

0.00

0.43

2.536

0.6430

20333-39-5

Methylethyl disulfide

0.690

0.60

0.00

0.25

3.587

0.8583

1629-58-9

1-Penten-3-one

0.285

0.72

0.00

0.55

2.761

0.7858

27817-67-0

Allyl propyl sulfide

0.500

0.47

0.00

0.37

3.837

1.0745

497-03-0

trans-2-Methyl-2-butenal

0.404

0.73

0.00

0.49

3.030

0.7858

6789-80-6

(Z)-3-hexenal

0.344

0.68

0.00

0.42

3.296

0.9267

7045-71-8

2-Methylundecane

-0.017

0.00

0.00

0.00

5.448

1.7994

2179-60-4

Methyl propyl disulfide

0.674

0.58

0.00

0.26

4.088

0.9992

625-33-2

Pent-3-en-2-one

0.359

0.82

0.00

0.55

2.933

0.7858

2179-58-0

Allyl methyl disulfide

0.780

0.70

0.00

0.25

3.955

0.9562

623-36-9

2-Methylpent-2-en-1-al

0.392

0.68

0.00

0.51

3.488

0.9267

3658-80-8

Dimethyl trisulfide

1.053

0.67

0.00

0.34

4.203

0.8809

930-30-3

Cyclopentenone

0.535

1.07

0.00

0.56

3.241

0.6772

1120-73-6

2-Methyl-2-cyclopentenone

0.529

0.94

0.00

0.60

3.720

0.8181

513-86-0

3-Hydroxybutan-2-one

0.289

0.69

0.27

0.74

2.702

0.7466

3268-49-3

Methional

0.546

0.94

0.00

0.66

3.680

0.8514

4177-16-6

2-Vinylpyrazine

0.770

0.90

0.00

0.71

3.881

0.8730

123-42-2

4-Hydroxy-4-methyl-2pentanone
3-Methylpyrrole

0.232
0.593

0.62
0.90

0.06
0.24

1.02
0.29

3.551
3.340

1.0284
0.7183

616-43-3
636-41-9

2-Methylpyrrole

0.611

0.94

0.24

0.27

3.336

0.7183

13925-03-6

2-Methyl-6-ethylpyrazine

0.660

0.74

0.00

0.72

4.271

1.0569

13360-64-0

2-Methyl-5-ethylpyrazine

0.660

0.74

0.00

0.72

4.295

1.0569

592-20-1

Acetol acetate

0.229

0.98

0.00

0.82

3.443

0.9032

97-64-3

Ethyl lactate

0.205

0.68

0.20

0.76

3.297

0.9462

92-51-3

Dicyclohexyl

0.523

0.45

0.00

0.04

6.047

1.5822

620-02-0

5-Methylfurfural

0.744

1.11

0.00

0.52

3.933

0.8338

611-13-2

Methyl 2-furoate

0.560

1.11

0.00

0.47

3.952

0.8925

623-17-6

Furfuryl acetate

0.439

1.01

0.00

0.58

4.056

1.0334

13067-27-1

2,6-Diethylpyrazine

0.623

0.67

0.00

0.74

4.724

1.1978

2758-18-1

3-Methyl-2-cyclopentenone

0.567

1.25

0.00

0.49

3.773

0.8181

13238-84-1

2,5-Diethylpyrazine

0.620

0.73

0.00

0.72

4.743

1.1978
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96-48-0

γ-Butyrolactone

0.387

1.38

0.00

0.59

3.321

0.6380

1604-28-0
5834-16-2

6-Methyl-3,5-heptadiene-2one
2-formyl-3-methylthiophene

0.859
1.022

0.79
1.23

0.00
0.00

0.75
0.31

4.906
4.632

1.1655
0.9386

78-59-1

Isophorone

0.511

0.88

0.00

0.59

4.828

1.2408

1438-94-4

N-Furfurylpyrrole

0.826

1.10

0.00

0.46

5.061

1.1460

542-28-9

δ-Pentanolactone

0.441

1.52

0.00

0.63

3.680

0.7789

1003-29-8

2-Pyrrolecarbaldehyde

0.733

1.39

0.23

0.34

3.939

0.7340

118-71-8

Maltol

0.930

1.18

0.16

0.81

4.658

0.8925

1072-83-9

2-Acetylpyrrole

0.750

1.00

0.40

0.55

4.271

0.8749

93-51-6

2-Methoxy-4-methylphenol

0.850

0.84

0.34

0.61

4.982

1.1156

7786-61-0

2-Methoxy-4-vinylphenol

1.139

1.14

0.10

0.58

5.635

1.2135

689-67-8

Geranyl acetone

0.428

0.75

0.00

0.77

6.499

1.8700

119-84-6

Dihydrocoumarin

0.948

1.67

0.00

0.42

5.632

1.1049

607-91-0

Myristicin

1.162

1.23

0.00

0.63

6.712

1.4454

97-53-0

Eugenol

0.946

0.95

0.28

0.71

5.872

1.3544

91-64-5

Coumarin

1.230

1.68

0.00

0.52

6.019

1.0619

97-54-1

Isoeugenol

1.140

0.95

0.31

0.54

6.286

1.3544

2628-17-3

4-Vinylphenol

1.044

0.98

0.63

0.37

4.984

1.0139

121-33-5

4-Hydroxy-3methoxybenzaldehyde
5-Hydroxymethyl-2furaldehyde
Phenylacetic acid

1.028

1.28

0.33

0.68

5.731

1.1313

0.892
0.730

1.45
1.08

0.40
0.66

0.85
0.57

4.838
4.962

0.8925
1.0726

150-86-7

4-Allyl-2,6dimethoxyphenol
Phytol

1.060
0.297

1.15
0.39

0.18
0.27

0.93
0.37

6.970
9.632

1.5540
2.9423

191-26-4

Dibenzo[cd,jk]pyrene

4.621

2.10

0.00

0.40

13.203

2.0838

67-47-0
103-82-2
6627-88-9

Abraham et al. [6] have successfully developed a QSAR relating Abraham descriptors
and EITs, Eq. (10.7). To develop the QSAR, Abraham et al. used Draize rabbit eye test
scores for 68 pure bulk liquids that were adjusted by the liquid-saturated vapor pressure
P°. These 68 adjusted scores, were shown to be completely equivalent to eye irritation
thresholds (EIT), expressed as log (1/EIT), for 23 compounds in humans.

log (1/EIT) = -7.892 – 0.379·E + 1.872·S + 3.776·A + 1.169·B + 0.785·L

(10.7)

EITs for those compounds in Table 10.4 are displayed in Table 10.5, as log (1/EIT). In
Table 10.5, log (1/EIT) values are obtained by introducing the descriptor values of the
substance, see Table 10.4, in Eq. (10.7). We prefer to use log (1/EIT) because the
greater the value the more potent the compound.
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Table 10.5
Eye irritation thresholds for ETS compounds with new descriptors.
Compound Name
Propadiene

log (1/EIT)*
-6.50

Compound Name

log (1/EIT)*

2-Methylpyrrole

-2.52

Buta-1,2-diene

-6.10

Acetol acetate

-2.48

Penta-1,4-diene

-5.99

Ethyl lactate

-2.46

Penta-1,2-diene

-5.67

Dicyclohexyl

-2.45

Hexa-1,5-diene

-5.53

5-Methylfurfural

-2.40

3,3-Dimethyl-1-pentene

-5.51

Methyl 2-furoate

-2.37

4-Methyl-1,3-pentadiene

-5.23

Furfuryl acetate

-2.31

2-Methyl-2-hexene

-5.23

2,6-Diethylpyrazine

-2.30

1,1,3-Trimethylcyclohexane

-4.79

3-Methyl-2-cyclopentenone

-2.23

2-Ethylfuran

-4.64

2,5-Diethylpyrazine

-2.20

Methacrylonitrile

-4.53

γ-Butyrolactone

-2.16

Allyl methyl sulfide

-4.42

6-Methyl-3,5-heptadiene-2-one

-2.01

(E)-2-butenal

-4.14

2-formyl-3-methylthiophene

-1.98

2-Methylpentanal

-4.00

Isophorone

-1.96

Allyl cyanide

-3.99

N-Furfurylpyrrole

-1.64

Methylethyl disulfide

-3.92

δ-Pentanolactone

-1.59

1-Penten-3-one

-3.84

2-Pyrrolecarbaldehyde

-1.21

Allyl propyl sulfide

-3.76

Maltol

-0.83

trans-2-Methyl-2-butenal

-3.73

2-Acetylpyrrole

-0.80

(Z)-3-hexenal

-3.67

2-Methoxy-4-methylphenol

-0.73

2-Methylundecane

-3.61

2-Methoxy-4-vinylphenol

-0.71

Methyl propyl disulfide

-3.55

Geranyl acetone

-0.65

Pent-3-en-2-one

-3.55

Dihydrocoumarin

-0.21

Allyl methyl disulfide

-3.48

Myristicin

-0.02

2-Methylpent-2-en-1-al

-3.43

Eugenol

0.02

Dimethyl trisulfide

-3.34

Coumarin

0.12

Cyclopentenone

-2.89

Isoeugenol

0.19

2-Methyl-2-cyclopentenone

-2.71

0.27

3-Hydroxybutan-2-one

-2.70

4-Vinylphenol
4-Hydroxy-3methoxybenzaldehyde

Methional

-2.68

5-Hydroxymethyl-2-furaldehyde

0.79

0.65

2-Vinylpyrazine

-2.62

Phenylacetic acid

0.91

4-Hydroxy-4-methyl-2-pentanone

-2.61

4-Allyl-2,6-dimethoxyphenol

1.10

3-Methylpyrrole

-2.56

Phytol

1.74

2-Methyl-6-ethylpyrazine

-2.56

Dibenzo[cd,jk]pyrene

5.12

2-Methyl-5-ethylpyrazine

-2.54

* in parts per million (ppm)
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As stated in section 10.0, descriptors for compounds not in tobacco smoke have been
determined in this work. Those compounds along with the new descriptors are
displayed in Table 10.6.

Table 10.6
Descriptors for other compounds not identified in tobacco smoke.
CAS Number

Compound Name

E

S

A

B

L

V

1576-87-0

(E)-Pent-2-en-1-al

0.383

0.75

0.00

0.43

3.045

0.7858

6728-26-3

(E)-Hex-2-en-1-al

0.372

0.75

0.00

0.43

3.522

0.9267

18829-55-5

(E)-Hept-2-en-1-al

0.371

0.75

0.00

0.43

4.061

1.0676

2548-87-0

(E)-Oct-2-en-1-al

0.351

0.75

0.00

0.43

4.579

1.2085

928-96-1

(Z)-Hex-3-en-1ol

0.335

0.56

0.29

0.57

3.527

0.9697

17699-14-8

α -cubebene

0.551

0.15

0.00

0.38

6.379

1.8533

3856-25-5

(−)-α-Copaene

0.635

0.11

0.00

0.42

6.606

1.8533

515-13-9

ß-Elemene

0.714

0.25

0.00

0.34

6.564

1.9845

13744-15-5

ß-Cubebene

0.551

0.16

0.00

0.40

6.649

1.8533

24295-03-2

2-Acetylthiazole

0.834

1.13

0.00

0.60

4.215

0.8975

557-48-2

(E,Z)-2,6-Nonadienal

0.497

0.81

0.00

0.51

5.008

1.3064

5910-87-2

(E,E)-2,4-Nonadienal

0.802

0.88

0.00

0.52

5.338

1.3064

3913-81-3

(E)-Dec-2-en-1-al

0.333

0.75

0.00

0.43

5.573

1.4903

31983-22-9

α -Muurolene

0.710

0.31

0.00

0.33

7.028

1.9189

25152-84-5

(E,E)-2,4-Decadienal

0.791

0.90

0.00

0.52

5.823

1.4473

79-77-6

ß -Ionone

0.892

0.78

0.00

0.76

6.758

1.7614

In Table 10.7, eye irritation thresholds, as log (1/EIT), for compounds in Table 10.6 are
shown.

Table 10.7
Eye irritation thresholds for other compounds not identified in tobacco smoke.
Compound Name
log (1/EIT)* Compound Name
log (1/EIT)*
(E)-Pent-2-en-1-al
ß-Cubebene
-3.74
-2.11
(E)-Hex-2-en-1-al
2-Acetylthiazole
-3.36
-2.08
(E)-Hept-2-en-1-al
(E,Z)-2,6-Nonadienal
-2.94
-2.04
(E)-Oct-2-en-1-al
(E,E)-2,4-Nonadienal
-2.52
-1.75
(Z)-Hex-3-en-1ol
(E)-Dec-2-en-1-al
-2.44
-1.74
α -cubebene
α -Muurolene
-2.37
-1.68
(−)-α-Copaene
(E,E)-2,4-Decadienal
-2.25
-1.33
ß-Elemene
ß -Ionone
-2.14
-0.58
*in parts per million (ppm)
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10.4 DETERMINATION OF DESCRIPTORS FOR THE ALKAN-1-OLS

10.4.1 Introduction

The UCL database of descriptors includes most chemical moieties such as ketones,
aldehydes, alcohols, acids, esters, amines, amides, alkanes, alkenes, alkynes, etc. In a
recent paper [21], Poole et al. proposed a new set of descriptors “revised” for 103 of
those compounds by using only GLC data, as the logarithm of the retention factor of
solutes in 39 different open-tubular columns at temperatures ranging between 60–
140°C. Compounds in this study were chosen to meet the chemical and statistical
requirements for column characterization whereas the selected columns cover nearly the
full range of chromatographic selectivity.
Poole et al. claim to obtain better descriptor values for the solutes by using only
GLC data instead of the ordinary way to obtain descriptors, i.e. by using a wider
number of experimental data, such as the refractive index to obtain the E descriptor, and
particularly by using log P data as well as GLC data.
The refractive index for most compounds of the set of 103 compounds used by
Poole et al. can be found in the Handbook of Chemistry and Physics [22], and in
chemical databases [23]. E values for these compounds can therefore experimentally be
determined. In addition, the refractive index at 20oC can be estimated for any compound
from the available ACD software [14] and the freely available SPARC software [24]. E
values are also estimated by the PharmaAlgorithm software, Absolv [13]. The use of
log P values will enable the B descriptor to be determined; note that nearly all
commercially available GLC stationary phases have no or very little hydrogen bond
acidity, and therefore cannot be used to determine solute hydrogen bond basicity, B.

10.4.2 Results

The alkan-1-ol group of solutes was assessed. Poole et al. had studied members of this
group from C4 (butan-1-ol) to C10 (decan-1-ol). The reasons for taking this group of
compounds as a model are:
1. There is a large number (seven) of alkan-1-ols in the set used by Poole et al.
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2. Poole et al. claim that “the agreement for the alkan-1-ols is not as good but still
acceptable”.
The similarity between Poole et al.’s findings of descriptor values using only GLC
retention data, and the descriptor values in the UCL database will be assessed, and then
the database used by Poole et al. will be extended to include data on water to solvent
partitions.
Firstly, Poole et al.’s results for the descriptors, E, S, A, and L will be examined,
but note the comment of Poole et al. [21] in page 303 “since, solute hydrogen-bond
basicity does not contribute to retention on the used columns they are unsuitable for
estimating the B solute descriptor”. Descriptor values obtained by Poole et al. are
displayed below, in Table 10.8, and plots of the descriptor values against the number of
carbon atoms of the alkan-1-ols are shown in Figure 10.6.

Table 10.8
Descriptor values for the alkan-1ol series reported by Poole et al. [21]
Compound
E
S
A
B
Butan-1-ol
0.219
0.42
0.36
Pentan-1-ol
0.256
0.45
0.34
Hexan-1-ol
0.257
0.45
0.33
Heptan-1-ol
0.273
0.47
0.32
Octan-1-ol
0.306
0.49
0.30
Nonan-1-ol
0.311
0.47
0.31
Decan-1-ol
0.269
0.44
0.32
-

L
2.573
3.118
3.641
4.127
4.639
5.129
5.610

The plots in Figure 10.6 display some interesting results:

1. None of the plots, except that for the L descriptor, indicate any rigorous trend along
the homologous series.
2.

In the method of Poole et al., the E values were allowed to float in the Solver
calculations. However, since the refractive index is known for all the alkan-1-ols,
the E values for the alkan-1-ols can accurately be obtained from this experimental
data. A review of the experimental E values in the UCL database (revised E values)
was carried out for a better comparison between the values given by Poole et al. for
the E descriptor, and experimental E values.
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Figure 10.6. Descriptors for alkan-1-ols determined by Poole et al. versus the number of
carbon atoms.
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Experimental E Values
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Figure 10.7. E values for alkan-1-ols obtained from the experimental refractive index.

These experimental E values show a steady trend with a negative slope on plotting E
values vs. number of carbon atoms. On the other hand, the E values calculated by Poole
et al. do not show any trend (see first plot of Figure 10.6). Furthermore, E values
obtained by Poole et al. do not decrease with the number of carbon atoms of the
compounds, which is the expected trend in any homologous series.
The descriptor values in the UCL database for alkan-1-ols (from butan-1-ol to
decan-1-ol) were then refined by using several properties, including experimental log P
values in different water-solvent systems, from the MedChem database [9], as well as
the GLC retention data reported by Poole et al. (from now on, this set of descriptors will
be named “All”). In these calculations, the E descriptor was fixed at the experimental
value, V is also fixed, and so the S, A, B, and L descriptor values were allowed to float.
The new set of descriptors is given below, in Table 10.9.

