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ABSTRACT

DPP pigments belong to a commercial family of pigments. They have all the 

attributes that a successful pigment requires, including high insolubility in common 

solvents which leads to difficulties in their application. This problem has been 

overcome by the incorporation of solubilising Boc groups. These can be removed by 

heating, thereby recovering the desired pigment. The kinetics of the solid state thermal 

decomposition reaction of DPP-Boc have been probed in detail using a range of 

complementary experimental techniques, including solid state ' NMR, X-ray powder 

diffraction, differential scanning calorimetry and thermogravimetric analysis. A full 

model for the decomposition reaction has been elucidated for two polymorphs of DPP- 

Boc (denoted a- and p-), and the intermediates have been isolated and identified.

The crystal structure of a-DPP-Boc was known, but the structure of p-DPP- 

Boc was unknown. The crystal structure of the p-DPP-Boc has been determined from 

X-ray powder diffraction data using the Monte Carlo method of structure solution. 

The structure solution represents the biggest flexible, equal atom structure to be 

determined from powder diffraction data.

A high resolution solid state C NMR study has been performed on several 

derivatives of quinacridone, another successful commercial pigment material, as a 

means of determining the chemical shielding properties of various carbon 

environments. The effects of altering packing arrangements, and hence, the electronic 

distribution around the nuclei, are discussed in detail.

The final area of work discussed concerns the study of dynamics of hydrogen 

bonding in crystalline triphenylmethanol (Ph3COH). The structure of PhgCOH was 

known, but the locations of the alcohol proton were not found although bond lengths 

etc. are consistent with hydrogen bonding. This suggests that the hydrogen bonding 

arrangement is disordered either statically or dynamically. The disorder has been 

probed experimentally using wide line solid state NMR, and computationally using 

distributed multipole analysis. Both techniques are particularly sensitive to geometry, 

and they have been used to develop a dynamic model which agrees well with the 

experimental NMR data.
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CHAPTER ONE  

ORGANIC PIGM ENTS AND H YDROG EN BO NDING  IN 

ALCOHOLS: AN INTRO DUCTIO N

The work described in this thesis can be divided into two distinct sections. The 

first section investigates some fundamental solid state properties of a selection of 

organic pigments using a variety of complementary experimental techniques, including 

solid state C NMR, X-ray powder diffraction, thermogravimetric analysis and 

differential scanning calorimetry. The second section probes various aspects of 

dynamic hydrogen bonding in the solid state, with particular emphasis on hydrogen 

bonded alcohols, using a combination of experimental and computational methods. 

This introductory chapter consists of an introduction to organic pigments, 

concentrating on DPP and quinacridone pigments, followed by a brief overview 

hydrogen bonding in alcohols.

1.1 PIGMENTS

1.1.1 Definitions

Much confusion arises over whether a coloured material is a pigment or a dye. 

Therefore, before any discussion of pigments, it is important to understand the clear 

distinetion between pigments and dyes. A pigment is defined by the Dry Color 

Manufacturers’ Association as “coloured, black, white or fluorescent particulate 

organic or inorganic solids which usually are insoluble in, and essentially physically and 

chemically unaffected by, the vehicle or substrate in which they are incorporated. They 

alter appearance by selective absorption and/or by scattering of light. Pigments are 

usually dispersed in vehicles or substrates for application, as, for example, in the 

manufacture of inks, paints, plastics or other polymeric materials. Pigments retain a 

crystal or particulate structure throughout the coloration process” .̂

The definition of a dye is given by the Ecological and Toxicological 

Association of Dyestuff Manufacturing Industry as “intensely coloured or fluorescent 

organic substances only, which impart colour to a substrate by selective absorption of 

light. Dyes are soluble and/or go through an application process which, at least
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temporarily, destroys any crystal structure of the colour substances. Dyes are retained 

in the substrate by absorption, solution and mechanical retention, or by ionic or 

covalent bonds”.' The work in this thesis has only concerned pigments; it is, however, 

important to keep in mind the differences between pigments and dyes.

1.1.2 Properties Of Pigments

The important properties of a successful pigment are:

i) high tinctorial strength {i.e. ability to produce colour);

ii) good dispersibility;

iii) resistance to light, heat and chemicals;

iv) low levels of bleed.

Tinctorial (or colour) strength and purity of colour depend explicitly on the molecular 

absorption spectrum of the pigment. Ideally, the material should have a large 

extinction coefficient and minimal absorption outside the main absorption band. Any 

extraneous absorption causes reduction in purity of the pigment colour. Particle size 

also influences colour strength. Later, in the diseussion of quinaeridone pigments, we 

shall see how it was incorrectly assumed that a Y polymorph of linear-rra/r.f- 

quinacridone existed, based on observed differences in colour, when in fact the colour 

difference was simply due to differing particle size of samples of y-quinacridone.^ 

Colour strength increases as particle sizes decrease below about 1 jam, with optimum 

particle size typically in the range 0.01-1 p.m.^’̂ ’̂  However, it is only the smallest 

dimension which is important in determining colour strength,^ thereby making it 

possible for compounds which crystallise in needle or plate forms to have good eolour 

strength if  one of the dimensions is sufficiently small. This relationship between colour 

strength and particle size arises because a decrease in particle size leads to an increase 

in the total surface area of the pigment and, hence, an increase in light reflectance. 

However, light scattering also increases and affects the opacity of the pigment 

material. This scattering is at a maximum in particles for which the minor dimension is 

around 0.2 to 0.5 |Lim, i.e. about half the wavelength of light. Combining the effects of 

particle size on light reflectance and scattering gives rise to an optimum size of 

pigment particles, below which the tinctorial strength begins to decrease.
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In order to keep the particle size of pigments at the optimum level, it is vital 

that pigments have good dispersibility in the medium in which they are to be applied. 

If the particles aggregate at any stage, then the overall particle size increases, thereby 

causing a decrease in colour strength and opacity. It is the strength of cohesion 

between particles in an aggregate which controls dispersibility. Aggregation can be 

minimised by alteration of packing modes, which in turn reduces cohesion. Face-to- 

face packing is a stronger cohesive force than face-to-edge or edge-to-edge packing. 

Hence, if rod-like crystals can be produced rather than plate-like crystals then the 

dispersibility increases, and this effect has been illustrated clearly for copper 

phthalocyanine.^ A further problem that can occur when pigments have been dispersed 

in a liquid is flocculation. This leads to the formation of three dimensional structures 

which eventually, when the concentration of pigment becomes too high, turn the 

dispersion into a gel. In some cases this problem can be overcome by adsorbing 

additives onto the surfaces of the pigment crystals, thus changing their surface 

character. The additives generally contain aliphatic groups which interact with the 

medium in which the pigment is dispersed, thereby increasing resistance to 

flocculation.

It is perhaps obvious that pigments should have excellent heat, light and 

chemical resistance properties. Many applications of pigments, e.g. in the plastics 

industry, require the material in which the pigment is dispersed to be heated to 

extremely high temperatures. Resistance to light is particularly important in industries 

such as the highly lucrative car paint market -  it is important that the colour of a 

vehicle should not fade on exposure to sunlight. The same is true of chemical 

resistance. While not necessarily being resistant to all known chemicals, a particular 

pigment in a particular application should be resistant to all chemicals with which it will 

be in contact.