Table 10.9
Descriptor values for alkan-1-ols obtained from log P and GLC data, i.e. “All”.
Compound
E
S
A
B
L
Butan-1-ol
0.224
0.42
0.37
0.49
2.548
Pentan-1-ol
0.217
0.44
0.34
0.49
3.096
Hexan-1-ol
0.210
0.46
0.34
0.48
3.594
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Table 10.9 Continued
Heptan-1-ol
Octan-1-ol
Nonan-1-ol
Decan-1-ol

0.202
0.197
0.199
0.191

0.50
0.47
0.39
0.45

0.30
0.31
0.38
0.30

0.51
0.52
0.51
0.53

4.091
4.614
5.109
5.609

The L descriptor is likely to be the most accurate descriptor when using all the data just
mentioned, i.e. data included in “All”. Table 10.10 shows the L value for different
members of the alkan-1-ol series obtained by Poole et al., and from data so-called “All”.
There is very little difference indeed between the two sets.

Table 10.10
Comparison of the L descriptor calculations.
L, Table 10.9
L, Poole et al.
Compound
Butan-1-ol
Pentan-1-ol
Hexan-1-ol
Heptan-1-ol
Octan-1-ol
Nonan-1-ol
Decan-1-ol

2.548
3.096
3.594
4.091
4.614
5.109
5.609

2.573
3.117
3.641
4.127
4.639
5.129
5.610

For the alkan-1-ols, comparison of the standard deviation, sd, by using both Poole et al.
and the “All” descriptors values indicates that the difference between the resulting sd
values for L obtained by Poole et al. and by the “All” method is not significant, see
Table 10.11. The sd values obtained by Poole et al. are always smaller, but those from
the “All” method are still quite good.

Table 10.11
Comparison of the sd values for the alkan-1-ols by using both Poole et al. and “All”
data.
Butan-1-ol
Pentan-1-ol
Hexan-1-ol
Heptan-1-ol
Poole's
Poole's
Poole's
All
All
All
All Poole's
176
206
244
95
P+L count
0.050
0.044
0.049
0.056
P+L sd
20
17
19
17
P count
0.082
0.072
0.078
0.094
P sd
156
128
189
155
225
193
78
48
L count
0.045 0.018 0.040 0.014 0.046 0.014 0.044 0.011
L sd
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Table 10.11 Continued
Octan-1-ol
Nonan-1-ol
Decan-1-ol
All Poole's
All Poole's
All Poole's
208
53
95
P+L count
0.043
0.050
0.044
P+L sd
5
3
3
P count
0.137
0.154
0.139
P sd
203
178
50
37
92
80
L count
0.039 0.014 0.041 0.009 0.039 0.020
L sd
For “P+L”, values of sd lower than 0.150 are considered acceptable. In Table 10.11, the
sd on “P+L” for all the alkan-1-ols is lower than 0.057, indeed. These low values lead to
the following conclusions:
1. Introducing log P and refractive index values to calculate descriptor values do not
worsen significantly the results, in terms of the sd values, and the log P values give
a very significant advantage in that the B descriptor can be calculated.
2. Use of just GLC data or use of more complete data, such as log P and GLC data,
does not alter the obtained L values significantly.
3. The higher sd values for the log P calculations for octan-1-ol, nonan-1-ol, and
decan-1-ol are consequence of the low number of log P values and their variability
and not because of the failure of the method to calculate descriptor values.

The aim to obtain descriptors for members of a homologous series is (1) to know
the descriptors for those members, which will be used to predict some property of the
solutes in a given system; and (2) to predict descriptors for other members of the
homologous series, especially for those compounds where there is a lack of data.
The UCL database contains other alkan-1-ols than those calculated by Poole et
al., and it is useful to include in a plot these other alkan-1-ols, i.e. C1 (methanol), C2
(ethanol) and C3 (propan-1-ol). Thus there will be two sets of plots, the first one
includes the values for C1-C3 alkan-1-ols and Poole’s data, and the second one includes
the values for C1-C3 alkan-1-ols and the “All” descriptors. The reason to plot C1-C3
with Poole’s and “All” descriptors is to see how well the two sets of data are compatible
with the descriptors for methanol, ethanol and propan-1-ol, which were not calculated
by either of the two models. The plots for alkan-1-ols ranging from methanol to decan1-ol are shown in Figure 10.8.
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Table 10.12
Descriptor values from the UCL database for C1-C3 alkan-1-ols.
Compound
E
S
A
B
Methanol
0.278
0.44
0.43
0.47
Ethanol
0.246
0.42
0.37
0.48
Propan-1-ol
0.236
0.42
0.37
0.48

E Values for C1-C3 and Poole's data

L
0.970
1.485
2.031

S Values for C1-C3 and Poole's data
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Figure 10.8. Plots of descriptor values using C1-C3 (▲) and Poole’s data (•).
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As was mentioned in section 10.4.2, Poole’s method to obtain descriptors cannot
be applied to the calculation of B. The GLC processes used by Poole et al. for S, A, and

L were added to water to solvent partitions. In order to obtain the B descriptor values
that were compatible with the S, A, and L values of Poole et al., S, A, and L were taken
as the Poole et al. values, and the B value was allowed to float. Thus in Figure 10.8, the
Poole et al. data for S, A, and L for butan-1-ol to decan-1-ol are the same as those in
Figure 10.6.
Again, neither E nor S descriptor plots fit any trend with their values going up
and down with no criterion. The A and B values plots are considered to fit a trend, the A
value plot having a negative slope against the number of carbon atoms in the compound
and the B value plot having a positive slope; however, in both of the plots both nonan1-ol and decan-1-ol show abnormal values. Both of these plots (A and B) with C1-C3
and Poole’s data have the same trend as those ones using C1-C3 and “All” data (see
Figure 10.9), i.e. a negative slope for A values and a positive slope for B values. It is
reasonable that Poole’s L values fit perfectly to those ones for C1-C3 since GLC data is
the way to obtain the best possible L value, and in any case L values are the most
accurately determined.
In Figure 10.9 the descriptor values for the alkan-1-ols C1-C3 are added to the
set of “All” descriptors. As was expected the E values tend to decrease with the number
of carbon atoms in the molecule. The refractive index for nonan-1-ol ranges from 1.433
to 1.434, so we consider 1.434 as the appropriate value (there is no reason to consider
1.433 as a wrong value). This value of 1.434 leads to an E value of 0.199, whereas a
refractive index of 1.433 leads to an E value of 0.191. Therefore, representation of those
values in a plot displays a slight deviation of the E descriptor value for nonan-1-ol, if a
refractive index of 1.434 is used or a slight deviation of the E descriptor value for
decan-1-ol, if a refractive index of 1.433 is used (plot not displayed).
The S value plot does not follow any trend; however, most of the data points are
distributed randomly in the range 0.42-0.47, hence a large positive or negative slope is
unlikely to occur. Heptan-1-ol and nonan-1-ol are the compounds with the largest
deviation.
Plots of A and B values fit the trends cited above. In the A value plot nonan-1-ol
does not quite fit the trend. For the B value plot hexan-1-ol is the compound not fitting
to the trend; however, its deviation is smaller than that of nonan-1-ol in the A value
plot.
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The L values from the “All” method and from Poole et al. are so close, see
Table 10.10, that it is impossible by eye to distinguish the L-plots in Figures 10.8 and
10.9. Therefore the L values do not worsen by introducing log P data, and E calculated
from the refractive index.
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Figure 10.9. Plots of descriptor values using C1-C3 (▲) and “All” data (•).
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Since nonan-1-ol is the compound with the largest deviation for most of the
descriptors, it would be interesting in future work to study whether nonan-1-ol would fit
better to the trends by using the value 1.433 as its refractive index.

Prediction of new descriptors based on trend-lines

10.4.2.1

The prediction of descriptors makes necessary that those descriptors fit a trend.
This trend can be distinguished for Poole’s data in A and L values, whereas it can be
distinguished for the “All” data in E, A, B, and L values. Therefore, we will trace trendlines of those descriptors for C4-C10 for the “All” data. Thereafter, new plots for alkan1-ols C1-C10 will be displayed to check the goodness of the fit (see Figure 10.10).
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Figure 10.10. Plots of descriptor values using C1-C3 (▲) and “All” data (•) fixed by
trend-lines.
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Adding to the plots the descriptor values for C4-C10 obtained by their trend-line will be
useful to check the goodness of this prediction. Certainly, this is not enough to assure
these new descriptors for alkan-1-ols C4-C10 are the most suitable ones; however, by
checking their sd using Solver with refractive index, log P values as well as GLC data
reported by Poole et al., it will be demonstrated whether those fits are suitable and
therefore, descriptors for any alkan-1-ol could be precisely predicted (see Table 10.13).

Table 10.13
Comparison of the sd by using both “All” Data (Original) and “All” Data fixed by
Trend-line (Trend-line).
Butan-1-ol

Pentan-1-ol

Hexan-1-ol

Original

Trend-line

Original

Trend-line

Original

Trend-line

P+L count

176

176

206

206

244

244

P+L sd

0.05

0.058

0.044

0.049

0.049

0.054

P count

20

20

17

17

19

19

0.082

0.115

0.072

0.092

0.078

0.107

156

156

189

189

225

225

0.045

0.046

0.040

0.044

0.046

0.047

P sd
L count
L sd

Heptan-1-ol

Octan-1-ol

Nonan-1-ol

Original

Trend-line

Original

Trend-line

Original

Trend-line

95

95

208

208

53

53

P+L sd

0.056

0.064

0.043

0.045

0.05

0.066

P count

17

17

5

5

3

3

0.094

0.113

0.137

0.113

0.154

0.212

P+L count

P sd
L count
L sd

78

78

203

203

50

50

0.044

0.048

0.039

0.043

0.041

0.053

Decan-1-ol
Original

Trend-line

95

95

P+L sd

0.044

0.054

P count

3

3

0.139

0.135

P+L count

P sd
L count
L sd

92

92

0.039

0.051

Figure 10.10 shows a very good agreement between the values for C1-C3 alkan-1-ols
and C4-C10 (S value for butan-1-ol was fixed to 0.44 instead of 0.45 to smooth the
plot). The modification for the A value does not alter significantly the results for any of
the compounds. For the S value, only ethanol and propan-1-ol are slightly smaller than
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the expected ones. Methanol is the only compound that deviates in the A value plot
whereas all the alkan-1-ols precisely fit the expected values. L values fit a perfect
straight line with a positive slope (not shown). The calculation of those descriptor
values by this process leads to non-significant sd of the results regarding the sd obtained
by not using trend-line. Next, we will extrapolate the trend-line for C4-C10 to C1-C10
and we will obtain new descriptors for C1-C3. Table 10.14 compares the sd between the
descriptors obtained for C4-C10 by extrapolating C1-C10 and the original “All” data.

Table 10.14
Comparison of the sd by using “All” Data (Original) and “All” Data fixed by Trendline for C1-C10 (Trend-line).
Pentan-1-ol

Butan-1-ol
Original Trend-line

Hexan-1-ol

Original

Trend-line

Original

Trend-line

P+L count

176

176

206

206

244

244

P+L sd

0.05

0.057

0.044

0.053

0.049

0.056

P count

20

20

17

17

19

19

0.082

0.11

0.072

0.101

0.078

0.117

156

156

189

189

225

225

0.045

0.046

0.040

0.047

0.046

0.048

P sd
L count
L sd

Heptan-1-ol

Octan-1-ol

Nonan-1-ol

Original

Trend-line

Original

Trend-line

Original

Trend-line

95

95

208

208

53

53

P+L sd

0.056

0.064

0.043

0.045

0.05

0.066

P count

17

17

5

5

3

3

0.094

0.113

0.137

0.113

0.154

0.212

78

78

203

203

50

50

0.044

0.048

0.039

0.043

0.041

0.053

P+L count

P sd
L count
L sd

Decan-1-ol
Original

Trend-line

95

95

P+L sd

0.044

0.051

P count

3

3

0.139

0.13

P+L count

P sd
L count
L sd

92

92

0.039

0.048
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Results from Table 10.14 validate our hypothesis that unknown descriptor
values can be accurately calculated for new compounds in a homologous series by using
trends of descriptor values in such homologous series.

10.4.3 Conclusions

•

As is shown in Figure 10.6, regardless of the expected trend (negative slope) for the E
descriptor values, E values obtained by Poole et al. are randomly distributed all over
the plot. These values will not help to predict new E values for other members of the
alkan-1-ols family. Since such E values are known for most of the compounds by
using refractive index, there is no point to use this descriptor as an unknown variable
in the system.

•

Even though B values have been calculated using Poole et al.’s data (see Figure 10.8)
the log P values for these compounds must be included in Solver, otherwise the B
values can not be calculated by using only GLC data, see the comment of Poole et al.
[21] on page 303 “since, solute hydrogen-bond basicity does not contribute to
retention on these columns they are unsuitable for estimating the B solute descriptor”.

•

The use of GLC data will mainly help to obtain an accurate L descriptor value due to
its overall contribution to the independent variable value; however, using only a few
GLC systems and log P values as well as the refractive index will lead to almost the
same results as those obtained with a large number of GLC data as Poole et al. [21]
state in page 306 “for the L solute descriptor changes are minor and in many cases
probably statistical fluctuations”.

•

Cross-correlation among descriptor values is an important method to estimate the
degree to which these two series of data are correlated. Both of the methods studied
lead to similar results as Poole et al. [21] state in page 310 “there is little difference in
the cross-correlation matrices for the revised and original descriptor sets”. Therefore,
cross-correlation cannot be used to justify the goodness of Poole et al.’s method
versus the present model to calculate descriptor values.

•

In conclusion, a large amount of time is necessary to set up the very large number of
GLC systems used by Poole. The calculations of Poole involve the random dispersion
of the E descriptor values and the lack of any B values. In the present method, only a
few GLC systems are used, and are combined with log P values to determine
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descriptor values. The result is that very similar L values are obtained by the two
methods, and that much more realistic values of the other descriptors are obtained by
the present method. Poole et al.’s method to calculate descriptors seems not to be as
useful as a method that uses fewer GLC data, log P values and the refractive index.
Therefore, the present method will always be used to calculate new descriptors for
compounds, and to predict new descriptors based on the descriptors previously
calculated for compounds of the same homologous series.
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Chapter 11

Experimental determination of oxime descriptors

11.0 INTRODUCTION
The oximes were important derivatives of aldehydes and ketones, often used for
identification in the 19th and early 20th century. Their use as derivatives has declined,
but a number of oximes are still important.
Currently, oximes are the centre of a controversy because of their usefulness as
treatment on acute organophosphate pesticide poisoning has been challenged over the
past years by physicians who have failed to see benefit in their use.
In order to predict biological and toxicological properties of the oximes, their
Abraham descriptors (or solvation parameters) are required. This work is focused on
determining new sets of descriptors for both cyclohexanone oxime (CyO) and acetone
oxime (AcO). Descriptors have been obtained from measurements of water to solvent
partition values, P, as log P values; and GLC retention data.
The selection of the water-solvent systems used in this work is based on the
predicted log P values for the oximes in these particular systems, with CyO log P values
between –1 and 1. The use of these water-solvent systems leads to more accurate results
that those obtained by using water-solvent systems for which log P values are greater.
The selection of the water-solvent systems employed on determination of descriptors
for AcO is based on the same reasoning than that for CyO.
The use of GLC retention data complements the descriptors obtained via watersolvent systems and lead to reliable L descriptor values due to the large influence of the
l·L term in the Abraham equations for GLC retention.

11.1 EXPERIMENTAL

11.1.1 Determination of log P values

Abraham descriptors for oximes were determined through experimental log P
values using water-solvent systems that have already been characterized, see Table
11.1. CyO and AcO were used as received. As necessary, solvents were pre-equilibrated
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with water, and the water saturated with the solvent and the solvent saturated with water
were used in the experiments. In this work, the only system that needed pre-saturation
was the water-octanol system. In Table 11.1 are given the coefficients of equations for
water to solvent, air to solvent, and air to water partitions used to determine descriptors
for oximes.

Table 11.1
Coefficients in the water-solvent, air-solvent, and air-water partition equations used
to calculate descriptors for oximes.
c
e
s
a
b
v/l
System
Water-octanol
0.088
0.562
-1.054
0.034
-3.460
3.814a
Water-chloroform
0.327
0.157
-0.391
-3.191
-3.437
4.191a
Water-hexane
0.361
0.579
-1.723
-3.599
-4.764
4.344a
Water-toluene
0.143
0.527
-0.720
-3.010
-4.824
4.545a
Gas-water
-0.994
0.577
2.549
3.813
4.841
-0.869a
Gas-octanol
-0.198
0.002
0.709
3.519
1.429
0.858b
Gas-chloroform
0.116
-0.467
1.203
0.138
1.432
0.994b
Gas-hexane
0.292
-0.169
0.000
0.000
0.000
0.979b
Gas-toluene
0.121
-0.222
0.938
0.467
0.099
1.012b
Gas-water
-1.271
0.822
2.743
3.904
4.814
-0.213b
a
b

The coefficient v is used
The coefficient l is used

Following the requirements of the shake-flask method to calculate log P values,
solute molarity in either phase must not be greater than 0.01M, and a Sartorius SC-2
microbalance was used to determine the weight of CyO and AcO samples. Furthermore,
solvents were poured into the sample vessel in decreasing order of density to avoid the
formation of bubbles and emulsions. The vessels were fully filled with both solvents so
solute evaporation does not occur.
Dilute solutions of the oximes in water were gently shaken (1 hour) with the
organic solvent and left to equilibrate at room temperature (30 minutes) before the first
sample was taken and injected into the gas chromatograph. The effect of temperature on
partition coefficient is not great if the solvents are not very miscible with each other [1],
such effect is usually of the order of 0.01 log unit per degree.
Portions of the organic layer and the aqueous layer were carefully withdrawn
using a SGE micro-volume hypodermic syringe and directly injected into a Perkin
Elmer F-33 gas chromatograph with Carbowax-20M as stationary phase at 101˚C. The
volumes withdrawn (Vs and Vw) were arranged so that the area under the GLC peaks
was almost the same for the aqueous and organic layers. Volumes taken ranged from 2
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to 60.5 µL. Alhough sample volumes as low as 2 µL were used, it is suggested that
larger volumes, e.g. 20 µL, will provide more accurate results.
Peak areas from the solvent phase (As) and from the water phase (Aw) were
measured and used in Eq. (11.1) to determine the water-solvent partition coefficient
value, P.