The final important characteristic of a pigment is that it must possess a low 

level of bleed, i.e. the pigment should not ‘run’ after application. Pigment 

manufacturers and consumers require a sharp definition between sections of colour, 

with no overlap. Any bleeding of the pigments would cause blurring at the edges of 

sections of colour.

Hence, when producing a successful and commercially viable pigment material 

it is not merely sufficient to obtain an insoluble, coloured solid. While this is the
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fundamental definition of a pigment material, a useful pigment material must also 

exhibit the properties outlined above.

1.1.3 Polymorphism in Pigments

One important issue which has not been mentioned so far is the effect of crystal 

packing arrangements on colour. Different polymorphs may have different colours 

(e.g. quinacridones -  see section 1.2.2 -  and copper phthalocyanine), or simply 

different shades of the same colour. One of the packing interactions which can 

influence colour is hydrogen bonding. Dramatic evidence of differences in hydrogen 

bonding arrangements can arise when these different hydrogen bonding arrangements 

give rise to different crystal colours. An example of polymorphs with different colour 

and different hydrogen bonding arrangements is provided by diethyl 2,5-diamino- 

terephthalate (Fig. 1.1).^

X 2 H 5

o

Figure 1.1: Diethyl 2,5-diaminoterephthalate.

This material undergoes a thermal conversion, with the crystals changing 

colour from yellow to orange, accompanied by changes in molecular packing and 

intermolecular hydrogen bonding. In the “yellow” phase (space group P2\/c) there is 

intermolecular hydrogen bonding between neighbours related by the screw axis along b 

and the glide plane along c. The “orange” phase, however, has the space group R 3 . 

Each molecule forms intermolecular hydrogen bonds to six neighbours, so that the 

ciystal is held together by hydrogen bonding in every direction.

1.2 ORGANIC PIGMENTS

Pigments have been used widely in coloration processes since the stone age, 

when man painted the walls of caves using natural pigments. Uses of pigments today
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are widespread, and include coating technology, paints, inks plastic coloration etc., as 

well as more sophisticated technologies such as new information storage systems. 

While many pigments are based on transition or heavy metals, e.g. titanium dioxide, 

approximately 25 % of the world market volume of pigments are organic compounds. 

The majority of organic pigments are based on azo and phthalocyanine chromophores, 

with other types including isoindoline, quinacridone and other heterocycles, most of 

which have been known for at least 40 years. Interestingly, only three types of 

chromophore have been used first in the pigment industry before finding use in the dye 

industry: copper phthalocyanine (1930s), quinacridone (1950s) and 1,4-diketo-

pyrrolo[3,4-c]pyrroles (DPPs) (1980s).^ The pigments which have been used in this 

project are based on the DPP and quinacridone chromophores, and hence the following 

discussion of pigments concentrates on these two classes of carbonyl pigments.

1.2.1 DPP Pigments

This family of organic pigments was discovered in 1980 by Iqbal and co

workers. It is based on the chromophoric unit of l,4-diketo-pyrrolo[3,4-c]pyrrole

(Fig. 1.2(a)). 10 , 1 1

o

HN

o

(a)

NH NHHN

(b)

Figure 1.2: (a) Chromophoric unit, (b) 1,4-diketo-3,6 -diphenyl-pyrrolo[3,4-c]

pyrrole (DPP).

This chromophore was discovered in somewhat unusual circumstances as it 

was observed that the unwanted product of a lactam-forming reaction was highly 

coloured and insoluble. As discussed previously, these are essential properties of
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pigments. The actual pigment material produced was a diphenyl derivative of the 

chromophore which is known as DPP (l,4-diketo-3,6-diphenyl-pyrrolo[3,4-c]pyrrole) 

(Fig. 1.2(b)). All members of the pigment class involve either a phenyl ring or a 

heterocyclic analogue, e.g. pyridyl. It was recognised that this heterocycle had 

potential as a pigment due to the presence of certain chemical and structural features 

present in several classes of organic pigments (Fig. 1.3), such as amide groups and 

phenyl rings.

NH

(a) (b)

Figure 1.3:

oH

(c) (d)

(a) Isoindoline, (b) indigo, (c) epiindolindione and (d) quinacridone.

1.2.1.1 Properties O f DPP Pigments^^

It has been found that, by varying substituents at the meta and para positions 

of the phenyl ring, it is possible to generate a broad spectrum of colours ranging from 

orange-yellow to violet. The effect of substituent on colour may be explained by the 

presence of a resonance interaction between the chromophoric unit and the phenyl 

rings. Electron withdrawing and electron donating substituents will exert different 

electronic effects on the delocalised electron system and, hence, will affect the colour 

differently. The position of the absorption band is dependent on the type and position 

of the substituents attached to the phenyl ring. ' ̂

The pigments are extremely insoluble, probably as a result of strong 

intermolecular hydrogen bonding in the solid state. X-ray diffraction studies on 

DPP,'^ l,4-diketo-3,6-Z?A(3'-chlorophenyl)-pyrrolo[3,4-c]pyrrole (m-Cl-DPP)* and
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1,4-dikelo-3,6-/;/.s '(4 '-chlorophenyl)-pyiTülo[3,4-c]pyiTole (y;-Cl-DPP)'^ sh o w  that in 

the solid state there  are three types o f  in te rm olecu la r  forces acting in the crystals;

i) hydrogen  bond ing  be tw een  m olecules  form ing  chains  (Fig. 1.4);

ii) 71-71 in teractions be tw een  layers o f  chains (extent o f  71-71 in teractions is 

dependen t on the substituents  in the phenyl ring and has a m odera te ly  

strong influence  on c o lo u r ) /^

iii) van der  W aa ls  forces be tw een  chains in the same layer.

Figure 1.4: Illustration o f  the in term olecular  hydrogen  bond ing  a rrangem en t in 

DPP.'"^ S im ilar  a r rangem ents  are observed  in derivatives  o f  DPP.

F or  D P P  it has been found that there  is a large b a thoch rom ic  shift be tw een  

solution and the solid sta te  {i.e. to w ard s  the red end o f  the visible spec trum ) o f  about 

40  nm  {ca. 1400 cm  ') .^^ It is th o ugh t that this large shift is due  to in term olecular  

hyd rogen  bond ing , w hich is p resen t  in the solid but not in solution. This  leads to a 

h igher e lec tron  density  on the n itrogen  in the solid state. T h e  im portance  o f  

in term olecu la r  hyd rogen  bond ing  in the cause  o f  this effect was i llustrated by studying

1.4 -d ike to -2 -m ethy l-3 ,6 -d ipheny l-py rro lo [3 ,4 -c ]py rro le  (M M -D P P )  and 1,4-diketo-

2 .5 -m ethy l-3 ,6 -d ipheny l-py rro lo [3 ,4 -c]py rro le  (D M -D P P )  (Fig. 1.5). Infra red 

m easu rem en ts  have show n  that the  hydrogen  bond ing  is w eak e r  in M M - D P P  than in 

D P P  (the C = 0  stre tch ing  band  is at low er  w avenum ber  in D P P  than in M M -D P P
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corresponding to stronger hydrogen bonding). The bathochromic shift is larger for 

DPP than for MM-DPP, thus indicating a strong correlation between the strength of 

intermolecular hydrogen bonding and the magnitude of the bathochromic shift. 