P=

Cs
A V
= s s
C w A w Vw

(11.1)

Here Cs is the solute concentration in the solvent phase, Cw is the solute concentration
in the water phase, Vs is the volume of solvent phase introduced in the chromatograph,
and Vw is the volume of water phase injected. The water-solvent partition coefficient
value was obtained as an average of at least three reproducible measurements in each
phase.
Operating conditions were as follows:

Gas Chromatograph

Perkin Elmer F-33

Oven Temperature

101 ± 0.2 ˚C

Stationary Phase

Carbowax 20M

Injector Temperature

250˚C

Detector Temperature

250˚C

The general experimental set-up employed to determine log P values is shown in Figure
11.1.
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Figure 11.1. System used to measure water-solvent partition coefficients.

11.1.2 GLC retention data

Four GLC stationary phases were each calibrated using 45-65 solutes of known
descriptors: CW-20M at 101oC, DEGS at 87oC, HP-Innowax at 100oC and OV-275 at
89oC. The coefficients for those stationary phases are given in Table 11.2.

Table 11.2
Coefficients in the GLC equations used to calculate descriptors for oximes.
c
e
s
a
b
System
CW-20M
-3.378
0.313
1.236
1.762
0.333
OV-275
-2.822
0.355
1.650
1.797
0.325
HP-Innowax
-2.675
0.033
1.290
1.703
-0.051
DEGS
-3.296
0.327
1.568
1.882
0.297

l
0.479
0.341
0.386
0.424

CyO or AcO were then injected onto a given phase together with standard compounds
as references, and retention data obtained under the same conditions as the calibration.
The internal standards were heptan-1-ol for CW-20M, DEGS, and HP-Innowax and
hexan-1-ol for OV-275. A number of secondary standards were also used.
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11.2 RESULTS

11.2.1 Descriptors for Cyclohexanone Oxime

11.2.1.1 Water-solvent partition values
For CyO, the partition coefficients in each water-solvent system are given in
Table 11.3.

Table 11.3
Experimental partition coefficients in different water-solvent systems for CyO.
System
Experimental log P value
Water-octanol
0.988
Water-toluene
0.260
Water-chloroform
0.821
Water-hexane
-0.599
These log P values are the result of several duplicates in different water-solvent
systems, such duplicates are given below.

11.2.1.1.1 Water-octanol partition coefficient
The results for the water-octanol system are reported in Table 11.4,

Table 11.4
Experimental data for the water-octanol partition of CyO.
Measure Phase
Areaa
Injected Volumeb
Octanol
863846
2
1
Water
355472
8
Octanol
416212
2
2
Water
552605
8
Octanol
449340
2
3
Water
184921
7.1
* Anomalous result as a result of failure to inject
chromatographic system.
a
the units for the area are µV/s
b
the units for injected volume are µL

Concentration log P
43192
0.988
4443
416212
0.479*
552605
449340
0.936
184921
properly the sample in the

The results lead to values for log P of 0.988 and 0.936, which are very similar to
each other and are in accordance to the calculated log P value reported for different
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software packages. A selection of 0.988 as the log P value for water-octanol was based
on (1) choosing 0.988 or 0.936 barely modifies the results and (2) 0.988 is closer to the
calculated values from software packages than 0.936. The calculated log P values range
between 1.12 and 1.20.

11.2.1.1.2 Water-toluene partition coefficient
The experimental procedure to calculate water-toluene partition coefficient is
the same than for the water-octanol system, except that in this case the solvents are not
pre-saturated in each other. The results of these analyses are reported in Table 11.5.

Table 11.5
Experimental data for the water-toluene partition of CyO.
Injected Volumeb
Measure Phase
Areaa
Toluene
442801
2
1
Water
364615
3
Toluene
525607
3
2
Water
174806
3
Toluene
458178
3
3
Water
327601
3
Toluene
571654
3
4
Water
292495
3
Toluene
3223745 20
5
Water
2332237 20
* Anomalous result as a result of failure to inject
chromatographic system
a
the units for the area are µV/s
b
the units for injected volume are µL

Concentration
log P
221401
0.260
121538
175202
0.478*
58269
152726
0.150
109200
190551
0.290
97498
161187
0.140
116612
properly the sample in the

For the water-toluene system, the value 0.478 is an outlier, thus there are four measures
of log P values accurately determined. Two of those measures are quite close to each
other, 0.14 and 0.15, other is 0.26 and other 0.29. Instead of taking the average value of
those four measures, 0.21, we will take 0.26 which is a value experimentally determined
and is between the set of four measures. Taking log P as 0.26, or the average value,
0.21, does not change significantly the values of the descriptors.
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11.2.1.1.3 Water-hexane partition coefficient
For the water-hexane system, the study was carried out following the same
procedure as that for the water-toluene system and the results are shown in Table 11.6.

Table 11.6
Experimental data for the water-hexane partition of CyO.
Injected Volumeb
Measure Phase
Areaa
Hexane 764484
20
1
Water
3261030
20
Hexane 885095
20
2
Water
3285582
20
Hexane 958827
20
3
Water
3779517
20
a
the units for the area are µV/s
b
the units for injected volume are µL

Concentration
38224
163052
44255
164279
47941
188976

log P
-0.630
-0.570
-0.596

In this case, the replicates led to such a good agreement that the average value of the
three measures of log P, -0.599, was taken as the experimental log P value to be
included in the Solver spreadsheet.

11.2.1.1.4 Water-chloroform partition coefficient
Again, the study for the water-chloroform system was carried out following the
same procedure as that for the water-toluene system. Results for CyO in waterchloroform are shown in Table 11.7.

Table 11.7
Experimental data for the water-chloroform partition of CyO.
Measure Phase
Areaa
Injected Volumeb Concentration
Chloroform 3373707
20
168685
1
Water
1025639
40
25641
Chloroform 3513934
20
175697
2
Water
1005505
39.5
25456
Chloroform 3846447
20
192322
3
Water
1205768
40
30144
a
the units for the area are µV/s
b
the units for injected volume are µL

log P
0.818
0.839
0.805

For the water-chloroform system, the log P value was taken as the average value of the
three measures, 0.821.
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11.2.1.2 GLC studies for Cyclohexanone Oxime
GLC retention data for CyO were obtained using the same conditions as those
for the characterization of the stationary phases. Table 11.8 displays the GLC retention
data obtained for CyO using different stationary phases. CyO is a solid and is dissolved
in methanol to be analyzed.

Table 11.8
GLC retention data of CyO in different stationary phases.
System
tr’
log tr’
CW-20M
6.668
0.824
OV-275
12.764
1.106
HP-Innowax
5.821
0.765
DEGS
9.204
0.964
Figure 11.2 illustrates the results for CyO in Solver when all the experimental GLC
results and the experimental log P values previously reported are included in the
spreadsheet. The V descriptor value can simply be calculated by summation of atomic
fragments and number of bonds in a molecule, and the E-descriptor was estimated by
comparison to experimental values for liquid oximes.
CyO is a solid, but a number of lower oximes are liquids whose refractive index
has been measured, [2] and for which E has been calculated. Calculated E values were
also obtained from the ACD refractive index, [3] and values of E were also calculated
through the PharmaAlgorithm (PHA) program, [4] (data not shown). The ACD values
are all too low, but the PHA values show good agreement with the experimental values.
Thus, for CyO, the PHA value of 0.58 was taken. A value of E = 0.39 for AcO was
used (slightly larger than that for the liquid butanone oxime).

235

Figure 11.2. Solver for CyO including experimental log P values determined in this work.
For CyO, a total of 53 equations for which SP values, i.e. water-solvent, airsolvent partition coefficients and GLC retention data, are available can be fitted with a
sd of only 0.063 log units with the following descriptors, E = 0.58, S = 0.90, A = 0.33,

B = 0.61, V = 0.9609, L = 4.320.
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Figure 11.3. Solver for CyO including water-solvent partition values and GLC obtained
in this work as well as GLC retention data reported by Poole et al.
For CyO, experimental GLC retention data obtained by Poole et al. fit the
predictive values obtained by the Abraham solvation equation with a standard deviation
of 0.03 log units. However, the use of GLC retention data only does not allow obtaining

B descriptor values and thus, the GLC retention data need to be combined with some
water-solvent partition values to obtain B descriptor values.
From Figure 11.3, it can be observed that the standard deviation of the log L
values* is lower than 0.06 log units. Most of those L values included in the Excel
spreadsheet, 39 out of 48 data points, are GLC retention data supplied by Poole et al.
thus, the inclusion of water-solvent partition values (and gas-solvent partitions by
means of Eq. (10.3)) along with Poole et al’s data does not diminish the accuracy of the
results.

* Here L value is the gas to condensed phase partition coefficient value.
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11.2.2 Descriptors for Acetone Oxime

11.2.2.1

Water-solvent partition values

Table 11.9
Partition coefficients in different water-solvent systems for acetone oxime.
Solvent
log P
Octanol
0.120 [5]
Toluene
-0.981
Chloroform
-0.297
Hexane
-1.725
For acetone oxime, the results for each water-solvent system shown in Table 11.9 are
broken down in Tables 11.10-11.12. There are no experimental measures on wateroctanol in the present work, because a reliable log P value for the system is reported in
the literature [5]. Thus, values of log P in three water-solvent systems, i.e. watertoluene, water-hexane, and water-chloroform, were determined experimentally in order
to obtain descriptor values for acetone oxime.

11.2.2.1.1 Water-toluene partition coefficient
Table 11.10
Experimental data for water-toluene partition of acetone oxime.
Injected Volumeb Concentration
Measure Phase
Areaa
Toluene
238160
20
11908
1
Water
1981676
20
99084
Toluene
203062
20
10153
2
Water
1940411
20
97021
Toluene
198659
20
9933
3
Water
1905983
20
95299
a
the units for the area are µV/s
b
the units for injected volume are µL

log P
-0.920
-0.980
-0.982

The average value of measures 2 and 3, -0.981, is taken to determine descriptors for
AcO because these 2 measures were statistically equal. If the log P value determined in
measure 1 is taking into account for the average log P value of the three measurements,
not significant difference in the average value is achieved and therefore descriptors
based on that average value will not be significantly different to those obtained using 0.981.
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11.2.2.1.2 Water-hexane partition coefficient
Table 11.11 displays the results of the partition of AcO in the water-hexane
system. The predicted log P value for AcO in this system was quite low, close to -2,
thus inaccurate measures are likely to occur. To confirm the log P value in this system,
five determinations were carried out. This water-solvent system indicates how good is
the method to calculate log P values.

Table 11.11
Experimental data for water-hexane partition of acetone oxime.
Measure Phase
Areaa
Injected Volumeb
Concentration
Hexane 94899
50
1898
1
Water
2309466
20
115473
Hexane 135300
60.5
2236
2
Water
2087586
20
104379
Hexane 82195
60
1370
3
Water
1545034
20
77252
Hexane 93328
60
1555
4
Water
1684680
20
84234
Hexane 114825
60
1914
5
Water
1842721
20
92136
a
the units for the area are µV/s
b
the units for injected volume are µL

log P
-1.784
-1.669
-1.751
-1.738
-1.682

The average value, -1.725, is taken as log P of AcO for water-hexane partition.

11.2.2.1.3 Water-chloroform partition coefficient
Table 11.12
Experimental data for water-chloroform partition of acetone oxime.
Measure Phase
Areaa
Injected Volumeb Concentration
Chloroform 973544
20
48677
1
Water
4898038
40
122451
Chloroform 849632
20
42482
2
Water
1923661
20
96183
Chloroform 913012
20
45651
3
Water
1809229
20
90461
a
the units for the area are µV/s
b
the units for injected volume are µL

log P
-0.400
-0.355
-0.297

The average value of those three measures, -0.351, is taken as the correct value due to
the small sd of the measures, 0.05.
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11.2.2.2 GLC studies for Acetone Oxime
The GLC retention data obtained in this work are reported in Table 11.13.

Table 11.13
GLC retention data for acetone oxime.
System
CW-20M
OV-275
HP-Innowax
DEGS

tr'
0.516
1.143
0.593
0.705

log tr'
-0.287
0.058
-0.227
-0.152

These data along with water-solvent partition data reported in Table 11.9 were
used to obtain descriptors for AcO. Sixteen equations for which SP values, i.e. watersolvent, air-solvent partition coefficients and GLC retention data, were available can be
fitted with a sd of only 0.040 log units with the following descriptors, E = 0.39, S =
0.66, A = 0.37, B = 0.56, V = 0.6468, L = 2.557.

Table 11.14 summarizes the descriptor values for the oximes used in this work.
These descriptor values can be used to predict the biological and toxicological
properties of the oximes for which equations have been previously set up.

Table 11.14
Solvation descriptors for oximes determined in this work.
Oxime
E
S
A
B
V
Cyclohexanone 0.58
0.90
0.33
0.61
0.9609
Acetone
0.39
0.66
0.37
0.56
0.6468

L
4.320
2.557
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Chapter 12

Determination of Solvation Parameters of Refrigerants

12.0 INTRODUCTION
The development of chlorofluorocarbons (CFCs) as refrigerants started in the
late 1920s and their use as refrigerants increased dramatically in the following decades
due to their non-toxic and non-flammable properties [1]. In spite of their promising
properties, CFCs are responsible for ozone depletion because of their chemical stability
since there are not destructive mechanisms for CFCs in the troposphere, thus, once
released, they rise to the stratosphere and are decomposed by solar ultraviolet (uv)
radiation [1]. The main uses of CFCs are as refrigerants, foam-blowing agents for
polystyrene and polyurethane and as industrial solvents and cleaning agents.
Hydrofluorocarbons (HFCs) are used as replacements for CFCs. HFCs have
been used as acceptable alternatives to CFCs because they possess several
characteristics including near-zero ozone depletion potentials [2], similarity to CFCs in
physical properties, short atmospheric lifetimes, less- or non-flammable, low global
warming potentials, and are not expensive [3]. Nevertheless, following their releases
into the environment, these compounds reside in the atmosphere and their photolytic
degradation leads to formation of chemicals (e.g. trifluoroacetic acid) that can trigger
irritation of skin and mucosa [4].

12.1 EXPERIMENTAL
One simple method of determining Abraham descriptors for a compound is to
use retention data for the given compound on a set of characterized GLC stationary
phases. Such a set of stationary phases was already available. However, preliminary
studies that used calculated descriptors obtained by different software packages, such as
UNIX and ADME Boxes v.3.0 [5], indicated that the refrigerants to be studied would
elute too rapidly at any operational temperature to allow retention data to be obtained.
Another method of determining Abraham descriptors is through experimental watersolvent partition coefficients, using water-solvent systems that have already been
characterized. The usual analytical method for the determination of the compound in the
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two phases is uv/vis spectroscopy, but this cannot be applied easily to the refrigerants
because they possess no chromophore. However, an alternative analytical method is to
use GLC; known portions of the two phases are chromatographed on a suitable column,
and concentrations in the two phases found from the corresponding peak areas.
Preliminary work suggested that this procedure could lead to considerable inaccuracy in
any obtained water-solvent partition coefficient, P, values as log P. Because the
refrigerants have large log P values, the experimental set-up involves the use of a rather
large volume of water and a very small volume of the organic solvent phase. Inaccurate
log P values might be obtained through the difficulty of taking a probe from the small
volume of organic solvent, as well as difficulties due to the extreme volatility of the
refrigerants.
To overcome these difficulties, air-solvent partition coefficient values, Ks, were
determined instead of water-solvent values. These quantities are related through the airwater partition coefficient value, Kw, [6] as shown in Eq. (10.3).
In this way, descriptor values for 1,1,1,3,3,3-hexafluoropropane (CAS Number
690-39-1),

and

chlorodifluoromethane

(75-45-6)

have

been

obtained

from

experimentally determined air-solvent partition coefficients.
The methodology used in this work involves setting up a dilute solution of the
refrigerant in a given solvent. The solution is thermostated and allowed to come to
equilibrium with the gas above the solution. To obtain a diluted solution of refrigerant
in a given solvent, the refrigerant is bubbled throughout the solvent for approximately
10 minutes. Next, the system is sealed and stirred for 20 minutes; after stirring the flask
is placed into a thermostated bath at 25˚C ± 0.5˚C. The solution is thermostated for
approximately one hour before the first sample is taken and injected into the gas
chromatograph.
Samples of the vapour phase and the liquid phase are withdrawn separately,
using hypodermic syringes, and analysed by analytical GLC. Volumes taken from the
vapour phase range from 6 to 200 µL, and volumes from the liquid phase range from
0.3 to 50 µL. These volumes were injected straight onto the GLC column for analysis.
The areas of the resulting peaks from the vapour phase (Ag) and from the liquid phase
(As) were measured and used in Eq. (12.1) to determine the air-solvent partition
coefficient, Ks.
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Ks =

Cs
A V
= s s
C g A g Vg

(12.1)

Here Cs is the solute concentration in the liquid phase, Cg is the solute
concentration in the vapour phase, Vs is the volume of liquid phase introduced in the
chromatograph, and Vg is the volume of vapour phase injected. The general
experimental set-up is shown in Figure 12.1.

Gas or liquid
microsyringe

Rubber
Septum

Head-space
flask

12.0.1.1.1.1
Thermostated
bath

Solution

Figure 12.1. Head-space system used to measure air-solvent partition coefficients.

Operating conditions were as follows:

Gas Chromatograph

Perkin Elmer F-33

Oven Temperature

51 ± 0.2 ˚C

Stationary Phase

Carbowax 20M

Injector Temperature

250˚C

Detector Temperature

250˚C
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12.2 RESULTS
Descriptors were obtained by the “best-fit” method in Solver, which is a
Microsoft Excel tool. Experimental air-solvent and water-solvent partition coefficient
values obtained by means of Eq. (10.3) were introduced into an Excel spreadsheet along
with the corresponding air- and water-solvent partition equations. Solver then calculates
the descriptor values that lead to the smallest standard deviation between experimental
and calculated partition coefficient values. In Table 12.1 are given the coefficients for
the air-solvent, water-solvent, and air-water equations used to determine solute
descriptors. GLC data obtained by Bruno [7] were also used to obtain descriptors for
1,1,1,3,3,3-hexafluoropropane, see Table 12.1.

Table 12.1
Coefficients in equations for water to solvent, air to water, and gas to solvent partitions,
at 298K.
c
e
s
a
b
l
v
Gas phase (P) a, b

-0.994 0.577

2.549

Water-octane a, b

0.223

0.642

Water-hexadecane b

0.087

Water-propanol a, b
Water-octanol (wet) b

4.841

0.000

-0.869

-1.647 -3.480

-5.067

0.000

4.526

0.667

-1.617 -3.587

-4.869

0.000

4.433

0.148

0.436

-1.098 0.389

-3.893

0.000

4.036

0.088

0.562

-1.054 0.034

-3.460

0.000

3.814

0.143

0.527

-0.720 -3.010

-4.824

0.000

4.545

Water-nitromethane b

0.023

-0.091 0.793

-1.463

-4.364

0.000

3.460

Water (K) a, b

-1.271 0.822

2.743

3.904

4.814

-0.213

0.000

Air-octane a, b

0.215

-0.049 0.000

0.000

0.000

0.967

0.000

Air-hexadecane b

0.000

0.000

0.000

0.000

0.000

1.000

0.000

-0.028 -0.185 0.648

4.022

1.043

0.869

0.000

-0.198 0.002

0.709

3.519

1.429

0.858

0.000

-0.222 0.938

0.467

0.099

1.012

0.000

Air-nitromethane b

-0.340 -0.297 2.689

2.193

0.514

0.728

0.000

Saline (37˚C) a

-1.471 0.724

2.604

4.147

4.447

-0.188

0.000

Olive oil b

-0.156 -0.254 0.859

1.656

0.000

0.873

0.000

Bruno (-20˚C) a

0.847

-2.165 -1.186 0.366

1.952

2.322

0.000

Water-toluene

a, b

Air-propanol a, b
Air-octanol (wet)
Air-toluene

b

a, b

0.121

3.813
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Table 12.1 Continued
Bruno (0˚C) a

0.872

-2.164 -1.144 0.496

0.588

2.276

0.000

Bruno (20˚C)

a

1.602

-1.863 0.637

-0.492

-2.543

1.498

0.000

Bruno (40˚C)

a

1.557

-1.682 0.151

0.954

-1.581

1.550

0.000

a

Used to determine 1,1,1,3,3,3-hexafluoropropane descriptors

b

Used to determine chlorodifluoromethane descriptors

The experimental air-solvent partition coefficient value, Ks, was obtained as an
average of at least three reproducible measurements in each phase; the standard
deviation and the error, as a percentage, were calculated for each measurement. For
most of the Ks values, four to five measurements were used to obtain the partition
coefficient value. As an example, Table 12.2 illustrates the peak areas obtained for
chlorodifluoromethane in the air-toluene system along with the standard deviation, sd,
and error on the measurements.
Table 12.2
Peak area values leading to air-toluene partition for chlorodifluoromethane.
12.2.1.1.1.1
Peak Area (µV/s)*
Air (Cg)

Toluene (Cs)

Measurement 1

11712

225189

Measurement 2

11468

225950

Measurement 3

11604

235387

Measurement 4

10879

226297

Average

11416

228206

sd

372

4810

% Error

3.26

2.11

Ks

19.99

% Error

3.88

log Ks

1.301 ± 0.017

* Peak area per microliter of phase.

E descriptor values for halo-alkanes can be accurately predicted [8] using the number of
halogen atoms in the structure if the refractive index for the compound is not available.
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Neither of the halo-alkanes in this study have an experimental refractive index value as
the liquid at 20˚C, hence E descriptor values for 1,1,1,3,3,3-hexafluoropropane and
chlorodifluoromethane were calculated using Eq. (12.2):

E alkane = 0.643 ⋅ nI + 0.328 ⋅ nBr + 0.140 ⋅ nCl − 0.098 ⋅ nF
n = 220

(12.2)

sd = 0.082

where nI, nBr, nCl and nF are the number of iodine, bromine, chlorine and fluorine
atoms in the structure respectively.

12.2.1 Descriptors for 1,1,1,3,3,3-hexafluoropropane

Air-solvent partition coefficient, Ks, values were experimentally determined for
solvents including water, octane, propan-1-ol, and toluene. Results from those
experiments along with experimental Ks values found in the literature for air-saline
partition at 37 ˚C [9] and GLC data from Bruno [7] are summarized in Table 12.3.

Table 12.3
P, Ks, and Kw values for 1,1,1,3,3,3-hexafluoropropane.
System
Calculated value* Experimental value*
Water-octane

1.929

1.883

Gas phase (P)

-0.940

-0.943

Water-toluene

2.108

2.223

Water-propanol

2.267

2.310

Air-octane

0.907

0.940

Water (K)

-0.919

-0.943

Air-toluene

1.122

1.280

Air-propanol

1.309

1.367

Bruno (-20˚C)

3.677

3.671

Bruno (0˚C)

3.651

3.640

Bruno (20˚C)

3.661

3.621

Bruno (40˚C)

3.704

3.594

Saline (37˚C)

-1.040

-1.155

247

*Here and elsewhere air-solvent, air-water, and water-solvent partition coefficient values are on a
logarithmic scale.

Data from Table 12.3 indicate that air-solvent partition values in the literature and
calculated partition values for those processes do not differ significantly. Hence
calculated descriptors in this study might be used to predict values for 1,1,1,3,3,3hexafluoropropane in any partition process. The combination of air- and water-solvent
partition coefficient values in Table 12.3 led to the 1,1,1,3,3,3-hexafluoropropane
descriptors shown below.

Descriptor

E

S

A

B

L

V

Value

-0.588

0.12

0.13

0.03

0.686

0.6375

The calculated partition coefficients fitted the experimental set of thirteen data points
with a standard deviation of only 0.079 log units.

12.2.2 Descriptors for Chlorodifluoromethane

Air-solvent partition coefficient values have been experimentally determined for
solvents including water, octane, propan-1-ol, nitromethane, and toluene. Results for
those solvents are shown in Table 12.4. Data reported by other authors on airoctanol(wet), air-hexadecane, and air-olive oil partition processes were also included.
Whereas literature values for air-octanol(wet) and air-hexadecane fit well to the
predicted value, the literature air-olive oil Ks value significantly deviates from the
predicted value. However, the literature air-olive oil Ks value was retained in the
spreadsheet calculations as it has been determined in three different studies.

Table 12.4
P, Ks, and Kw values for chlorodifluoromethane.
System
Calculated value
Experimental value
Water-octanol(wet)

1.038

1.080

Water-octane

1.012

0.950

Gas phase (P)

-0.017

-0.091
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Table 12.4 Continued
Water-hexadecane

0.854

0.783

Water-toluene

1.329

1.392

Water-propanol

1.171

1.157

Water-nitromethane

1.462

1.470

Air-octanol (wet)

0.889

0.989

Air-octane

0.901

0.859

Water (K)

-0.028

-0.091

Air-toluene

1.228

1.301

Air-hexadecane

0.706

0.690

Olive oil

0.867

0.640

Air-propanol

1.055

1.066

Air-nitromethane

1.326

1.379

Results on air- and water-solvent partition processes led to the chlorodifluoromethane
descriptors shown below.
Descriptor

E

S

A

B

L

V

Value

-0.056

0.38

0.04

0.05

0.706

0.4073

Results obtained on human inhalation pharmacokinetics of chlorodifluoromethane by
Woollen et al. [10] were used to test the accuracy of our descriptor calculation method.
We introduced chlorodifluoromethane descriptor values in equations previously
obtained by Abraham et al. to calculate air to fat and air to blood distribution for a large
number of volatile organic compounds and drugs [11] and derived a calculated air to fat
or air to blood distribution value, Ks. Next, we compared those calculated values with
the experimental values reported by Woollen et al. in the literature; results are shown in
Table 12.5
Table 12.5
Comparison of Ks values from literature and calculated by our descriptors.
Ks value
Partition process

Calculated

Experimental (Literature)

Air-blood (37˚C)

-0.139

-0.1021

Air-fat (37˚C)

0.834

0.8982
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1

Average of the mean air-blood partition coefficients for chlorodifluoromethane at concentrations of 1

and 20 µg/ml.
2

Average of the mean air-fat partition coefficients for chlorodifluoromethane at concentrations of 1 and

20 µg/ml.

Differences between experimental and calculated values for air-blood and air-fat
partition processes for chlorodifluoromethane are approximately 0.04-0.06 log units.
Taking into account that experimental error on determination of biological properties is
larger than 0.05 log units in most cases, it can be concluded that our descriptors
accurately predict both air-blood and air-fat partition coefficient values for
chlorodifluoromethane.

12.3 DISCUSSION
Abraham descriptor values have been determined for the two refrigerants quoted
above. The methodology used to obtain descriptors in this work has been successfully
tested in different ways.
First, experimental air-solvent partition values from the literature have been
used along with experimental air-solvent partition coefficients obtained for 1,1,1,3,3,3hexafluoropropane leading to negligible differences between experimental and
calculated values.
Second, experimental partition coefficient values for chlorodifluoromethane
from the literature for air-fat and air-blood partition processes were compared to those
calculated values using the obtained descriptors. In this case, the experimental values
from the literature were not introduced in Solver as was done for 1,1,1,3,3,3hexafluoropropane. Again, differences between experimental and calculated values for
those

processes

were

negligible;

however,

air-olive

oil

partition

for

chlorodifluoromethane will require further study since the experimental value, 0.64,
does not fit the calculated value, 0.87, obtained with Abraham descriptors.
Third, chlorodifluoromethane is the only refrigerant for which the air-water
partition coefficient, that is experimentally determined by means of its vapour pressure
and water solubility at 25˚C, is available in the literature. Values of vapour pressure
(VP) and water solubility (WS) reported in the literature are quite different depending
on the particular study, leading to a range of log Kw values between -1.09 and -0.08, see
Table 12.6.
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Table 12.6
Comparison of log Kw from different literature sources*.
WSa

VPb

log Kwc

26800d

7250

-0.10

DuPont MSDS [13]

2930

7809

-1.09

Handbook of Physical-Chemical

2800-3000

7706

-1.09

ChemID Plus [15]

2770

7250

-1.09

Handbook of Environmental Data on

N/A

N/A

-0.08e

Hine et al. [17]

2929

757

-0.08

This work

N/A

N/A

-0.09

Handbook of Physical Properties of
Organic Chemicals [12]

Properties and Environmental Fate of
Organic Chemicals [14]

Organic Chemicals [16]

Cw
, were Cw and Cg are the refrigerant concentrations in water and air phase in mol/l.
Cg

*

log K w =

a

Water solubility in mg/l

b

Vapour pressure in mmHg

c

Air-water partition coefficient ,Kw, is dimensionless.

d
e

Measured at 21˚C.
log Kw is the reciprocal of the Henry’s law constant reported in this reference.

The experimental log Kw determined in this work is -0.09, which is in the range
of experimental values reported in the literature [12,16,17]. The value of -0.08 given by
Hine et al. [17] seems to be the definitive literature value, and is in excellent agreement
with the value found in this work (-0.09). Since the Henry’s law constant reported is
always between 3.1·10-2 and 3.4·10-2, it is clear that the incorrect value of -1.09 is due to
an incorrect conversion of Henry’s Law in mol·kg-1·bar-1 to the dimensionless Kw value
(mol·l-1/mol·l-1). This incorrect conversion results in the measurements apparently being
made at 7250-7809 mmHg, or 10 atm. In the case of the (correct) value reported in the
Handbook of Physical Properties of Organic Chemicals [12] it seems that this is a
fortuitous result of an incorrect vapour pressure and an incorrect water solubility. As a
check on the value of -1.09, when this was introduced into Solver instead of the
experimental value, -0.09, determined in this work, a very large standard error was
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found (0.4 log units), indicating that the -1.09 value is not compatible with the various
log Ks values.
Fourth, the standard deviation between experimental and calculated air- and
water-solvent partition coefficient values was not more than 0.100 log units in any case.
This result is particularly interesting since at least one of the descriptors, particularly E,
has been fixed for any refrigerant before any partition measure was made.
S descriptor values for the refrigerants are as expected, i.e. 1,1,1,3,3,3hexafluoropropane, with only fluorine atoms in its structure showing polarizability, has
a low S descriptor value. Fluorine atoms are the smallest halogen atoms and electrons
are very attached to the atom nucleus, therefore it is very difficult for the electrons to be
polarized leading to low S descriptor values. Chlorodifluoromethane has one chlorine
atom whose electrons can be more easily polarized than those ones for fluorine atoms
due to its larger size, hence the S descriptor value will be significantly higher than that
for 1,1,1,3,3,3-hexafluoropropane.
A and B descriptor values are very small or negligible in most cases. This is as
expected because none of the refrigerants have any strong hydrogen bond structural
features.
The L descriptor values for the refrigerants are all quite small, as expected from
their high volatility. However, the importance of the size of atoms is shown in
chlorodifluoromethane. Its L value is larger than that for 1,1,1,3,3,3-hexafluoropropane,
even though the L value for propane is 1.050 and that for methane is –0.323.

12.4 CONCLUSION
Abraham descriptors for refrigerants have been accurately obtained by
experimental measures of air-solvent and air-water partition in a set of solvents.
Experimental measures of air-solvent partition coefficients are more accurate than those
for water-solvent partitions. For solvents that are immiscible with water, such as the
alkanes, the air-solvent and air-water partitions yield the corresponding water-solvent
partitions. However, if the solvent is partially miscible with water, it must be noted that
the air-solvent and air-water partitions yield the hypothetical water to dry solvent
partition. This will not be the same as the ‘practical’ water to wet solvent partition. The
water to solvent partition for immiscible solvents can easily be obtained by the method
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used in this work. The methodology used in this study can be employed to obtain
descriptor values for any solute as long as the set of solvents has different
physicochemical properties, i.e. coefficients of the partition equations must be quite
different, to avoid correlation in the results. Calculated log P values of the refrigerants
for water to octanol(wet) partition process are summarized in Table 12.7. The array of
partition coefficient values for any compound depending on the software package
proves the need of experimental determination for partition coefficient values.
Finally, the Abraham descriptors for the two refrigerants are summarized in
Table 12.8.

Table 12.7
Comparison of calculated water-octanol (wet) partition coefficient values.
ClogP

ACD

ADME

SPARC [18]

Kowwin [19]

This work

Boxes v. 3.0
1,1,1,3,3,3-

1.10

1.14

2.09

1.79

2.65

1.96

1.07

0.98

1.09

0.81

0.89

1.08

Hexafluoropropane
Chlorodifluoromethane

Table 12.8
Abraham descriptor values for refrigerants.
Refrigerant
E
S

A

B

L

V

1,1,1,3,3,3-Hexafluoropropane -0.588

0.12

0.13

0.03

0.686

0.6375

Chlorodifluoromethane

0.38

0.04

0.05

0.706

0.4073

-0.056
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Chapter 13

Physicochemical Model for Delivery of VOCs to Eye
Receptor Neurons

13.0 INTRODUCTION
Drug delivery, topically, into the eye has been so widely studied that it might
lead to an erroneous model for the delivery of VOCs to the eye receptor, as an
analogous delivery model to that for drugs. VOCs are gases or vapors in permanent
contact with the eye surface from the surrounding environment. Once in contact with
the pre-corneal tear film, they transverse a number of phases in an overall process that
maintains a type of equilibrium with the environment. Conversely, delivery of drugs
into the eye occurs through topical delivery as a condensed phase (liquid phase). In such
a method, approximately 95% of the drug dose does not pass through the tear film of
the eye structure for reasons such as dropping-off, non-absorption in the eye, etc [1].
Furthermore, in topical drug delivery, the drug is not at all in equilibrium with the
environment. Therefore topical drug delivery and VOC delivery mechanisms cannot be
assumed to be the same.

13.1 PROPOSED PHYSICOCHEMICAL MODEL FOR DELIVERY OF
VOCs TO EYE RECEPTOR NEURONS (ERNs)
Figure 13.1 illustrates the pathway of a VOC from the gas (or vapour) in the
environment to the ERN where the biological response is triggered. None of the three
layers within the pre-corneal tear film exhibits innervation so VOCs have to undergo
several partition and diffusion processes to reach the cornea where ERNs are located,
leading to a very complicated system.
If the system shown in Figure 13.1 is actually a succession of equilibrium
processes, it can be reduced to a much more simple overall process. Consider a series of
equilibria as in Eq. (13.1),
K3
K1
K2
K4
A ←→
B ←→
C ←→
D ←→
E

(13.1)
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Figure 13.1. Physicochemical model of VOCs deliver to the eye receptor neurons.