Consequently, for DM-DPP, for which there is no hydrogen bonding in the solid state, 

there is no bathochromic shift.

HN N - C H 3  H 3 C -

(a) (b)

Figure 1.5: (a) MM-DPP and (b) DM-DPP.

1.2.1.2 Applications O f DPP Pigments

l,4-diketo-3,6-^w(4'-chlorophenyl)-pyrrolo[3,4-c]pyrrole, p-Cl-DPP, has been 

available commercially since 1986, and is now used widely in the car paint industry 

with many red cars now coloured with this particular DPP derivative.'^ This pigment 

is particularly successful as it corresponds well to the shade of what is known as 

psychologically pure red, i.e. red which is neither yellowish nor bluish.

As well as applications in the paint industry, several DPP analogues have 

potential uses in rather more sophisticated technology. The first example of this is 1,4- 

diketo-3,6-^A-(4'-pyridyl)-pyrrolo[3,4-c]pyrrole (DPPP) (Fig. 1.6(a)). This particular 

derivative can undergo both protonation and deprotonation as it has amphoteric 

character due to the presence of the NH in the chromophoric unit and the lone pair on 

the pyridyl nitrogen. Both of these processes lead to a change in the UV/visible 

absorption spectrum, with the absorption maximum shifted to a higher wavelength. As 

with DPP, the absorption in the solid state is at higher wavelength than in solution 

because of the intermolecular hydrogen bonding. Protonation also induces changes in 

the photoelectric properties of the pigment, which means that there are potential uses
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of this pigment in electrographic photoreceptors and optical information storage.

NHNH HNHN

(a) (b)

Figure 1.6: (a) DPPP and (b) DTPP.

Much work has also been done on the sulfur analogue of DPP, l,4-dithio-3,6- 

diphenyl-pyrrolo[3,4-c]pyrrole (DTPP) (Fig. 1.6(b)) which has three known 

polymorphs I I a n d  III.^^ DTPP is a blue pigment which can undergo a 

transformation in morphology upon vapour treatment using several different solvents 

such as methanol, acetone and tetrahydrofuran. The molecules are rearranged in such 

a way that the overlap of the donor (nitrogen region) and acceptor (region around 

sulfur atom) parts of the molecules increases. This in turn leads to enhanced 

absorption in the near infra red region of the electromagnetic spectrum, caused by a 

spectral shift in the visible and infra red regions towards longer wavelengths.^' It has 

been proposed that this is caused by intermolecular charge transfer upon vapour 

treatment. This charge transfer induces an electrostatic field, which in turn increases 

the efficiency of exciton dissociation into free-charge carriers, thereby increasing the

photoconductivity. This behaviour leads to possible applications of DTPP as a
22photoreceptor.

Polymorph III of DTPP exhibits an intense near infra red absorption due to 

interplanar K-n interactions. Upon irradiation with a laser in the presence of a 

hydrazone (4-diethylaminobenzaldehyde-1,1 '-diphenylhydrazone), the 7i-7i interactions 

of the DTPP are altered due to molecular rearrangement, causing a phase change from 

polymorph III to polymorph II. This has the effect of removing the near infra red 

absorption, thus allowing DTPP to be used as a ‘write-only’ optical information
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Storage system.

1.2.2 Quinacridones

Diketoquinolinoacridines, more commonly referred to a quinacridones, form a 

second major class of organic pigment. Linear-rran.y-quinacridones (Fig. 1.7), in which 

the aromatic ring system is linear and the carbonyl groups are on opposite sides of the 

molecule, are important commercial pigments (the derivatives are red and violet). The 

unsubstituted form was first synthesised in 1935 by Liebermann, and was first 

produced industrially in 1958. Linear-ci^'-quinacridones and angular isomers of 

quinacridone are yellow and consequently have less value as pigments.^

O H

Figure 1.7: Linear-rran5'-quinacridone.

Linear-^ra^s-quinacridone is known to exist in a number of polymorphic forms 

-  a , p, y, Ô, 8, and The colours of these polymorphs range through violets, 

magentas, reds, golds and maroons. There is some controversy as to whether or not 

there is a Y polymorph and this is discussed below. Commercially, the most important 

forms of quinacridone are the p and y phases.

1.2.2.1 Properties and Uses o f Quinacridone Pigments

The properties of linear-fraw^-quinacridone which make it suitable for use as an 

organic pigment are its high tinctorial strength, excellent resistance to chemicals, light 

and heat and of course its high insolubility (due in part to strong intermolecular 

hydrogen bonding). Quinacridones also have a better level of bleed {i.e. the colour 

does not run) than most other organic pigments. Uses of quinacridones range from car 

paints to plastic coloration. 2,9-Dimethyl-quinacridone has been used in conjunction
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with n-CdS in an organic solar cell?^ A thionated version of quinacridone has been

used in an information storage system, exploiting an absorption band in the near infra
29red region of the electromagnetic spectrum.

1.2.2.2 How Many Polymorphs o f Quinacridone Are There?

One contentious issue which has been of interest to pigment scientists for a 

number of years has been the question of how many polymorphs of quinacridone exist. 

In particular, research has centred around whether or not the y and Y polymorphs are 

actually different. The evidence for there being two distinct polymorphs has been 

based on the fact that there are slight differences in the X-ray powder diffraction 

patterns obtained for the two “polymorphs”, and slight differences in the absorption 

spectra.' This question has been addressed recently when a complete structure 

determination for y-quinacridone was performed.^ The crystal structure comprises 

stacks of quinacridone molecules, tilted with respect to one another, with hydrogen 

bonds forming between these stacks. These interactions are illustrated in Figs. 1.8 and 

1.9. Having obtained the crystal structure data, Potts et al.^ have shown that it is 

possible to simulate the diffraction patterns of both the y and Y phases using the same 

atomic coordinates and cell parameters by simply modifying the average crystallite 

size. This implies that there is, in fact, only one y phase of quinacridone. Hence y and 

Y are not true polymorphs, but rather they are polytypes.

1.3 HYDROGEN BONDING IN ALCOHOLS

As previously mentioned, the work described in this thesis can be divided into 

two sections, pigments and hydrogen bonding in alcohols. Some background to 

hydrogen bonding, with particular emphasis on alcohols, is now given.

1.3.1 Introduction

Within the broad perspective of intermolecular forces, hydrogen bonds are 

generally stronger and more directional than the other types of intermolecular 

interaction found in organic molecular crystals. This directional nature of hydrogen 

bonding leads to well defined, preferred and characteristic packing arrangements for
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Figure 1.8 : C rysta l  s truc tu re  o f  y -qu inacridone v iew ed dow n the c-axis.