The overall equilibrium constant for the entire process, KT, is given by,

K T = K1 ⋅ K 2 ⋅ K 3 ⋅ K 4

(13.2)

Now let the equilibrium concentrations of a VOC in the various layers be Ca, Cb, Cc, Cd
and Ce, so that from Eq. (13.2)
C  C
K T =  b  ⋅  c
 Ca   Cb

  Cd
 ⋅ 
  Cc

 C e

 C d

 Ce
 =
 Ca

(13.3)

Hence whatever the number of equilibrium steps there are, the entire system will always
reduce to one overall equilibrium. In the above case, Eqs. (13.4) and (13.5) apply.

KT
A ←→
E

(13.4)
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KT =

Ce
Ca

(13.5)

The reduction of a number of successive equilibria to one equilibrium, then allows a
quite simple model to be constructed for the biological or toxicological effect of gases
and vapors, including eye irritation [2]. This is the two-stage model illustrated in Figure
13.2.

Figure 13.2. The two stage model for eye irritation due to VOCs.

In the first stage, which might involve several equilibrium steps as in Eq. (13.1),
a VOC is transferred from the gas or vapor phase to a receptor phase, and in the second
stage the VOC interacts with a receptor. Now the first stage is likely to be influenced by
“selective” processes (e.g. transfer driven effects in which small structural changes in
the VOC evoke predictable, and rather small, changes in biological activity) whereas
the second stage can be influenced by both selective and “specific” effects (e.g. effects
in which small structural changes in the VOC may evoke less predictable, and often
large changes in activity). A key equation has been developed that can be used to
interpret and understand “selective” processes in which a VOC is transferred from the
gas phase to a condensed phase [3].
SP = c + e·E + s·S + a·A + b·B + l·L

(13.6)
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In Eq. (13.6), SP a property of a series of solutes in a given system, e.g. eye
irritation threshold (EIT). E, S, A, B, and L are properties, or descriptors, of the VOC,
and c, e, s, a, b, and l are regression coefficients, as described in previously [3].
It is then possible to be able to distinguish between stage 1 and stage 2 as the
main step. If Eq. (13.6) is applied to a series of log (1/EIT) values, and if the resulting
equation is statistically good, then it may be deduced that stage 1 is the main step. On
the other hand, if the resulting equation is statistically poor, it may be deduced that
stage 2 is the main step. It turns out that Eq. (13.6) can account very satisfactorily for
EITs, the resulting equation being [2]:
log (1/EIT) = -7.918 – 0.482·E + 1.420·S + 4.025·A + 1.219·B + 0.853·L
n = 54

2

r = 0.928

sd = 0.36

(13.7)

F = 124

Here, n is the number of VOCs, r is the correlation coefficient, s is the standard
deviation and F is the F-statistic. Eq. (13.7) is statistically very good, and it can then be
deduced that it is the first stage that influences eye irritation. The VOC is transferred
from the gas phase to the receptor phase in a process that is dominated by “selective”
effects due to the VOC.
Equation (13.7) is statistically so good that it can be used to predict EITs from the
properties, or descriptors, of VOCs. A requirement, of course, is that these descriptors
are available.
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Chapter 14

Chemosensory data – Prediction and Relationships

14.0 INTRODUCTION
Predictive relationships are generally based on the prediction of only one
dependent property, however, development of relationships by means of which more
than one dependent property can be predicted by using the same set of independent
parameters might be appealing.
The present aim will be to develop a new QSAR that includes data on a number
of biological processes, which would be particularly useful in toxicology. This
relationship will contain data on Draize eye scores, EITs, and NPTs.
Psychometric functions have been measured for the detection of odour, nasal
pungency and eye irritation [1,2] and they are represented by Eq. (14.1):

1

y=

1+ e

−

x −C
D

(14.1)

Here, y is the detection probability of a given compound, x is the vapour concentration
of the compound as log ppm, and C and D are fitting parameters.
Psychometric functions for nasal lateralization, nasal pungency, and eye
irritation studied in this work are measured separately, however, prediction of
psychometric functions for any of those biological processes can be successfully
achieved by using C and D parameters obtained by combining nasal lateralization, nasal
pungency, and eye irritation measurements as indicated in section “Analysis of the
combined Eye Irritation-Nasal Pungency-Nasal Lateralization psychometric functions”
below.
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14.1 THE CONNECTION BETWEEN EYE IRRITATION
THRESHOLDS, DRAIZE EYE TEST SCORES AND NASAL
PUNGENCY THRESHOLDS

14.1.1 Aim

To establish a general connection between EITs and NPTs on humans. If there
were a connection between EIT and NPT values, this would enable inter-conversion to
be made, and would provide a method of estimating one threshold from the other.

14.1.2 Introduction

Chemosensory systems are very complex human structures serving as important
warning systems, alerting us to the presence of potentially harmful situations, including
heat, mechanical, and chemical insults. Quantifying these insults is one of the main
challenges in the environmental and protection health area.
The evaluation of the insults is affected by several factors (e.g. previous
experiences, adaptation to the insult, specific human frame, etc) that may influence the
response to the chemical stimuli. Such chemical stimuli may provoke both nasal
pungency (the subject perceives a pungent sensation due to volatile chemicals in the
environment) and eye irritation. Those perceptions are evoked when the threshold value
for a chemical is exceeded. Thresholds define the limits of sensitivity of the modality
towards a particular stimuli.
To date, several methods have been developed to measure eye irritation caused
by liquids and solids entering the eye; however, they failed in their challenge of
assessing irritation. Hence, the Draize rabbit eye test [3] is still the most used method to
study such type of irritation. The test involves a standardized protocol for instilling
agents onto the cornea and conjunctiva of laboratory animals. Key areas that have been
questioned are the methods of test performance, its reproducibility and relevance, the
use and interpretation of test scores, and the monetary and ethical costs. Another type of
eye irritation is that caused by the vapours of chemicals that the eye is exposed to. A
great deal of experimental work to determine eye irritation of vapours has been
accomplished by Cometto-Muñiz and Cain [4-9]. They determine EIT values in humans
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by using VOCs on a set of panellists who are exposed to progressively higher
concentrations of the vapour. Starting from the lowest concentration, the trial entails the
presentation of a blank and a stimulus. The subject’s task is to choose the stronger
stimulus. If the participant is correct, the same concentration is presented next, paired
with a blank. If the participant is incorrect, the next higher concentration is presented
next, also paired with a blank. The first concentration chosen correctly five times in a
row is taken as the threshold provoking eye irritation.
However, although very reproducible EIT values can be obtained this way, there
are several issues to consider. The method is time-consuming and expensive (a group of
panellists is required), this is the reason why Abraham, Cometto-Muñiz and Cain have
attempted to calculate EIT values by in silico methods, based on the available
experimental EIT values. It would be an advantage in developing in silico methods if
the EIT data set could be expanded.
Abraham et al. [6] developed a QSAR combining both Draize eye scores on rabbits
(DES) and EITs on humans, Eq. (14.2):

log SP = -7.918 – 0.482·E + 1.420·S + 4.025·A + 1.219·B + 0.853·L

(14.2)

The Draize eye scores refer to the effect of pure liquid compound, and so are not
directly comparable with the effect of vapour irritants. However, DES for liquids can be
transformed into scores for the corresponding vapours through Eq. (14.3)
log (DES/P0) = log L

(14.3)

where P0 is the vapour pressure of the liquid (in ppm at 298K), and L is then an Ostwald
solubility coefficient for the transfer of the irritant vapour from the gas phase to the
condensed biophase, with L, defined through Eq. (14.4)

L=

concentration of solute in the condensed phase
concentration of solute in the gas phase

(14.4)

In order to combine the EIT values with the values of DES/P0, it is not necessary for the
two sets of data to be numerically the same; all that is required is a method of matching
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the two scales of irritation. To examine this further, Abraham et al. calculated log
(DES/P0) for 17 compounds using Eq. (14.5),
log (DES/P0) = -6.955 + 1.046·S + 4.437·A + 1.350·B + 0.754·L

(14.5)

For those 17 compounds, experimental EIT values, as log (1/EIT), were obtained by
Cometto-Muñiz et al. and log (DES/P0) can then be compared with the given log
(1/EIT) values. The average log (DES/P0) calc. – log (1/EIT) obs. is 0.63, so that 0.63
units can be subtracted from the log (DES/P0) values and then use these amended values
with the log (1/EIT) values in Eq. (14.2). Abraham et al. found that a small adjustment
to 0.66 units gave the better equation, thus, in Eq. (14.2), SP is either [log (DES/P0) –
0.66] or log (1/EIT).
The coefficients in the equation refer to properties of the biophase, from the values
listed, it seems as though transfer from the vapour phase to wet octanol, see Table 14.1,
might be a very good model for the EITs.

Table 14.1
Regression coefficients for gas-solvent (phase) partitions.
e
s
a
b
Phase

L

EIT, Eq. (14.2)a
b

Wet octanol
a
b

-0.482

1.420

4.025

1.219

0.853

0.002

0.709

3.519

1.429

0.858

At 310K
At 298K

For eye irritation, the coefficient that accounts for the biophase polarizability/dipolarity,
s, indicates that the biophase is polarizable/dipolar, the large a-value (4.03) suggest the
biophase is a strong hydrogen-bond base, a moderate b-coefficient (1.22) implies a
moderate to weak hydrogen-bond acidity, the l-coefficient value of 0.85 indicates an
average hydrophobicity [6].
Abraham et al. [8] updated the QSAR relating EITs in humans and the Draize
rabbit eye test, by using a set of Draize eye test scores, as modified maximum average
score (MMAS) for a large number of pure bulk liquids adjusted by the liquid-saturated
vapour pressure (P0). This set of Draize eye test scores (MMAS/ P0) will be denoted as
1/EITDraize from now on. They showed that EIT values in humans can be indirectly
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obtained for a wide range of chemicals provided that the Draize eye scores are known
for the pure bulk liquid.
Abraham et al. also succeeded in developing another QSAR for human NPTs
[10] for a 43-VOCs set represented in Eq. (14.6):

log (1/NPT) = - 8.519 + 2.154·S + 3.522·A + 1.397·B + 0.860·L

(14.6)

Biological processes such as eye irritation, nasal pungency and others might be
considered as consequence of the transfer of solutes from the vapour phase to
condensed phase, i.e. cornea, skin, biological membranes, etc. Coefficients of Eqs.
(14.2) and (14.6) are similar but the e-coefficient in Eq. (14.6) is not statistically
significant and has been removed.
The combination of EIT values by direct experiment on humans and from the
Draize test leads to an expanded data set. If NPT values could be included as well, this
would provide an even larger data set for in silico analysis.

14.1.3 Results

Firstly, an attempt will be made to demonstrate the suitability of using
experimental EITDraize and NPT values to calculate EIT values. This requires the
following to be applicable.
1. EIT and NPT values experimentally determined are correlated.
2. [EIT + EITDraize] and NPT values experimentally determined are correlated.

14.1.3.1

The connection between log (1/EIT) and log (1/NPT) values

The entire sets of values obtained by Cometto-Muñiz and Cain for EIT and NPT
were first surveyed. In these sets there were 22 common compounds as shown in Table
14.2. A plot of log (1/EIT) Obs. against log (1/NPT) Obs. is shown in Figure 14.1, and
the correlation between the two sets is given as Eq. (14.7).
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Table 14.2
log (1/EIT) values and log (1/NPT) values for 22 chemicals.
Compound Name
log (1/EIT) Obs
log (1/NPT) Obs
Propanone
-5.27
-5.12
Pentan-2-one
-4.05
-3.47
Heptan-2-one
-2.49
-2.45
Nonan-2-one
-2.35
-2.53
Ethyl acetate
-4.69
-4.83
Butyl acetate
-2.87
-3.56
Hexyl acetate
-2.41
-2.80
Octyl acetate
-2.02
-1.95
Decyl acetate
-1.30
-0.70
Ethanol
-4.76
-3.95
Propan-1-ol
-3.74
-3.40
Butan-1-ol
-3.37
-3.04
Hexan-1-ol
-2.60
-2.60
Octan-1-ol
-1.71
-1.85
Toluene
-4.41
-4.47
Ethylbenzene
-3.87
-4.00
Propylbenzene
-3.43
-3.17
Cumene
-3.39
-3.22
p-Cymene
-3.11
-3.05
d-3-Carene
-3.30
-3.21
Linalool
-2.55
-2.55
1,8-Cineole
-2.15
-2.37

log(1/EIT) Obs. vs log(1/NPT) Obs.
-1

log(1/EIT) Obs.

-2

-3

-4

-5

-5

-4

-3
log(1/NPT) Obs.

-2

-1

Figure 14.1. A plot of log (1/EIT) Obs. vs log (1/NPT) Obs. for 22 chemicals.
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The regression equation is:

log (1/EIT) Obs. = - 0.131 + 0.980 log (1/NPT) Obs.
n = 22

Predictor
Coef SE Coef
Constant
-0.1314 0.2415
log (1/NPT)obs 0.98037 0.07412
•

r2 = 89.7%

sd = 0.344

T
-0.54
13.23

(14.7)
F = 174.93

P
0.592
0

Paired T for log (1/EIT) Obs. - log (1/NPT) Obs.

95% CI for mean difference: (-0.219519, 0.078610)
T-Test of mean difference = 0 (vs not = 0)

T-Value = -0.98

P-Value = 0.337

The 95% confidence interval reveals that the 0 value for the mean difference is
in this interval. Statistically, it means that the two sets of data could be assumed as only
one. So these sets of data are correlated and it is completely correct to consider them as
a unique set of data that could be used in the prediction of further EIT values.

14.1.3.2

The connection between log (1/EIT), log (1/EITDraize), and log (1/NPT)
values
In Figure 14.2 is shown a plot of log (1/EIT) and log (1/EITDraize) separately

against log (1/NPT) values for as many common compounds as possible. As found
previously for the connection between log (1/EIT) and log (1/EITDraize) there needs to
be some indicator variable to bring the log (1/EITDraize) into line. This is only possible
if the points for log (1/EIT) and log (1/EITDraize) fall on parallel lines. Inspection of
Figure 14.2 shows that within a reasonable experimental error, this is the case.
The various correlation equations and statistics connected with the three sets of data are
given below.
[log (1/EITDraize) + log (1/EIT)] Obs. = - 0.172 + 0.879 log (1/NPT) Obs.
n = 33

sd = 0.585

2

r = 71.4%

(14.8)

F = 77.22
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[log(1/EITDraize) + log(1/EIT)] Obs. vs log (1/NPT) Obs.
[log(1/EITDraize) + log(1/EIT)] Obs.

0

-1

-2

Test
Draize
EIT

-3

-4

-5
-5

-4

-3
log (1/NPT)Obs

-2

-1

Figure 14.2. A plot of [log (1/EITDraize) + log (1/EIT)] Obs. vs log (1/NPT) Obs.

•

Paired T for [log (1/EITDraize) + log (1/EIT)] Obs. – log (1/NPT)Obs.

95% CI for mean difference: (0.013633, 0.431216)
T-Test of mean difference = 0 (vs not = 0)

T-Value = 2.17

P-Value = 0.038

The statistics indicate that there is a difference between [log (1/EIT) + log
(1/EITDraize)] and log (1/NPT) as can be seen from Figure 14.2. The paired test also
denotes that both datasets cannot be considered as only one set. Three data points
(octan-1-ol, hexan-1-ol, and propanone), which are blue coloured in Figure 14.3 do not
seem to conform to the rest of the set of data.
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Individual Value Plot of Differences
(with Ho and 95% t-confidence interval for the mean)

_
X
Ho

-1.0

-0.5

0.0

0.5
Differences

1.0

1.5

Figure 14.3. Individual value plot of the difference [log (1/EIT) + log (1/EITDraize)] –
log (1/NPT) for 33 chemicals.
Because 0 value is so close to the 95% confidence interval, a new plot will be drawn,
Figure 14.4, which displays the difference [log (1/EIT) + log (1/EITDraize)] – log
(1/NPT).

[log (1/EIT) + log(1/EITDraize)] - log (1/NPT)

[log (1/EIT) + log(1/EITDraize)] - log (1/NPT)
1.5

1.4

1.0

0.5
0.222
0.0

-0.5

-0.956

-1.0
0

5

10

15

20

25

30

35

Figure 14.4. Plot of the difference [log (1/EIT) + log (1/EITDraize)] - log (1/NPT) for
33 chemicals.
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In Figure 14.4, the lines at 1.4 and – 0.956 are twice the standard deviation value
of the correlation. The x-axis is arbitrary and is just used to display the values.
The results of the paired test and Figure 14.4 indicate that:
1. The two sets of data [log (1/EIT) + log (1/EITDraize)] and log (1/NPT) cannot
be considered as the same set of data.
2. Octan-1-ol, hexan-1-ol, and propanone are outliers in the set of data; however
they are included in this study even though they have an influence on the results.
Removing these three chemicals of the set results in the 0 value coming into the
95% confidence interval in the paired test, see Figure 14.5.

Individual Value Plot of Differences
(with Ho and 95% t-confidence interval for the mean)

_
X
Ho

-1.0

-0.5

0.0
Differences

0.5

1.0

Figure 14.5. Individual value plot of the difference [log (1/EIT) + log (1/EITDraize)] –
log (1/NPT) for 30 chemicals.
Comparison of the coefficients of the equations for the chemosensory data (EIT,
EITDraize, and NPT) is another way of assessing if the data are connected. If the
coefficients are very different, there is a large probability that the chemosensory data
cannot be related; however, if the coefficients are similar, it is likely that there is a
connection between the different data sets.
The equations based on experimental data for the following processes, Draize eye test
scores (EITDraize), Eq. (14.9); Eye irritation thresholds (EITs), Eq. (14.10); Nasal
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Pungency thresholds (NPTs), Eq. (14.11) and equations for combinations of those data,
EIT + EITDraize, Eq. (14.12); and EIT + NPT + EITDraize, Eq. (14.13) are displayed
below.