Figure 1.9: D iagram  o f  the crystal s tructure  o f  y-quinacridone show ing  the

hydrogen b onds  (d o t ted  lines) be tw een  the stacks o f  qu inacridone 

m olecules.
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hydrogen bonded crystals.

The first cited example of hydrogen bonding in the literature appeared in 1920 

in a paper by Latimer and Rodebush. Since then many comprehensive texts on 

hydrogen bonding have been w r i t t e n . T h e  discussion in this thesis will focus on 

O -H ... O hydrogen bonding.

1.3.2 Is There any Preference for Hydrogen Bond Formation in the Direction of 

the Lone Pairs of Oxygen in O -H  O Hydrogen Bonds?

One of the questions that must be addressed before conducting an investigation 

into hydrogen bonding in alcohols is whether or not hydrogen bonds form in lone pair 

directions (Fig. 1.10). This issue has been examined using data from the Cambridge 

Structural Database (CSD).^^

H " "

Figure 1.10: Possible hydrogen bonding arrangements for alcohols.

Based on structural data for 99 0 -H .. .0 <  hydrogen bonds, the mean O -H -O  

angle has been found to be 163.1°, thus making the bonds quite l i n e a r . A  further 

study of X-ray diffraction data for 196 0 -H ...O <  bonds revealed a tendency for the 

hydrogen bond to lie in the lone pair plane of the acceptor atom, but no obvious 

tendency for the hydrogen bonds to lie in the lone pair directions within that plane. 

Analysis of neutron diffraction data gave similar r e s u l t s . T h i s  behaviour has been 

explained using charge density calculations. These have shown that the lone pair 

deformation density in OH groups is usually found as a broad peak extending over a 

large part of the lone pair region.^^ In contrast, the lone pair deformation density in 

C =0 groups was shown to be resolved into two distinct lobes, in approximately the 

directions expected for sp^ hybridisation. Hence, it was proposed that lone pair 

directionality may be more important for sp^ lone pairs than sp^ lone pairs. Indeed, 

this propensity for hydrogen bonds to form in the direction of the lone pairs when the
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acceptor oxygen atom is sp^ hybridised has been found in a study of 1357 N -H .. .0=C  

intermolecular hydrogen bonds.

1.3.3 What Types of Hydrogen Bonding Arrangements are Encountered in

Alcohols?

Because hydroxyl groups are unique in being approximately equally good as 

hydrogen bond donors and hydrogen bond acceptors in the solid state, OH groups 

both donate and accept a proton unless they are sterically hindered in some way or 

some stronger intermolecular interaction takes precedence. Hydrogen bonded 

aggregates of alcohols are, therefore, mostly rings and chains, with dimers occurring if 

the formation of rings or chains is precluded. A systematic study of the nature of 

hydrogen bonding in monoalcohols, C„H^OH, has been performed using data from the 

CSD by Brock and Duncan.'^^ They have found that the frequency of occurrence of 

high symmetry space groups is disproportionally high for monoalcohols and that 

structures having more than one molecule in the asymmetric unit occur much more 

frequently for monoalcohols than for molecular crystals in general.

These observations can be rationalised using the knowledge that, if fully 

hydrogen bonded aggregates of OH groups are to be formed, two oxygen atoms must 

be brought within ca. 2.8 À of a third oxygen atom. For bulky molecules this is 

possible if the molecules aggregate around rotation-inversion axes of order 3, 4 or 6 , 

or if the asymmetric unit contains more than one molecule. These observations tie in 

well with the data obtained from a study of methanol derivatives by Ferguson and 

Glidewell outlined in section 1.3.5.

1.3.4 Proton Disorder in Hydrogen Bonded Systems

Neutron and X-ray diffraction studies have revealed that in the hydrogen 

bonded system X -H ...A , where atoms X and A are chemically different, the proton is 

bound only to one of the two atoms. In systems where X and A are the same but 

belong to different groups (as in 0 - H . . .0  hydrogen bonding), the situation is less 

clear cut due to the possible occurrence of proton disorder. The disorder may be 

localised within a molecule or may involve a dimer, a chain, a layer, or a three- 

dimensional array of molecules."^^ Proton disorder may also occur when there is more
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than one acceptor atom in close proximity. If two acceptors arc equally strong, there 

is competition between them for the proton. In both situations the proton disorder 

may be static or dynamic.

A classic example of proton disorder occurring in the solid state appears in the 

crystal structure of hexagonal ice. This form of ice is a highly regular structure in 

which all potential hydrogen bonds are made in nearly regular tetrahedral coordination. 

The protons lie symmetrically in each hydrogen bond about 1 Â from an oxygen atom. 

There are six possible hydrogen bonded orientations for the H2O molecule at each 

oxygen site and these have been found to occur with equal probability.^^

Proton disorder has also been observed in the crystal structures of some 

alcohols, C„H2n+iOH. It has been proposed that, in crystalline methanol, the O -H .. .O 

hydrogen bonds must be proton disordered because a crystallographic centre of 

inversion lies at the middle of each hydrogen bond.^^ In the crystal structures of long 

chain alcohols n = 16"̂ “̂ and n = 24,"̂  ̂ proton disorder occurs across alternating sets of 

centres of inversion and twofold axes. The nature of this proton disorder has not been 

elucidated, and so it is unclear whether it involves proton transfer, as in ice, rotational 

disorder of the hydroxyl hydrogen atom about the C-O  bond, or a statistical mixture of 

proton-ordered chains imposed by the crystal symmetry. The latter type of disorder 

has been proposed for the proton disorder in HO(CH2)ioOH.'^^ Some of the methanol 

derivatives discussed below exhibit proton disorder, and indeed, investigation of 

proton disorder has been the main focus of the work on hydrogen bonded alcohols 

reported in this thesis.

1.3.5 Hydrogen Bonding Arrangements in Methanol Derivatives

A systematic study of hydrogen bonding arrangements in series of substituted 

alcohols have been carried out by Ferguson, Glidewell et al. Examples of the types of 

alcohols which have been considered are shown in Fig. 1.11.

The alcohols which have been investigated in detail are methanol derivatives. 

The derivatives considered exhibit a range of hydrogen bonding arrangements in the 

solid state. Tribenzylmethanol (1),^^ I,2,3-triphenylpropan-2-ol (2),"̂  ̂ and (4- 

biphenyl)diphenylmethanol (3)"̂  ̂ consist of discrete monomers with no hydrogen 

bonding. Diphenyl(2-pyridyl)methanol (4) exhibits only intramolecular hydrogen

36



CH2

CH2 OH

CH2

(1)

OH

CH2
OH

(2)

OH

(3)

-O H
CH2

-O H

(4) (5) (6) (7)

OM e

Mel OH

OM e

(8)

H3C

H3C
-O H

(9) (10)

O H

(11)

■OH C4H3S- -O H

(12)

OH

(13) (14)

Figure 1.11: Schematic representation of methanol derivatives investigated by 

Ferguson, Glidewell et al.
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bonding of the form 0 -H ...N . Diphenyimethanol (5) forms hydrogen bonded 

c h a i n s , t h e  only example of this mode of hydrogen bonding in this series of 

derivatives. As it is the least hindered molecule to be considered, this observation is 

perhaps not unexpected.

O -H ...71 (arene) hydrogen bonding is exhibited in two of the crystal structures 

which have been determined, namely 1,1,3-triphenylpropyn-l-ol (6)'̂  ̂ and 1,1,2- 

triphenylethanol (7)."̂  ̂ Both of these form centrosymmetric dimers in the solid state. 

Dimers are also observed in the crystal structure of rm(4-methoxyphenyl)methanol 

(8 )."̂  ̂ In contrast to the previous two structures, the hydrogen bonding is of the more 

conventional form 0 - H . . .0 ,  between the hydroxyl group of one molecule and the 

oxygen atom of one of the methoxy groups in a neighbouring molecule.

Ring structures have been observed for two derivatives, 2-methyl-1,1- 

diphenylpropan-2-ol (9)^^ which forms cyclic hydrogen bonded trimers with threefold 

symmetry, and 2 ,2 ,2-triphenylethanol (10) which forms tetramers in which the O4 ring 

is almost planar. In the structure of (9), the protons were found to be equally 

distributed over two well-defined sites, corresponding to a choice of clockwise or 

anticlockwise hydrogen bonding within the hydrogen bonded ring. In (10) there is no 

disorder in the hydrogen bonding arrangement.

The derivative which has been investigated in the work described in this thesis 

(Chapter Six) is triphenylmethanol, PhgCOH (11).^^ The structure contains hydrogen 

bonded pyramidal tetramers of triphenylmethanol molecules, which are disordered in a 

ratio of 71:29 about two orientations. In the tetramers, three of the Ph3COH 

molecules are related by a crystallographic threefold axis, while the fourth molecule 

lies along this threefold axis. The oxygen atoms are arranged approximately at the 

corners of a tetrahedron, with the C-O  bonds lying approximately along the threefold 

symmetry axes of the tetrahedron. The structure determination of PhgCOH failed to 

locate the hydroxyl hydrogen atoms, but if it is assumed that the hydrogen atoms 

involved in the hydrogen bonding are located along the 0 . . . 0  edges of the tetrahedron 

(thereby forming the shortest 0 -H ...0  distances and hence, presumably, the strongest 

hydrogen bond interactions), the fact that there are four hydrogen atoms distributed 

between the six edges of the tetrahedron suggests that, at least at a sufficiently local 

level, there may be disorder (either dynamic disorder or static positional disorder) in 

the hydrogen bonding arrangement. This type of disorder is particularly amenable to
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study by solid state NMR, details of which are given in Chapter Six. Examples of 

previous NMR experiments in which hydrogen bonding arrangements in alcohols 

have been probed are given below.

The only other derivative to date which has been found to exhibit the same 

packing behaviour as triphenylmethanol is diphenyl(2-thienyl)methanol ( 1 2 ) . This 

solid is assigned as isomorphous with PhgCOH on the basis that the space group, 

number of molecules in the unit cell and (approximately) the volume are the same. No 

structure has been obtained for this derivative, however, so no conclusions may be 

drawn regarding the hydrogen positions in this structure.

The crystal structures of molecules that are isoelectronic with PhgCOH have 

also been determined, with particular emphasis on those molecules for which the stei ic 

requirements around the central carbon atom are disturbed as little as possible. The 

two structures which have been determined are diphenyl(4-pyridyl)methanol (13)^' and 

triphenylmethylamine (14).^^ However, neither of these compounds exhibits the same 

type of hydrogen bonding as triphenylmethanol. In (13) chains are formed via O -

H. . .N hydrogen bonds while in (14) there is no intermolecular hydrogen bonding.

Crystal structures have also been determined for the Group 14 analogues of 

Ph3COH, PhaMOH (M = Si, Ge, Sn, Pb). As in PhgCOH, the crystal structure of 

Ph^SiOH contains hydrogen bonded tetramers of molecules.^^ However, unlike 

PhgCOH, the tetramers are not approximate tetrahedra, but are instead flattened 

tetrahedra. The structure of PhgGeOH is isomorphous with Ph3SiOH.^^ The 

remaining two Group 14 analogues of Ph3COH, Ph3SnOH and Ph3PbOH, have 

structures consisting of zigzag chains of planar Ph3M groups joined by OH groups. 

Hence, comparison with the crystal structures of these related molecules provides no 

clues with regard to the hydroxyl hydrogen atoms in the crystal structure of 

triphenylmethanol.

1.3.6 Investigation of Dynamics of Hydrogen Bonded Arrangements in Solid 

Alcohols Using Solid State NMR

The hydrogen bonding properties of crystalline triphenylmethanol have been 

investigated in this project using ^H NMR lineshape analysis. ^H NMR is a particularly 

good technique for studying dynamic processes in the solid state and for elucidating
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mechanistic information. This information can be obtained using H NMR spin 

alignment techniques (for motions with rates in the range 10 -1 0  Hz), lineshape 

analysis procedures (for motions with rates in the range 1 0 -1 0  Hz), or spin-lattice 

relaxation time measurements (for motions with rates in the range 10^-lo '^  Hz). One 

of the main advantages of ^H NMR is that the replacement of protons with douterons 

generally has a negligible effect on the dynamics and structure of the system under 

consideration. As a result, ^H NMR, in principle, provides a suitable tool for studying 

dynamic properties of various solids. In many molecular crystals with, for example, 

hydroxyl or amino groups, the possibility of selective deuteration provides an 

opportunity to study the dynamic behaviour of these fragments in a selective manner. 

A detailed introduction to solid state ^H NMR is given in Chapter Two.

The use of solid state ^H NMR lineshape analysis as a probe of disorder in 

hydrogen bonding arrangements of alcohols, has been illustrated for ferrocene- 1,1’- 

diyl^A(diphenylmethanol) (FBDPM) (Fig. 1.12).

Ph

Ph

-OH

Ph

Ph

-OH

Figure 1.12: Ferrocene-1,1 ’-diyl&»A(diphenylmethanol).

In the crystal structure, the molecules form hydrogen bonded dimers, with the 

oxygen atoms of the four hydroxyl groups involved in this hydrogen bonding defining a 

folded trapezium.^^ Each hydroxyl hydrogen atom is disordered between two equally 

populated positions, and hence it has been inferred that there are two plausible 

hydrogen bonding arrangements (clockwise and anticlockwise) of the eight membered 

ring hydrogen bonded unit. (This disorder is analogous to that observed in the crystal 

structure of 2-methyl-1,1 -diphenylpropan-2-ol (6 )."̂ )̂ ^H NMR measurements on 

selectively deuterated FBDPM indicated that the deuterons are mobile between the
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two possible sites, and that this dynamic process can be explained in two ways.^^ 

Firstly there could be proton transfer between adjacent hydroxyl oxygen atoms, and 

secondly there could be a 180° jump motion of each hydroxyl group about its C-O  

bond. In this particular instance NMR could not distinguish between these two 

models. It must be noted, however, that in general solid state NMR could 

distinguish between proton transfer models and jump models. This type of experiment 

has been carried out in the present work to probe the proton disorder in the hydrogen 

bonding arrangement of triphenylmethanol (see Chapter Six).
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CHAPTER TW O  

EXPERIM ENTAL TECHNIQUES: 

BACKGROUND AND THEORY

2.1 INTRODUCTION

This chapter deals with background information relating to the experimental 

techniques used in the work described in this thesis. While it is not possible to describe 

the techniques fully within the context of this thesis, an introduction to the main ideas 

and concepts of the techniques is given. The following experimental methods are 

covered:

i) high resolution solid state NMR spectroscopy;

ii) wideline solid state NMR spectroscopy;

iii) X-ray diffraction, particularly X-ray powder diffraction and

iv) thermal methods (thermogravimetric analysis and differential scanning 

calorimetry).