The regression equation for log (1/EITDraize) with no outliers is,

log (1/EITDraize) Obs. = - 7.355 - 0.351·E + 1.997·S + 4.378·A + 1.159·B + 0.758·L
n = 68

sd = 0.398

r2 = 95.4%

F = 255.84

(14.9)

The regression equation for log (1/EIT), again with no outliers, is:

log (1/EIT) Obs. = - 6.208 - 1.121·E - 0.413·S + 1.663·A + 0.829·B + 0.813·L
n = 23

sd = 0.337

r2 = 92.6%

F = 42.8

(14.10)

There were four outliers in the NPT equation. These were sec-butyl acetate, tert-butyl
acetate, acetic acid and linalool. After they were removed the equation for NPT values
is as follows:

log (1/NPT) Obs. = - 8.397 + 0.191·E + 1.748·S + 3.442·A + 1.288·B + 0.905·L
n = 47

sd = 0.302

r2 = 94.3%

F = 136.93

(14.11)

The regression equation for the combination of EIT + EITDraize uses an indicator
variable Id = 1 for the EITDraize set and Id = 0 for the EIT set
[log (1/EIT) + log (1/EITDraize)] Obs. = - 7.324 - 0.568·Id - 0.379·E + 1.872·S +
3.777·A + 1.168·B + 0.785·L
n = 91

sd = 0.433

r2 = 93.6%

F = 204.63

(14.12)

A regression equation for all the three sets was then constructed, leaving out the four
outliers identified in the NPT equation, i.e. acetic acid, sec-butyl acetate, tert-butyl
acetate, linalool, as well as methyl cyanoacetate and geraniol. There are now two
indicator variables, Id as before and IN = 1 for the NPT values and IN = 0 for all other
values
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log (1/Threshold) Obs. = - 7.998 + 0.462·Id - 0.060·IN - 0.053·E + 1.549·S + 3.530·A +
1.481·B + 0.830·L
n = 135

sd = 0.375

r2 = 94.3%

F = 300.49

(14.13)

where {log (1/EIT) + log (1/EITDraize) + log (1/NPT)} is denoted as log (1/Threshold)
from now on. Even though the variables IN and E have been introduced in the regression
equation, neither of them is significant (see the P values below).

Predictor
Constant
Id
IN
E
S
A
B
L

Coef SE Coef
T
-7.998
0.157
-50.90
0.462
0.095
4.88
-0.060
0.099
-0.60
-0.053
0.181
-0.29
1.549
0.192
8.08
3.530
0.193
18.32
1.481
0.240
6.17
0.830
0.022
37.27

P
0.000
0.000
0.546
0.772
0.000
0.000
0.000
0.000

The removal of those variables (IN and E) leads to Eq. (14.14),
log (1/Threshold) Obs. = - 8.053 + 0.502·Id + 1.519·S + 3.510·A + 1.523·B + 0.830·L
n = 135

sd = 0.373

r2 = 94.3%

F = 425.76

(14.14)

Table 14.3
Coefficients for the Abraham equations obtained from different chemosensory data.
EIT +
EITDraize
EIT
NPT
Threshold
EITDraize
(n=68)
(n=23)
(n=47)
(n=135)
(n=91)
- 7.355
- 6.208
- 8.397
- 7.324
-7.998
14.1.3.2.1.1 c
(0.174)
(0.530)
(0.329)
(0.177)
(0.157)
- 0.351
- 1.121
0.191
- 0.379
- 0.053
e
(0.272)
(0.442)
(0.301)
(0.248)
(0.181)
1.997
- 0.413
1.748
1.872
1.549
s
(0.274)
(0.713)
(0.319)
(0.261)
(0.192)
4.378
1.663
3.442
3.777
3.530
a
(0.339)
(0.559)
(0.227)
(0.320)
(0.193)
0.829
1.288
1.168
1.481
1.159
b
(0.357)
(0.557)
(0.384)
(0.336)
(0.240)
0.758
0.813
0.905
0.785
0.830
l
(0.030)
(0.061)
(0.037)
(0.030)
(0.022)
*The standard deviation is in brackets.
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There is a good correlation between the coefficients of the equations; however,
the coefficients for EIT equation are not as close as the expected ones. It is probably
due to the small set of data (23 chemicals) used to make the equation. The smaller the
set of data the larger the standard deviation of the values.
The statistics of Eqs. (14.13) and (14.14) are very good, but it is necessary to
ascertain if the equations are valid for all the chemical groups used. Figure 14.6 is a plot
of calculated vs. observed values on Eq. (14.13), showing the various groups of
chemicals. There are no obvious groups that deviate from the regression line more than
any other, and so it is suggested that Eq. (14.13) and also Eq. (14.14) is valid for all the
chemical groups used to construct the equation.

log (1/Threshold) Calc. vs log (1/Threshold) Obs.

log (1/Threshold) Calc.

5.0

Groups
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acid
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aldehyde
alkane
alkene
aromatic
haloalkane
ketone
other
terpene

2.5

0.0

-2.5

-5.0
-5.0

-2.5
0.0
log (1/Threshold) Obs.

2.5

5.0

Figure 14.6. A plot of log (1/Threshold) Calc. vs. log (1/Threshold) Obs. on Eq. (14.13),
represented by groups of chemicals.
Three main conclusions can be obtained from Figure 14.6.
1. None of the groups of chemicals included in the set of data can be considered as an
outlier. Some of the groups show a little more scatter than others, but there is no
group of chemicals that must be rejected.
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2. The plot also shows that most of the chemicals have thresholds in the range -5 ≤log
(1/Threshold) ≤ 0 for both the experimental and calculated EIT values using Eq.
(14.13).
3. There is also a very good connection between experimental and calculated EIT
values for all of the compounds.
It is also important that all three types of measurement fit the derived equation, Eq.
(14.13). A plot that identifies the three types of measurement is shown as Figure 14.7.
All three types of measurement show random scatter about the regression line, and
hence Eq. (14.13) is valid for all the measurements.

log (1/Threshold) Calc. vs log (1/Threshold) Obs.
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log (1/Threshold) Obs.
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Figure 14.7. A plot of log (1/Threshold) Calc. vs. log (1/Threshold) Obs. on Eq. (14.13),
represented by the type of measurement.

Figure 14.7 also shows that there is a small group of four compounds having a
threshold (obtained from the Draize eye test) larger than that for the other chemicals. It
cannot be assumed that these threshold values are a consequence of the method of
obtaining (experimentally or by calculation) the threshold value, because there are no
other methods to calculate or determine the threshold value for these compounds. The
four threshold values fit the regression line, thus there are no clues to establish any
relationship between possible abnormal threshold values and the type of threshold
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measurement test. In case there is any abnormality in the four measurements, they
might appear in Figure 14.8 and in Figure 14.9, which displays the difference log
(1/Threshold) Obs. – log (1/Threshold) Calc. The lines at 0.731 and – 0.731 are twice
the standard deviation value of the correlation. The x-axis is arbitrary and is just used
to display the values.

log (1/Threshold) Obs.- log (1/Threshold) Calc.
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Figure 14.8. A plot of log (1/Threshold) Obs. − log (1/Threshold) Calc. on Eq. (14.13),
represented by type of measurement.
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log (1/Threshold) Obs. - log (1/Threshold) Calc.
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Figure 14.9. A plot of log (1/Threshold) Obs. − log (1/Threshold) Calc. on Eq. (14.13),
represented by groups of chemicals.
Figure 14.9 shows by using the residual of each chemical that there is no group
of chemicals that could be considered as an outlier. Even though the above six
chemicals (one for the acetate group, one for the alcohol group, another two for the
haloalkane group, and two for the “other” group) possess a residual deviation out of the
confidence interval, there is no reason to consider these groups as outlier groups,
because the large number of chemicals constituting these groups whose threshold values
fall in the confidence interval. Statistically, those points are not a representative sample
to suggest that any of the methods to obtain experimental threshold values could result a
considerable deviations. The effect of the various measurement types is shown in the
difference plot of Figure 14.8. It is clear that there is no one measurement type that
leads to outliers, although measurements from the Draize test are more scattered than
those from the direct EIT or NPT measurement. This is expected from the nature of the
three tests.
Furthermore, it will be useful to determine the influence of each sort of
measurement (EIT, Draize eye test, and NPT) on the overall results. One way to
determine this influence is by using Principal Component Analysis (PCA). PCA
analysis for the five descriptors and the indicator variables was carried out. It was found
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that the cumulative proportion of the information content of first two principal
components was only 43.4%. Hence the usual score plot of the first two principal
components is of almost no value, because they do not contain enough information.

14.1.4 Conclusion

A new hypothesis is proposed in the chemosensory area, this hypothesis
considers the possibility of predicting eye irritation by using a mathematical equation.
Statistical calculations confirmed our hypothesis of using Eq. (14.13) or Eq. (14.14) to
predict further EITs values using the Abraham solvation descriptors. Since the latter are
obtained from standard physicochemical measurements, it is now possible to obtain
estimates of EIT values relatively simply and cheaply as compared to the in vivo
method.
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14.2 ANALYSIS OF THE COMBINED EYE IRRITATION, NASAL
PUNGENCY AND NASAL LATERALIZATION PSYCHOMETRIC
FUNCTIONS

14.2.1 Introduction

This study uses a number of sets of experimental data on detection probability
(DP) for Eye Irritation (EI), Nasal Pungency (NP) and Nasal Lateralization (NL). These
data were obtained using different measurement methods (GV (glass vessel), SB
(squeeze bottle), and VDD (vapour delivery device)).
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0.2
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2.5
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Figure 14.10. Typical plot for psychometric functions.

14.2.2 Results

In order to devise correlation equations that include measurements by the
various methods, it will be necessary to include independent variables that refer both to
the type of measurement and the type of chemosensory data.
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The data to be analyzed are constants for the psychometric plots obtained by
Cometto-Muñiz and denoted as C and D. The parameters C and D come from the
simplified sigmoidal Y = 1/(1+exp(-(x-C)/D)), which reasonably fits all experimental
data. Y is the detection probability (DP) and x is the vapor concentration of the
chemical used to determinate DP, see Figure 14.10. C and D values will be related to
the Abraham predictors as well as the type of measurement method and the type of
chemosensory data.
NL and NP values are considered as analogous, therefore, there will be only one
independent variable for the chemosensory data. This variable is denoted as In, defined
as In = 1 for NL and NP values, and In = 0 for EI values.
Regarding the measurement methods, the independent variable is IVDD = 1 if the
chemical is measured by the VDD method and IVDD = 0 if it is obtained by any other
measurement method. The methods GV and SB are assigned the analogous independent
variables IGV and ISB respectively.
Thus, the regression equation for C is,

C = 5.991 – 4.023·S – 2.716·B + 0.397·In
n = 30

sd = 0.349

(14.15)
2

r = 89.1%

F = 70.56

Ethyl acetate (NL, GV) and chloropicrin (EI, VDD) are outliers (highlighted in green in
Table 14.4) for the regression of the C value. These chemicals are not outliers for the
regression equation of C when the chemosensory data are studied separately, so the
deviation in the calculated C value can be considered as a consequence of the mixture
of data and not a consequence of the experimental error.
The regression equation for D is,
D = 0.093 + 0.318·B - 0.070·IVDD - 0.044·In
n = 32

sd = 0.065

(14.16)
r2 = 40.4%

F = 6.32

Neither of the data points is considered as an outlier for the D value equation.
The poor statistical result for D value is probably due to the small range of D values
(between 0.38 and 0.026), which is much smaller than the range of C values (between
4.0089 and -0.411). This means that calculated D values obtained by using the
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regression equation have large deviations (in percentage) of its value; however, it leads
to small differences (in absolute value) on the calculated D value, e.g. more than a third
of the calculated D values are higher or lower than the experimental D values by 50%.
Therefore, calculated D values far from the experimental ones will not largely change
the slope of the plots. This can be observed in Figure 14.12.
In both of the equations for C and D, the L descriptor is not included in the
equation. The presence of L descriptor in the regression equations could influence
largely in the results. However, to achieve better results by including the L descriptor in
the regression equation, some of the data points (e.g. chloropicrin) may be removed
because those data points are far from the rest of the data points, which have a large
influence on final results. So a most homogenous set of data could be taken to carry out
the statistical analysis, but because of lack of data, all the data points are retained to
carry out the regressions.
Furthermore, the regression equations for C and D include the indicator variable
corresponding to the type of chemosensory data, In. The equation in D also includes the
indicator variable corresponding to one of the measurement methods (VDD), IVDD.
The experimental and calculated values for C and D parameters are shown in
Table 14.4.
Table 14.4
Calculated and experimental values for C and D parameters (outliers are green colored).
Compound
C
C Calc,
D
D Calc,
Eq. (14.15)
Eq. (14.16)
Glutaraldehyde (NL,VDD)
-0.3331 -0.07430
0.18792
0.21750
Glutaraldehyde (EI,VDD)
-0.4113 -0.47130
0.16657
0.26150
Ethyl acetate (NL,GV)
4.0089
2.67154
0.18142
0.19210
Butyl acetate (NL,GV)
3.3564
2.75200
0.12194
0.19210
Ethyl propanoate (NL,GV)
3.6829
2.83246
0.17858
0.19210
Butyl propanoate (NL,GV)
3.0881
2.85860
0.15186
0.19846
Ethyl butanoate (NL,GV)
3.4950
2.83246
0.13696
0.19210
Hexyl acetate (NL,GV)
2.8672
2.65847
0.21109
0.18892
Naphthalene (NL,GV)
1.9684
2.14364
0.21222
0.11260
Naphthalene (EI,GV)
1.8677
1.74664
0.09143
0.15660
1-Methylnaphthalene (NL,GV)
1.9435
2.00886
0.13614
0.11896
1-Methylnaphthalene (EI,GV)
1.8037
1.61186
0.12061
0.16296
2- Methylnaphthalene (NL,GV)
2.1719
2.45037
0.12753
0.12850
2- Methylnaphthalene (EI,GV)
1.9957
2.05337
0.14099
0.17250
1-Butanol (NP,SB)
2.9072
3.39466
0.25120
0.20164
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Table 14.4 Continued
1-Butanol (EI,SB)
2-Heptanone (NP,SB)
2- Heptanone (EI,SB)
Butyl acetate (NP,SB)
Butyl acetate (EI,SB)
Butyl acetate (NP,GV)
Butyl acetate (EI,GV)
Toluene (NP,SB)
Toluene (EI,SB)
Toluene (NP,GV)
Toluene (EI,GV)
Ethyl propanoate (NP,GV)
Ethyl propanoate (EI,GV)
Ethyl heptanoate (NP,GV)
Ethyl heptanoate (EI,GV)
Ethyl butanoate (EI,VDD)
Chloropicrin (EI,VDD)

2.6863
2.3748
2.0219
2.2792
2.2437
2.3415
1.9849
3.6900
3.4452
3.9958
3.6781
2.7598
2.7919
2.5062
2.1893
2.5618
-0.1084

2.99766
2.26720
1.87020
2.75200
2.35500
2.75200
2.35500
3.91580
3.51880
3.91580
3.51880
2.83246
2.43546
2.83246
2.43546
2.43546
2.42054

0.24212
0.19605
0.28142
0.18814
0.24201
0.21806
0.38006
0.02625
0.06521
0.04402
0.12689
0.34833
0.31433
0.17394
0.17654
0.21053
0.13574

0.24564
0.21118
0.25518
0.19210
0.23610
0.19210
0.23610
0.09352
0.13752
0.09352
0.13752
0.19210
0.23610
0.19210
0.23610
0.16610
0.05480
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Figure 14.11. A plot of C vs. D values for a set of 32 data points.

The C vs. D plot represented in Figure 14.11 clearly indicates 3 outliers (blue
colored). These outliers correspond to glutaraldehyde (NL,VDD), glutaraldehyde
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(EI,VDD), and chloropicrin (EI,VDD). Chloropicrin (EI,VDD) is the only data point
that is also an outlier for the C regression equation and so it is an outlier in Figure
14.12. In general, the experimental C values obtained by using VDD are smaller than
those obtained by other measurement methods. In terms of the psychometric graphs, it
may be pointed out that the smaller the C value of the chemical, the smaller is the
vapour concentration (VP) necessary to reach the DP.
The observed psychometric curves and the calculated curves using calculated C
and D values according to Eqs. (14.15) and (14.16), are shown in Figure 14.12. Both
ethyl acetate (NL,GV) and chloropicrin (EI,VDD) are clearly identified as outliers.
Regarding the slope of their plots, there are almost no differences between the
experimental and the calculated slopes, which indicates similarity between the
experimental and calculated D values. Conversely, the plots are largely displaced along
the VP axis, which indicates a large deviation between experimental and calculated C
values.
Naphthalene (NL,GV), butyl acetate (EI,GV) and ethyl propanoate (NP,GV) also
display a large deviation between the calculated and experimental D values, but they are
not outliers in studies that use only their own chemosensory data, NL, EI and NP,
respectively. Thus, the difference of the slopes could be caused by mixing data.