2.2 HIGH RESOLUTION SOLID STATE " c  NMR

2.2.1 Introduction

A highly characteristic feature of solid state NMR is that, when spectra are 

recorded under identical conditions to those used for solution state NMR, the spectral 

lines are very much broader than those seen for liquid specimens. This difference in 

behaviour arises from the static anisotropic interactions in the solid state which are 

averaged out in solution by rapid isotropic motions of the nuclei. It is therefore

pertinent to discuss the methods by which the effects of these anisotropic interactions 

can be removed from solid state  ̂ NMR spectra, thus allowing high resolution NMR 

investigations of the type routinely performed for liquid samples.

The anisotropic nuclear interactions of interest in solid state C NMR

spectroscopy are:
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i) direct dipole-dipole coupling

ii) indirect (electron coupled) dipole-dipole coupling

iii) electron shielding

(For nuclei with spin 1 > V2 , quadrupolar effects are also important, and are discussed 

in section 2.3.) Before discussing each of these interactions in detail, it is necessary to 

introduce some basic theory of NMR. A more comprehensive introduction is available 

in a number of textbooks devoted to solid state NMR. ’ ’

2.2.2 Energy Levels in NMR

The basic properties of any nucleus are mass, charge and spin (denoted by the 

spin quantum number /). The spin of a nucleus results from the interaction between 

protons and neutrons within the nucleus. Those nuclei with non-zero spin possess 

angular momentum, the total magnitude of which is + 1). The total angular

momentum of an isolated particle cannot have any arbitrary magnitude but may only 

take certain discrete values, i.e. the angular momentum is quantized. There are 21 + 1 

possible values for the m/ quantum number (/, 7-1,...,-/). Because the nucleus is 

charged and has angular momentum, it possesses a magnetic moment. Hence, placing 

the nucleus in a magnetic field causes a splitting into 27 -t- 1 energy levels due to the 

Zeeman Hamiltonian:

(2 . 1)

where \i is the magnetic moment operator and Bq is the static magnetic field. In the z- 

direction (assumed to be the direction of the static magnetic field) we therefore have:

= (2 .2)

The ratio between the magnetic moment and the angular momentum is known as the 

gyromagnetic ratio, i.e.

|i  = y j (2-3)

where J is the angular momentum (it must be remembered that angular momentum is a 

vector quantity). Hence, in the direction of the static magnetic field (where = tim, )
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we have

= —yhrrii (2.4)

Therefore, the values of the energy levels are given by

E = —yhm,BQ (2.5)

The selection rule for transitions between energy levels is Am/ = ± 1. Hence, the 

energy between neighbouring levels, i.e. the energy required for allowed transitions to 

occur, is

AE = \yhB,\ = h f, (2.6)

where /o is the frequency of radiation required to cause allowed transitions between 

two spin states of the nucleus, i.e. nuclear magnetic resonance.

The separation between energy levels is additionally affected by interactions 

such as dipole-dipole coupling and electronic shielding which lead to line broadening in 

solid state NMR. These interactions are now discussed in detail.

2.2.3 Direct Dipole-Dipole Interaction

The nuclear magnetic moments of nuclei such as C and H which make 

possible the observation of NMR have an additional effect: they produce small

localised magnetic fields themselves at other nuclear sites. Since the resonance 

frequency depends on the local field at the site of the resonating nucleus, and since the 

local magnetic field will vary from point to point throughout the sample due to 

different orientations of neighbouring nuclei, the NMR signal for solid samples is 

broadened -  dipole-dipole broadening. Both homonuclear and heteronuclear dipole- 

dipole interactions are important in NMR. In solid state NMR, homonuclear 

dipolar interactions, which make it difficult to obtain high resolution NMR spectra of

abundant nuclei in solids, are effectively eliminated as the C nucleus is ‘dilute’. 

The low abundance of the isotope (1%) makes it very unlikely that two nuclei 

would be close enough to give significant homonuclear dipolar interactions. However, 

heteronuclear dipole-dipole ir 

lead to major line broadening.

heteronuclear dipole-dipole interactions, particularly between C nuclei and H nuclei

The Hamiltonian for heteronuclear dipole-dipole coupling in a typical C -  H
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system can be expressed as:

1 / 2 \ (^-7)
H d D ( / i c O  "  ^ ^‘k ~  ^ ^ z j z , k

where rik is the distance between the two interacting nuclei.

Two methods are available for removal of the effects of dipole-dipole 

interactions from solid state NMR spectra. Firstly, magic angle spinning, which 

involves spinning the sample rapidly about an axis inclined at an angle of 54°44' to the 

static magnetic field {i.e. the average value of the (3cos^0 -  1) term in equation (2.7) 

becomes zero). This technique is described in detail in section 2.2.6. However, it is 

generally the case that fast enough spinning cannot be achieved in NMR experiments 

to remove this effect from the spectra obtained. The method usually used for 

removing the broadening caused by heteronuclear dipolar interactions in *'̂ C

NMR is high power decoupling, in which powerful decoupling fields are applied at the 

' h  resonance frequency (see section 2.2.5).

2.2.4 Indirect (Electron-Coupled) Dipole-Dipole Interaction

A second cause of line broadening in solid state NMR experiments is indirect 

dipole-dipole interaction (known as spin-spin interaction or J-coupling in solution 

NMR). The magnitude of this interaction is usually smaller than the other interactions. 

The interaction arises from indirect coupling between two magnetic nuclei through 

their mutual interaction with the electron spins in the sample. In most systems, more 

than two types of nuclei will interact in this way giving rise to a complicated spectrum. 

The spectrum can be simplified using high power decoupling.

2.2.5 High Power Decoupling

High power decoupling is the method by which heteronuclear dipole-dipole 

interactions (both direct and indirect) are suppressed. In the case of NMR 

experiments, much of the line broadening is due to the dipole-dipole interactions 

between the C nuclei and the abundant H nuclei. By applying high power radio 

frequency at the ' h  resonance frequency, rapid transitions between the spin up and 

down states of the H nuclei are induced. The C nuclei therefore experience an
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average environment equivalent to effective H nuclei with spin zero. Hence, the 

effect of the dipole-dipole interaction is removed, thereby narrowing the spectrum 

substantially. This same procedure removes the effects of indirect dipole-dipole 

interactions.

2.2.6 Chemical Shift Anisotropy

In an NMR experiment, the resonance frequency of a particular nucleus is not 

only determined by the gyromagnetic ratio but also by the interaction between the 

nuclear spin and the electrons in the sample. Putting the sample in the strong constant 

external magnetic field, B q, causes the electrons to process, producing an induced 

magnetic field at the nuclei, B', which modifies the local magnetic field, Bioc, at the site 

of the nucleus in question. The net effect of these interactions is that the nucleus in 

question is shielded from the external magnetic field by the electrons. In solution 

NMR, the chemical shielding parameter, a , is defined as

B,„, =  B „ ( l - a )  (2 .8 )

By combining equations (2.6) and (2.8), the absorption frequency of the nucleus is 

then

B,. r  Y V  /, w . A (2.9)
271 V27lyf = y ^ =  ±  =

Nuclei in different chemical environments experience different local fields, and hence 

resonate at different frequencies. A specific reference frequency (typically that of 

tetramethylsilane) is used

SO that we can define a chemical shift 5 by

f ~ f r e t  ( 2 . 11)
6 = = a .- a

'o
f  r e f
Jo

In general, the chemical shift is expressed in ppm. If G ref is set equal to zero, then ô = 

- c .  Note that ô is independent of B q.

We have seen that the induced magnetic field around a particular nucleus, B ’, is 

proportional to B q. In solution NMR
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B' — —üBn (2 .12)

where a is the chemical shielding parameter. However, in solid state NMR, we must 

use

B — —G' B, (213 )

where a is a second rank tensor which describes the three-dimensional nature of the 

shielding. In a coordinate system %, y, z, the chemical shielding tensor is represented 

by nine components as follows:

^ J 4 )X̂X ''X,-
G =

f A

^ x x ^ x .

yx y.v yz

V ^ Z) 7Z J

This tensor can be diagonalised by the use of an appropriate axis system, the principal 

axis system. The chemical shielding tensor then becomes:

0 0 ^ (215 )

0 G22 0
0 0

G =

If the observed shielding constant for a particular nucleus in a particular orientation is 

denoted Gl, it is defined as being a linear combination of the principal components of 

the shielding tensor, Gpp, where the angles 0^ are those between the Gpp and Bq.

(216 )
aL = X o „„co s 'e„

P = \

The chemical shielding Hamiltonian, Hg, is then defined as

Hs cos" e ,„ (2 .1 7 )

where i refers to a particular nucleus.

In the solid state, the chemical shift arises from the three-dimensional electronic 

shielding of the nucleus by the surrounding electrons and, hence, is generally 

anisotropic. As the shift is dependent on the orientation of the molecule in the 

magnetic field, the complete three-dimensional shielding of the nucleus may be 

determined from detailed NMR experiments on oriented single crystals. In the solid 

state the chemical shift anisotropy will show up in different ways depending on the
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system.

i) In a single crystal in a fixed orientation with respect to the magnetic field, a 

single sharp line will be observed for each magnetically unique orientation of a 

particular nucleus with respect to the field direction. The positions of these 

lines will change as the orientation of the crystal is changed.

ii) For a powder sample, signals as in (i) will result from each random crystallite 

orientation, and a broad line will result. The shape of this broad line depends 

on the principal components of the shielding tensor.

The method for removing the broadening due to the anisotropic shielding from 

the NMR spectrum is magic angle spinning (MAS). It was observed by Andrew and 

co-workers that for samples in which the nuclei are sufficiently mobile, the resultant 

NMR spectrum is na r r o we d . Ho we v e r ,  in most situations this is not the case, and so 

motion can be imposed on the nuclei by spinning the sample in the magnetic field. The 

experiment is most effective when the angle between the spinning axis and the applied 

magnetic field, Bq, is the ‘magic’ value of 54°44'. The derivation of this particular 

value is now shown.

For rapid and random rotation, each angle in (2.16) varies randomly, so the 

time average of is given by

—  ̂ ( \ 1 (2.18)

since cos^ 0= 1 /3  when 0 is the polar angle in a spherical polar coordinate system, and 

the chemical shielding Gl is the isotropic value a. This is the case in solution NMR, 

where the nuclei are undergoing rapid reorientation. However, in a powder sample, 

different nuclei in different crystallites generally have different values of cos0y„ which 

causes a distribution of local fields, and, hence, a broadened line. If a solid is rotated 

with angular frequency cô  about an axis inclined at angle P to B q as shown in Fig. 2 . 1, 

and at angles Xp to the principal axes of a, we have for each nucleus in the system

cos0^ = cosPcos%^^-l-sinpsin%^, cos((0,.r-i-\|/^J (2.19)

where \\fp is the initial azimuthal angle.
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Bo
rotation axis

Figure 2.1: Schematic representation of magic angle spinning.

From (2.16), (2.17) and (2.19) we see that a time dependence is imposed on 

Hs, and we may decompose Hs into its mean value Hg and terms periodic in (O, which 

generate spinning sidebands. Substituting (2.19) into (2.16) and taking the time 

average we find that for each nucleus

(sin' p)(a,, + 022+ G33) + ^ (3cos' P -  l ) X o ,  cos'
1 (2 .20)

Consequently, when p is chosen such that 3cos P~1 = 0 , {i.e. p is the magic angle of 

54044 ') we see that (2 .20 ) reduces to (2.18) and the shift anisotropy is removed from 

the NMR spectrum for every nucleus in the specimen. This result was first 

demonstrated by Andrew and Wynn.^ If the sample is spun at a rate greater than the 

frequency spread of the anisotropy, the sidebands which occur at integer multiples of 

the spinning frequency (0  ̂become unobservably weak, and all of the signal intensity is 

concentrated into the central isotropic peak. However, it must be noted that it is 

possible to extract important information on the anisotropy of the chemical shielding 

interaction from the sidebands, and the methods used to achieve this will be described 

in detail in Chapter Five.

2.2.7 Cross Polarisation Techniques

We have seen that a major source of line broadening, homonuclear dipolar 

broadening, is in effect removed if the nucleus being probed is ‘dilute’. However, this 

leads to difficulties in obtaining spectra, as reduced quantity of nuclei inherently leads 

to reduced sensitivity. In order to obtain acceptable signal to noise ratios in such cases 

many acquisitions of the spectra are required, leading to long experimental times. An

52



additional problem is that the observed nuclei may also have extremely long spin-lattice 

relaxation times, requiring long recycle delays, and hence long experimental times to 

record the spectrum. Pines, Gibby and Waugh developed an experimental technique to 

overcome these problems, which is known as cross polarisation (CP).^’̂  This 

experiment uses the magnetisation of the abundant spins in a sample, usually ' h  nuclei, 

to enhance the magnetisation of the dilute spins: in our case the dilute spins are always 

'^C, although the same principles can be applied, for example, to ^^Si NMR 

experiments. The pulse sequence used for this experiment is illustrated in Fig. 2.2, and 

the main features are outlined below.