14.2.3 Conclusion

The psychometric functions of NL, NP and EI are largely related to each other.
This similarity is in agreement with the previous conclusion relating EI, Draize eye
scores and NP data. It seems also possible to predict the entire psychometric plot from
predictions of C and D through Eqs. (14.15) and (14.16), although more data are needed
to obtain reliable equations.
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Figure 14.12. Comparison of the experimental (•) and calculated (■) detection probability
(DP) for 32 sets of experimental data by using Eqs. (14.15) and (14.16).
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Figure 14.12. Continued
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Figure 14.12. Continued
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Figure 14.12. Continued
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Chapter 15

The cut-off point in chemosensory responses

15.0 INTRODUCTION
The effect of the length chain of homologous series on chemosensory data, has
been previously described by using taste sensitivity [1]. More recent work in the
medicinal scope, especially in anesthetics, has been carried out in order to study the cutoff points in homologous series [2]. This latter study shows the importance of the
molecular shape, size, and geometry to determine the anesthetic effect of the compound.
The work carried out in this project deals with the cut-off point in the area of eye
irritation. The homologous series studied are the most important series of compounds in
tobacco smoke, such as alcohols, alkylbenzenes, ketones, acids, aldehydes, amines,
acetates, etc.
Studies of VOCs from various homologous chemical series have shown that
chemesthetic detection thresholds decrease, indicating that potency increases, with
increasing carbon chain length [3]. Interestingly, this trend reaches a break point in each
series, the so-called cut-off point, where the homolog failed to produce chemesthesis,
even at vapor saturation. The so-called cut-off point is the shortest homolog that fails to
produce eye irritation under all conditions [4]. The cut-off point in a homologous series
might be the consequence of the physicochemical properties of the compounds, such as
vapour pressure, or due to the adopted geometry of the compound when it interacts with
the biological tissue. The cut-off point could be explained by the vapour pressure value,
because the VOC vapour concentration might not reach the threshold value needed to
show chemesthesis. This would especially be the case for the larger homologs due to
their low vapour pressure. However; in the process of measuring acute nasal pungency
and eye irritation thresholds along and across homologous chemical series, it is found,
in each series, that a homolog could be reached where detection by chemesthesis failed,
even at a VOC vapour concentration that would be expected to produce chemesthesis
according to the trend along the homologous series [3,5].
To determine whether the experimental results are a consequence or not of the
molecular shape, size, and geometry, computer software is used to carry out the study.
This study uses Personal Computers (PCs) and Silicon Graphics Inc. (SGI) computers
to run the calculations. These calculations are based on molecular and quantum
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mechanics, which use different type of force fields to obtain the geometry for which the
energy of the molecule is minimum.

15.1 MOLECULAR MECHANICS CALCULATION
Molecular mechanics calculation is an empirical calculational method intended
to give estimates of structures and energies for conformations of molecules. The method
is based on the assumption of ‘natural’ bond lengths and angles, deviation from which
leads to strain, and the existence of torsional interactions and attractive and/or repulsive
van der Waals and dipolar forces between non-bonded atoms [6]. For this modeling
process, molecules are made up of both nuclei and electrons, which act differently by
means of the Born-Oppenheimer approximation of the Schrödinger equation. The BornOppenheimer approximation states that the difference in weight between electrons and
nuclei is so large, that electrons are not considered explicitly, but rather it is assumed
that they will find their optimum distribution once the positions of the nuclei are known,
whereas nuclei are much heavier and move much more slowly than electrons. Thus,
nuclear dynamics, such as motions, vibrations and rotations are observed separately
from electrons.
As stated above, molecular mechanics is used to calculate the energy and
geometry of a molecule; these calculations are carried out using a force field. In a force
field several parameters have to be considered (the atoms in a molecule, bond lengths,
bond angles, and equations to calculate the energy of a molecule). Those parameters are
not unique, e.g. for toluene, not all C atoms are the same. Toluene has two types of C
atoms, one type are the C atoms in the ring and another type are the alkylic C atoms,
something similar happens with its C-C bonds. Therefore, the difficulty of the study by
using force field leads to a very complex resolution.
The total energy of a molecule is determined by using a group of potential
energy equations. These equations are calculated independently, and the total energy of
the molecule is the result of their sum. The energetic terms contributing to the total
energy of a molecule are shown in Eq. (15.1) [7]
ETotal = EStrech + EBend + ETorsion + EVdW + EElect

(15.1)
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where EStrech is the energy potential for bond stretching and compressing, EBend is the
energy due to bond angle bending, ETorsion is the energy due to torsional strain, EVdW is
the energy due to Van der Waals interactions, and EElect is the energy due to electrostatic
interactions.

15.2 RESULTS
Among the homologous series for which Cometto-Muñiz et al. have determined
the cut-off point [4,5,8], the carboxylic acid series has been selected to study the
influence of the molecular geometry on the cut-off point for eye irritation.

15.2.1 A Molecular Dynamics Study of conformations of Unbranched
alkanoic acids in aqueous solution by Hyperchem.

First, HyperChem software [9] was used to optimize the conformation of
minimum energy of a VOC in an aqueous environment. The geometry optimization was
carried out using the molecular mechanics method MM+, and the Polak-Ribiere method
[10], a good general-purpose optimizer, was chosen as the minimization algorithm.
Once the minimum energy conformation in water is found, the dimensions of the box
into which the minimum energy conformation of the VOC will just fit can be obtained.
The dimensions are X, Y and Z, corresponding to the width, depth and length of the
box. We denote this box as the ‘VOC box’. It is important to note that the volume of the
box, calculated as XYZ, is not the same as the volume of the particular VOC. This is
why we shall refer to the box dimension just as XYZ.
Calculations were set up with the VOC surrounded by 1264 water molecules.
The conformation of the VOC is then altered until it reaches the position of minimum
energy. In this calculation, both the atoms of the target VOC and the surrounding water
molecules move during the structural optimization to their final minimum energy
conformation. After the optimization the ‘VOC box’ was constructed, as the smallest
box enclosing the VOC solute.
Results for the series of acids in aqueous solution using the MM+ procedure are in
Table 15.1.
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Table 15.1
Dimensions of the “VOC box” for the acids series in water.
Number of C atoms Compound
X
Y
5
Pentanoic acid
3.213
2.567
6
Hexanoic acid
3.153
3.059
7
Heptanoic acid
3.089
1.917
8
Octanoic acid
3.209
2.633
9
Nonanoic acid
3.240
2.921
10
Decanoic acid
3.208
2.722
11
Undecanoic acid
3.369
2.726
12
Dodecanoic acid
3.356
2.826
13
Tridecanoic acid
3.221
2.522
14
Tetradecanoic acid
3.162
2.652
15
Pentadecanoic acid 3.344
2.827
16
Hexadecanoic acid
3.140
2.702
17
Heptadecanoic acid 3.242
3.395
18
Octadecanoic acid
3.119
2.440

Scatterplot of X vs Number of C atoms

Z
7.081
8.300
9.685
10.838
12.104
13.319
14.591
15.833
17.222
18.560
19.669
20.978
22.230
23.589

XYZ
58.382
80.032
57.366
91.588
114.568
116.315
133.999
150.133
139.918
155.606
185.923
178.009
244.660
179.511

Scatterplot of Y vs Number of C atoms
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Figure 15.1. Scatterplots for the different dimensions of the “VOC box” for the acid
series.
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For the Z dimension (length of the VOC) in Figure 15.1, the plot shows a
constant increase of Z value along the series. In theory, the length of the molecule
should not show a steady increase with increasing carbon chain length and in water the
molecule should start bending at some point in order to reduce the cavity size (or
surface area). Reduction in cavity size leads to less exoergic interactions with the water
molecules, and hence is energetically favorable, see Chapter 5. The outcome from
Figure 15.1 prompted the use of other software packages to study the reliability of the
results obtained by Hyperchem on the molecular dynamics of the acid series in an
aqueous environment. Other software packages, Schrodinger and Molecular Operating
Environment (MOE), were used as alternative software with which to compare
Hyperchem.

15.2.2 A Molecular Dynamics Study of conformations of Unbranched
alkanoic acids in aqueous solution by Schrodinger software.

15.2.2.1

Conformational Analyses/Structure Sets

Linear (chain torsion angles set to 180°, i.e. all anti) butanoic acid was built within
Maestro and minimized, in vacuo, using MM3 forcefield. The remaining all-anti
compounds (pentanoic to octadecanoic acids) were built from this initial structure using
the build/grow utility in Maestro followed by an in vacuo MM3 minimization.
Non-linear conformers were generated by employing a Monte Carlo search
technique coupled with MM3 minimization of the conformers generated. Hexadecanoic
acid was chosen as a prototype to investigate both the influence input minimization
parameters might exert on the conformers generated plus the effect of performing
minimizations with and without deploying a solvent (water) continuum model.
Default settings were used for the test Monte Carlo searches, with the distance
between the sp2 carboxyl carbon and the sp3 methyl carbon terminating the chain
monitored throughout. Conformer energies relative to the global minimum (initial allanti conformation) were also reported. The dielectric constant was set to a value of 1.0
throughout (n.b. this is a recommended setting for minimizations with a GB/SA solvent
continuum model representing water). This testing is summarized in Table 15.2 below
and the results depicted in the associated figures.
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Table 15.2
Variation of parameters in Monte Carlo conformational searches with minimization.
Test

Solvent

Electrostatics

Cut-off

Figure

CA16csMiv1
CA16csMiv2
CA16csMiv3
CA16csMiv4
CA16csMsm1
CA16csMsm2
CA16csMsm3
CA16csMsm4

None
None
None
None
Water
Water
Water
Water

Constant
Distance-dependent
Constant
Distance-dependent
Constant
Distance-dependent
Constant
Distance-dependent

Normal
Normal
Extended
Extended
Normal
Normal
Extended
Extended

1
2
3
4
5
6
7
8

Qualitatively, Figures 1 to 8 (see Appendix Graphs Schrodinger, CD-ROM)
show that both in vacuo and solvent continuum minimizations produced broadly similar
results and, furthermore, that neither choice of constant over distance-dependent
electrostatic treatment nor choice of normal over extended cut-offs produced a
significant deleterious effect on the sets of conformers obtained. It can be concluded
that moderately bent and highly bent conformations represent energetically reasonable
local minima for both in vacuo and solvent continuum minimizations. It was decided to
generate conformers for the rest of the carboxylic acid set using the solvent continuum
model. While both constant and distance-dependent electrostatics in conjunction with
extended cut-offs were considered appropriate for the purpose, the latter combination
was selected for use when the search procedure was repeated for the rest of the
compounds.
The Schrodinger documentation notes that the use of MM3 with a water solvent
continuum model was not an optimal combination. Conformational searches for
hexadecanoic using the conditions identified above were carried out employing the
alternative forcefields available within Maestro. Again, qualitatively, results (depicted
in Figures 9 to 17, see Appendix Graphs Schrodinger, CD-ROM) were broadly similar,
with the most noteworthy point being that the all-anti conformer was not found as the
global minimum using AMBER94. It was concluded that the comments above were
probably only relevant to structures with more complex functionality than that of the
alkanoic acid set.
Monte Carlo conformational searches, using MM3 with a reduced energy cut-off
of 20 KJ·mol-1, were performed for the rest of the alkanoic acid set. As before distance
between the carboxyl carbon and the methyl carbon terminating the chain was
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monitored. Results are depicted in Figures 18 to 32 (see Appendix Graphs Schrodinger,
CD-ROM), in each of which distances relative to the all-anti conformation are shown.
Input parameters for these searches are set out below.
Forcefield: MM3
Solvent: water
Electrostatic treatment: distance-dependent
Dielectric constant: 1.0
Charges: MM3
Cut-offs: extended
Minimization method: PRCG
Maximum iterations: 1500
Convergence: on gradient
Convergence threshold: 0.05
Torsional sampling: extended (120 steps per rotatable bond)
Steps: 100
Energy window/KJ·mol-1: 20
For each compound a set of five conformers was retained for potential use in
subsequent molecular dynamics studies. These conformer sets were chosen according to
the following criteria:
1. All-anti conformer – maximum carboxyl carbon to terminal methyl carbon
distance (dmax),
2. Conformer with minimum carboxyl carbon to terminal methyl carbon distance
(dmin),
3. Conformer with carboxyl carbon to terminal methyl carbon distance closest to
the average of dmax and dmin (dmid),
4. Conformer with carboxyl carbon to terminal methyl carbon distance within 1Å
of dmin and lowest energy relative to the global minimum (all-anti-conformer),
5. Conformer with carboxyl carbon to terminal methyl carbon distance within 1Å
of dmid and lowest energy relative to the global minimum.
The selected conformer sets are listed in Appendix_A – Conformer Selection, see
supplementary material, attached CD-Rom.
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15.2.2.2 Molecular Dynamics (MD) Simulations
The ensembles for MD simulation were established as follows. Each alkanoic
acid conformer was centred (molecular centre of mass coincident with cube centroid)
within a cubic, periodic box of explicit water molecules (38Å in each dimension with an
initial density of 1g·cm-3). Solvent molecules “overlapping” with the solute were
deleted with the target density for the system also set to 1g·cm-3. The ensemble was then
minimized and equilibrated prior to the main simulation run. The MM3 forcefield was
not available for MD simulations so, as noted above, the OPLS-2005 all atom forcefield
was used instead.
Initial test simulations (using hexadecanoic acid) with 1ps equilibration time
followed by 5ps production simulation appeared to result in some instability manifested
by both an apparent drift of the solute towards the boundary of the periodic box and an
apparent drift of some water molecules away from the box boundaries. Doubling the
equilibration time appeared to rectify these problems, so a 2ps equilibration time was
used by default. The production simulation time was also doubled.
Input parameters for the minimizations and molecular dynamics simulations are
set out below.
15.2.2.2.1 Minimization
Minimizer: 20 steps followed by 1000 steps truncated Newton Raphson
Forcefield: OPLS-2005 (AA)
Non-bonded cut-off: residue based
Cut-off distance/ Å: 12.0
Neighbour list update: every 10 steps
Periodic boundary conditions: x = y = z = 38Å
Maximum iterations: 1000
Convergence: energy change plus gradient
Energy change criterion: 1·10-7
Gradient criterion: 0.01
Long range forces update: every 10 steps
Long range forces cut-off: >10 Å
15.2.2.2.2 Dynamics
Forcefield: OPLS-2005 (AA)
Water model: SPC
Ensemble: NVT (constant temperature)
Equilibration time/ps: 2
Initial temperarture (equilibration)/K: 298.15
Target temperarture (equilibration)/K: 300.15
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Production time/ps: 10
Initial temperarture (production)/K: 300.15
Target temperarture (production)/K: 300.15
Time step/ps: 0.001
Non-bonded cut-off: residue based
Cut-off distance/ Å: 12.0
Neighbour list update: every 10 steps
Periodic boundary conditions: x = y = z = 38 Å
Electrostatics treatment: constant dielectric
Dielectric constant: 1.0
Shake tolerance: 1e-07
Integration: Verlet algorithm
Overall motion: suppressed
Temperature relaxation time/ps: 0.01
Print: every 10 steps
Statistics: collect
Record trajectory: every 10 steps
Results with the shorter-chain acids were inconclusive. For the all-anti
compounds the monitored distance essentially remained constant for octanoic acid
(Figure 41, see Appendix Graphs Schrodinger, CD-ROM), varying within a range of
0.5-0.6Å; a distinct decrease was seen for heptanoic acid (Figure 43, see Appendix
Graphs Schrodinger, CD-ROM), while after an initial decrease the distance for
hexanoic acid increased again and then remained essentially constant (Figure 45, see
Appendix Graphs Schrodinger, CD-ROM), varying within a range of 0.2-0.3Å. The
structural superimpositions show no overall tendency for octanoic acid (Figure 55, see
Appendix Graphs Schrodinger, CD-ROM) to bend, as might have been anticipated, and
confirm inferences made from the distance monitor plots for heptanoic (Figure 57, see
Appendix Graphs Schrodinger, CD-ROM) and hexanoic (Figure 59, see Appendix
Graphs Schrodinger, CD-ROM) acids. The bent conformations of octanoic (Figures 42
and 56, see Appendix Graphs Schrodinger, CD-ROM) and hexanoic (Figures 46 and 60,
see Appendix Graphs Schrodinger, CD-ROM) acids exhibited behaviour similar to that
seen in the longer-chain homologues (hexanoic acid might have been expected to
straighten), whereas a significant straightening was observed for heptanoic acid
(Figures 44 and 58, see Appendix Graphs Schrodinger, CD-ROM) as may have been
predicted. Repeated simulations would be required to clarify the conformational
behaviour of these compounds further.
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15.2.2.2.3 Conclusions
The initial Monte Carlo conformational searches/MM3 minimizations using a
water solvent continuum model indicated that highly bent conformations of unbranched
alkanoic acids would be energetically reasonable local minima for the compounds. This
was substantiated in molecular dynamics simulations using explicit water molecules.
Furthermore, these conformations appeared to be stable in that the simulations did not
reveal any significant straightening of the structures towards the all-anti conformations.
Conversely, the simulations produced little or no evidence that the all-anti
conformations would fold in solution. This may or may not have been the result of
performing simulations for an insufficiently long timescale. However, it is also possible
that molecular dynamics is not the optimal method for investigating these effects – a
hybrid Monte Carlo/molecular dynamics approach might possibly be more appropriate.
The uncertainty of the results obtained Hyperchem and the difficulty of
interpretation of the Schrodinger results prompted the use of another molecular
modelling software, MOE [11], to study the cut-off point effect. MOE is more
sophisticated than Hyperchem, but the results can be interpreted more easily than those
from Schrodinger. Figure 15.2 is an example of the difficulty to interpret Schrodinger
results.
OPLS-2005

carboxylC-terminalC
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Figure 15.2. Plot of relative potential energy against distance – hexadecanoic acid.
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The method used by Hyperchem to obtain conformers and the following
molecular dynamics is too simple to obtain rigorous results. Conversely, the outcome
from Schrodinger is quite difficult to interpret as can be observed from Figure 15.2.
Figure 15.2 shows different conformations for hexadecanoic acid using the forcefield
OPLS-2005. For any range of relative potential energy, there are dozens of
conformations within the range that vary in only a few kJ/mole. Hence it is quite
difficult to distinguish which conformer has the lowest energy and will be taken to carry
out the dynamics in the aqueous environment. Furthermore, conformations with similar
energy, i.e. same relative potential energy, differ quite significantly regarding
geometry, e.g. for a relative potential energy of 5 kJ/mole there are conformers with the
distance from the carboxyl C atom and the terminal C atom ranging from approximately
3 to 17 Å.

15.2.3 A Molecular Dynamics Study of conformations of Unbranched
alkan-1-ols in aqueous solution by MOE software.
In a previous study on cut-off points for ocular chemesthesis along homologous
alcohols [4], Cometto-Muñiz et al. determined that undecan-1-ol was the shortest
homolog that failed to elicit eye irritation and therefore it is the cut-off point for the
alkan-1-ol series.
In this study, MOE is used to study whether the experimental cut-off point
determined by Cometto-Muñiz et al. is a result of the molecular geometry of the VOC.

15.2.3.1

Molecular Dynamics Simulations

As for the Hyperchem and Schrodinger, MOE, was used to optimize the
conformation of minimum energy of a VOC in an aqueous environment. For each
member of the homologous series, a set of three conformers was retained for potential
use in subsequent MD studies. These conformer sets were chosen according to the
following criteria:
1. All-anti staggered – maximum carboxyl carbon to terminal methyl carbon
distance (dmax),
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2. Totally fold - Conformer with minimum carboxyl carbon to terminal methyl
carbon distance (dmin),
3. Medium fold - Conformer with carboxyl carbon to terminal methyl carbon
distance closest to the average of dmax and dmin (dmid),
15.2.3.1.1 Minimization
The geometry optimization was carried out using the molecular mechanics
method MM94x, which is parameterized for gas phase small organic molecules, and a
gradient of 0.05.
Calculations were set up with the VOC surrounded by a water box whose
dimensions were 30Å x 30 Å x 30 Å. Such a box contains water molecules that interact
with the VOC. The number of water molecules within the box depends on the VOC
dimensions and its geometry. In general, the number of water molecules ranges from
870 to 900. The conformation of the VOC is then altered until it reaches the position of
minimum energy. In this calculation, both the atoms of the target VOC and the
surrounding water molecules move during the structural optimization to their final
minimum energy conformation.

15.2.3.1.2 Dynamics
Next, the dynamics of the system are performed using the parameters displayed
below:
Ensemble
Algorithm
Temperature (T)
Simulation length
Bond length constrain (Constrain)
Water molecules constrains (Water)
Time step
Temperature relaxation time (QT)

NVT (Number of molecules within the system,
system volume, and temperature are constant)
NPA (Nose-Poincare-Anderson equations)
300K
100 ps
Light bonds
Rigid
0.002 ps
0.2 ps

Results for the alkan-1-ol series from butan-1-ol to pentadecan-1-ol are shown in Table
15.3.
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Table 15.3
Lowest energy conformation and energy value of the water + VOC box for the
alkan-1-ol series from MOE.
Compound
Lowest Energy Conformation
Energy (U)
Butanol
Totally Fold
-14000.3
Pentanol
Totally Fold
-13864.4
Hexanol
Totally Fold
-13869.9
Heptanol
All antistaggerred + Totally fold
-13682.7
Octanol
Mix of 3
-13367.0
Nonanol
Totally Fold + Medium Fold
-13460.6
Decanol
Medium Fold
-13534.0
Undecanol
Medium Fold
-13506.6
Dodecanol
Totally Fold
-13453.7
Tridecanol
All antistaggerred
-13634.7
Tetradecanol
Mix of 3 conformations
-13370.3
Pentadecanol
All antistaggerred
-13333.2
Here and elsewhere, Energy (U) is the potential energy of the atomic system in
kcal/mol.
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Figure 15.3. Lowest energy conformation values for the alkan-1-ol series from MOE
(blue dashed line represents the lowest energy smoother).
15.2.3.1.3 Discussion
In Figure 15.3, the data points follow a trend represented by the blue dashed
line, this line is closely related to the linear regression fit. However, octan-1-ol and
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tridecan-1-ol clearly deviate from the trend. Undecan-1-ol, which is the experimental
cut-off point determined by Cometto-Muñiz et al. [4] fits the line with high accuracy.
15.2.4 A Molecular Dynamics Study of conformations of alkylbenzenes in
aqueous solution by MOE software.

The same procedure as that for the alcoh-1-ols series was employed. The results
for alkylbenzenes are illustrated in Table 15.4 and Figure 15.4.

Table 15.4
Lowest energy conformation and energy value of the water + VOC box for the
alkylbenzene series from MOE.
Compound
Lowest Energy Conformation
Energy (U)
Butylbenzene
All antistaggerred
-13787.8
Pentylbenzene
All antistaggerred
-13266.9
Hexylbenzene
Totally Fold
-13535.7
Heptylbenzene
All antistaggerred
-13421.5
Octylbenzene
Mix of 3
-13498.8
Nonylbenzene
All antistaggerred
-13399.9
Decylbenzene
Totally Fold
-13444.5
Undecylbenzene
All antistaggerred +Totally Fold
-13139.0
Dodecylbenzene
Totally Fold
-13168.8
Tridecylbenzene
All antistaggerred
-13222.8
Tetradecylbenzene
Mix of 3
-13032.7
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Figure 15.4. Lowest energy conformation values for the alkylbenzene series from MOE
(the blue dashed line represents the lowest energy smoother).
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15.2.4.1 Discussion
As for the alcohols series, the alkylbenzene series follow a trend closely related
to a linear regression. In this series, the only data point clearly deviated from the trend
corresponds to pentylbenzene. This compound is two C atoms smaller than the cut-off
point predicted by Cometto-Muñiz et al. [5].

15.2.5 A Molecular Dynamics Study of conformations of Unbranched
alkanoic acids in aqueous solution by MOE software.

The dynamics of the carboxylic acids were performed as those for alcohols and
alkylbenzenes. Results for the carboxylic acids are displayed in Table 15.5 and Figure
15.5.

Table 15.5
Lowest energy conformation and energy value of the water + VOC box for the acid
series from MOE.
Compound
Lowest Energy Conformation
Energy (U)
Butanoic acid
Medium Fold
-28878.1
Pentanoic acid
Totally Fold
-28556.7
Hexanoic acid
All antistaggerred
-29733.1
Heptanoic acid
All antistaggerred
-28905.1
Octanoic acid
Medium Fold
-29176.1
Nonanoic acid
All antistaggerred
-28724.6
Decanoic acid
Totally Fold
-28866.3
Undecanoic acid
Totally Fold
-27706.1
Dodecanoic acid
Medium Fold
-28358.9
Tridecanoic acid
Medium Fold
-28691.3
Tetradecanoic acid
Totally Fold
-27488.6
Pentadecanoic acid
Medium Fold
-27959.9
Hexadecanoic acid
Totally Fold
-27148.0
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Carboxylic acids - Energy (U) vs Number of C atoms chain
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Figure 15.5. Lowest energy conformation values for the acid series from MOE (the
blue dashed line represents the lowest energy smoother).

15.2.5.1 Discussion
The results for the acid series are not conclusive, the trend in Figure 15.5 shows
a decrease in energy up to heptanoic acid (C7) and then there is a steady increase in the
system energy for the rest of the members. These results are not in accord with the other
two homologous series, alkan-1-ols and alkylbenzenes, whose plots are reasonable in
that the energy of the atomic system should increase with increasing the number of
carbon atoms of the molecule chain. It seems that for the carboxylic acids, there is a blip
at hexanoic acid (C6), whose energy falls well below the calculated energy by the
smoother line, but because of the inconclusive results from the smoother, the cut-off
point phenomenon within the acid series requires further study by MOE software.

15.3 CONCLUSION
The results of the HyperChem calculations are most probably artifacts arising
from the software whereas Schrodinger results were non-conclusive. MOE results for
the acid series were non-conclusive either; and need further study; however, for all
homologous series there is a blip in the plot which largely deviates from the trend. The
blip is always a compound with smaller number of carbon atoms in the chain than the
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cut-off point predicted by Cometto-Muñiz et al. For the alkan-1-ol series, the blip could
be either octan-1-ol or tridecan-1-ol, thus, the difference in the number of carbon atoms
between the blip and the experimental cut-off point is 2-3 carbon atoms. For the
alkylbenzene series, the blip is located at pentylbenzene, thus, the difference in the
number of carbon atoms between the blip and the experimental cut-off point
(heptylbenzene) is 2 carbon atoms. Finally for the carboxylic acid series, the blip is
located at hexanoic acid, thus, the difference in the number of carbon atoms between the
blip and the experimental cut-off point (heptanoic acid) is 1 carbon atom. In spite of this
blip for the acid series, this value must be considered as nonconclusive and further
study on this series is required.
Table 15.6
Comparison of experimental cut-off and the ‘blips’ found in this work for different
homologous series all the series studied by MOE
Series
Experimental Hyperchem
MOE (this work)
Alkan-1-ols

Undecan-1-ol

N/A

Octan-1-ol or tridecan-1-ol

Alkylbenzenes

Heptylbenzene

Propylbenzene or

Pentylbenzene

Octylbenzene
Acids

Heptanoic acid

Heptanoic acid

Hexanoic acid
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Chapter 16

•

Conclusions

Three stationary phases, OV-275, DEGS and HP-Innowax were characterized in

this work. The methodology used for the characterization of these phases is based on
the general LFER, Eq. (9.1), developed by Abraham. Such characterization shows the
ability of the stationary phase to participate in different solute-solvent intermolecular
interactions, which are represented by the characteristic stationary phase constants.
OV-275 as a stationary phase was chosen due to its high polarity (high s-coefficient).
Hence, it complements other characterized stationary phases with a lower polarity in the
determination of descriptors. A moderate or large a-coefficient is expected. DEGS was
chosen for similar reasons. Thus, both OV-275 and DEGS were characterized with the
purpose of being used in future work to calculate S and A values. HP-Innowax should
be quite useful in determining A values.

Table 16.1
Stationary phase constants determined in this wok for OV-275, DEGS and HP-Innowax.
c
e
S
a
b
l
System
OV-275
-2.822
0.355
1.650
1.797
0.325
0.341
DEGS
-3.296
0.327
1.568
1.882
0.297
0.424
HP-Innowax
-2.675
0.033
1.290
1.703
-0.051
0.386
•

Furthermore, it was found that the linear range of retention on packed-columns

makes them suitable to obtain descriptors for any solute over a very wide range of
retention time. Conversely, characterization of capillary columns is only suitable for a
specific retention range of solutes and therefore descriptor determination for any solute
out of that range will not be accurate.

•

In this work, the Abraham descriptors for approximately 100 compounds have

been determined. Most of these compounds are ETS constituents while descriptors for
other compounds need to be calculated to obtain descriptors for ETS compounds. For
those compounds, descriptor values as well as eye irritation threshold (EIT) values by
using Eq. (13.7) can be found in Tables 10.4-10.7.
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•

In order to test for the best method of descriptor determination, two different

methods have been assessed in the homologous series of the alkan-1-ols. The first
method uses GLC retention data only whereas the second method uses a combination of
GLC retention data and water-solvent partition data. Results indicate that a few GLC
systems along with water-solvent partition coefficient values will lead to more accurate
descriptor values than just GLC retention data, except for the L descriptor, for which the
difference between methods is negligible. For homologous series, findings indicate that
physicochemical values determined from trendline-based descriptors lead to similar
results as those obtained from experimentally-based descriptors.

•

New sets of descriptors for cyclohexanone oxime (CyO) and acetone oxime

(AcO) have been determined using both measurements of water to solvent partition
values, P, as log P values, as well as GLC retention data from the stationary phases
characterized in this work. Results led to very small deviations between experimental
and predicted physicochemical measures, which supports the use of GLC data along
with water to solvent partition coefficients to determine Abraham descriptors.

Table 16.2
Abraham descriptor values for oximes.
Oxime
E
S
A
Cyclohexanone 0.58
0.90
0.33
Acetone
0.39
0.66
0.37

•

B
0.61
0.56

V
0.9609
0.6468

L
4.320
2.557

Abraham descriptors for refrigerants such as 1,1,1,3,3,3-hexafluoropropane and

chlorodifluoromethane have been accurately obtained by experimental measures of airsolvent and air-water partition in a set of solvents. The methodology used was
successfully tested in different ways (see Chapter 12).

Table 16.3
Abraham descriptor values for refrigerants.
Refrigerant
E
S
1,1,1,3,3,3-Hexafluoropropane -0.588
0.12
Chlorodifluoromethane
-0.056
0.38

A
0.13
0.04

B
0.03
0.05

L
0.686
0.706

V
0.6375
0.4073

307

•

A simple model, the two-stage model, has been constructed for the biological or

toxicological effect of gases and vapors, including eye irritation. This model illustrates
the pathway of a VOC from the gas (or vapour) to the environment of the eye receptor
neuron where the biological response is triggered. In the first stage, which might
involve several equilibrium steps, a VOC is transferred from the gas or vapor phase to a
receptor phase, and in the second stage the VOC interacts with a receptor.
It is then possible to distinguish between stage 1 and stage 2 as the main step. If the
Abraham equation is applied to a series of log (1/EIT) values, and if the resulting
equation is statistically good, then it may be deduced that stage 1 is the main step. On
the other hand, if the resulting equation is statistically poor, it may be deduced that
stage 2 is the main step. It turns out that the Abraham equation can account very
satisfactorily for EITs and therefore can be used in the prediction of EITs for further
VOCs.

•

A new Quantitative Structure Activity Relationship (QSAR) has been developed

that includes data on a number of different biological processes that are particularly
useful in toxicology such as Draize eye scores, and chemosensory responses, e.g EITs,
and and Nasal Pungency Thresholds (NPTs). Thus, prediction of a number of biological
responses can be established by calculating a unique set of descriptors, which
significantly speeds up the risk assessment of the substances.

log (1/Threshold) Obs. = - 8.053 + 0.502·Id + 1.519·S + 3.510·A + 1.523·B + 0.830·L
n = 135

•

s = 0.373

r2 = 94.3%

F = 425.76

(14.14)

The psychometric functions for different biological processes including eye

irritation, nasal pungency, and nasal lateralization have been predicted. Results indicate
that those chemosensory responses are largely related to each other. This result is in
alignment with the study leading to the equation connecting Draize eye scores, EITs,
and NPTs.

•

To understand whether molecule geometry plays a key role in the cut-off point

for eye irritation within a homologous series, molecular dynamics has been used to
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deduce the molecular geometry in an aqueous environment. In order to study results
from different calculational softwares, three different types of software were studied
(Hyperchem, Schrodinger, and MOE) in the carboxylic acid series. None of the
softwares provided a conclusive answer. However, MOE seemed to be the most
balanced software, i.e. good response without too complex methodology involved.
MOE provides a reproducible response and for different homologous series, e.g. alkan1-ol, alkylbenzenes, etc, it established the cut-off point in the molecule as the homolog
that contains one or two carbon atoms less than the experimental cut-off point. Further
research is needed to understand whether MOE provides a reliable indicator of cut-off
points for other homologous series.
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Chapter 17

Future Work

There are a number of areas in which further work would be useful, and in some
cases almost essential. These areas are:
1. To update the database of descriptor values by determining the Abraham
descriptors for more indoor air pollutants including ETS compounds for which
descriptors were not determined in this work. These descriptor values can be
used later on to improve Abraham solvation equations already set up for several
biological and toxicological effects.

2. To develop and research the two step model for delivery of volatile organic
compounds (VOCs) to eye receptor neurons (ERNs). The complex multilayered
ocular surface has been reduced to a much simpler system to explain the
delivery of VOCs to ERNs. From the quantitative structure-activity relationship
(QSAR) developed by Abraham et al. for eye irritation [1], this criterion seems
to be valid for eye irritation, however other chemosensory effects, i.e. odour
detection, do not seem to behave in the same way, so further study is necessary
to understand the interaction between the VOC and the receptor neuron.

3. With regard to the cut-off point, the present work has carried out the first
attempts to link the phenomenon of the cut-off point with the molecular shape or
geometry using different software packages, i.e. Hyperchem, Schrodinger, and
Molecular Operating Environment (MOE). MOE results seem to be the most
reliable ones. Thus, further study with MOE using other homologous series and
other chemosensory effects is needed to validate the link between molecular
geometry and the cut-off point.
Most of the molecules in the homologous series that have been investigated,
have been acyclic aliphatic compounds that are flexible enough to adopt various
conformations. It would be of considerable interest to examine more rigid
molecules in order to test the hypothesis of 'maximum unfolded length' in more
detail, or, indeed, to develop other hypotheses.
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4. Obtaining a psychometric function, particularly for the chemical senses, entails
considerably more experimental work than just measuring a threshold based on
a performance criterion, but psychometric functions provide more detailed
information to help characterize the sensory modality. The results obtained by
Cometto-Muñiz et al. using psychometric plots seem to provide a better idea of
the chemosensory effects of VOCs on humans. These plots are based on sigmoid
functions containing two parameters, C and D, which vary depending on the
chemosensory effect. For data sets containing few VOCs, this work has proved
that psychometric functions can be predicted using calculated C and D values
based on the Abraham descriptors. Thus, the prediction of C and D values based
on the Abraham descriptors can be quite useful to predict human chemosensory
responses at any concentration of the stimulus. To do so, greater number of
VOCs needs to be experimentally tested for any chemosensory response.

5. As observed in Chapter 14, data obtained for different chemosensory effects, i.e.
nasal pungency thresholds (NPTs), eye irritation thresholds (EITs), etc have
been successfully predicted through a unique relationship, see Eq. (14.13). Thus,
testing the usefulness of the Abraham descriptors to predict other chemosensory
effects, e.g. upper respiratory tract irritation in mice (RD50) or inhalation
anesthesia in rats (MAC) would be a logical next step. Due to the extensive data
on the latter chemosensory data available in the literature, if the predicted
response from the Abraham descriptors fit the observed values, the introduction
of those new chemosensory effects in the analysis will significantly improve the
QSAR developed in this work.
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