4 1 2

1 2

C
acquire

4 1 2

-7^

acquire

H ih

I?
C

Figure 2.2: Cross polarisation experiment.
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Step 1 : In the first step, the H magnetisation is rotated 90° to lie along the ); axis in 

the rotating frame by a strong off-resonance RF pulse applied along the % axis 

and then spin-locked along y  by an on-resonance spin-locking field.

Step 2: The spins are kept locked along y for a time period x. During this time 

period a strong on-resonance field is applied to the C spins, leading to the 

development of a net magnetisation along the y direction in the '^C 

rotating frame. In this time period, both sets of spins are locked, and by a 

correct choice of the magnitudes of the spin-locking fields H and H the 

net C magnetisation may be enhanced by magnetisation transfer from the H 

reservoir. The magnitudes of the two fields are chosen so that the Hartmann- 

Hahn conditionapplies:

H 1̂  = yi3ç. H 13(3 (2.21)

Since yî  ̂ ~ the C locking field H must be four times H The 

net effect of fulfilling the Hartmann-Hahn matching condition is that in the 

spin-locking fields the energy required for | a) <-> | P) spin flips is identical for 

both the 'h  and spins (unlike the situation in the static magnetic field Bo). 

Since the spins are very dilute in the system, they will adopt the more 

favourable spin distribution of the ' H system, while the total ’ H magnetisation 

will be little affected. Thus, a maximum enhancement equal to the ratio of the 

gyromagnetic ratios of the abundant to the rare spins may be obtained.

Step 3: After the magnetisation has built up to an optimum level, the '^C field is 

switched off and the FID (spectrum) is recorded. The ' h  field is kept 

switched on during this period for heteronuclear decoupling of the 

dipolar interactions.

Step 4: A delay time between pulse sequences during which time there are no C or 

' h  pulses and both and spin systems relax towards their equilibrium 

values in Bq.

As described above, there is substantial signal enhancement of the rare spin 

magnetisation during the cross polarisation process which is important in the 

observation of less sensitive nuclei such as '^C, and ^^Si. This sequence also 

enhances signal intensities of the rare spins in another way. The C magnetisation
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developed along } during the cross polarisation contact period does not depend on the 

regrowth of the C magnetisation along z in the delay period (step 4) (in contrast to 

the case for the single pulse C NMR technique), but arises entirely from the contact 

with the spins (step 2). This means that the intensity of the NMR spectrum 

effectively depends on the relaxation of the spin system in step 4. As the spin- 

lattice relaxation time of the 'h  spin system is, in general, shorter than spin-lattice 

relaxation time for the '^C nuclei (which may be a large as hundreds of seconds), the 

recycle time for efficient spectral accumulations is, in general, much shorter than for a 

conventional single pulse NMR experiment. Because of this it is not necessary to 

have a recycle delay (step 4) after every acquisition. Multiple contact experiments can 

be performed where the magnetisation is kept spin-locked along the y  axis and 

steps 2 and 3 are repeated. After several acquisitions, steps 4 and 1 can be performed.

It is important to note, however, that cross polarisation techniques cannot be 

employed when quantitative information is required because different types of carbon 

nuclei behave differently under cross polarisation conditions.

2.2.8 Pulse Sequences

In the course of the work described in this thesis several different types of '^C 

NMR experiment have been performed, requiring the use of different pulse sequences. 

These have included TOSS^^ (total suppression of spinning sidebands) and NQS'^ 

(non-quaternary suppression).

The TOSS pulse sequence is used to remove spinning sidebands from the 

spectrum for situations in which the magnitude of the chemical shift anisotropy is 

substantially larger than the attainable MAS frequency. The sidebands can be 

manipulated by applying 7i pulses of radio frequency power after the initial 7i/2 pulse 

that leads to the standard FID. Judicious choice of the delays between these 7i pulses 

leads to spectra in which spinning sidebands of particular order bear a well defined 

phase relationship with respect to the isotropic peak (PASS).'^ It is also possible to 

choose delays between the 7i pulses such that sidebands of all orders are removed from 

the spectrum but the isotropic peaks are retained. This is known as total suppression 

of spinning sidebands -  TOSS (Fig. 2.3). It is crucial to maintain a constant spinning 

frequency during the experiment since the values of the delays depend critically upon
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spin lock decoupling

C contact acquire
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Figure 2.3: Comparison of pulse sequences used in CPMAS experiments,

experiments with total suppression of spinning sidebands (TOSS) and experiments with 

non-quaternary suppression (NQS).the magnitude of the spinning frequency.
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Non-quaternary suppression (also known as dipolar dephasing) is a procedure 

for simplifying NMR spectra of complex molecules. In this experiment, the signals for 

'^C nuclei directly bonded to nuclei are suppressed, leaving only the signals for '^C 

nuclei not directly bonded to (“quaternary carbons”). By incorporating a short 

delay with no high power decoupling into the pulse sequence (Fig. 2.3), the 

magnetisation of C nuclei directly bonded to H nuclei decays rapidly. This is due to 

the fact that the spin-spin relaxation time (T]) is very short for C nuclei directly 

bonded to ' h  nuclei (in the absence of ' h  decoupling). For quaternary nuclei, the 

spin-spin relaxation is much slower. Hence, by choosing a suitable time delay 

(typically Tdd = 40 jas) the magnetisation of non-quaternary ' nuclei diminishes to a 

negligible level, leaving only magnetisation arising from the quaternary C nuclei.

A further experiment which has been performed has been the measurement of 

'^C spin-lattice relaxation times (Tj). It is important to know the value of T ; when 

quantitative information is required from an NMR spectrum, as the time for the recycle 

delay must be at least 5 x Tj. If the recycle time is shorter than this then the nuclei in 

the sample will not all have relaxed to their equilibrium states by the end of the recycle 

delay, and hence the intensity of the signal will diminish with time. The method used 

for measuring T| values in the work reported in this thesis is the TI CP method of 

Torchia.^"^ The pulse sequence is illustrated in Fig. 2.4.

The actual experiment consists of two non-identical pulse sequences. In the 

first sequence, the 'h  nuclei are spin-locked in the direction of an applied magnetic 

field, Hi^.  The C nuclei are then brought into contact with the H nuclei by the 

application of a field Hi^^ such that the Hartmann-Hahn condition is satisfied. After 

the '^C polarisation is established along H 13̂  (assumed to lie along the x axis), H 1̂  is 

switched off, thereby terminating contact between the H and C nuclei. At the same 

time, H i3c is phase shifted by 90° to lie along the z axis, thus rotating the '^C

magnetisation to lie along z. H 13̂  is then switched off: this time is denoted t = 0. H 

is switched back on, and the C magnetisation decays exponentially from its initial 

value Mcp(0) to its equilibrium value M q, with the time constant equal to T].
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Sequence  1

2 3

<  ' >

90';, -*

S equence 2

5 6

I 2 9Œy 3

acquire

4 -9(ry 5 90'; 6

acquire

H,\.

y 1 ^

Figure 2.4: Pulse sequence  used in the T I C P  m ethod  o f  de te rm in ing  T |  values.

t

Sequence Sequence 2

13,

Net sienal

Figure 2.5: Schem atic  rep resen ta tion  o f  the C  m agnetisa tion  arising from  the tw o

pulse sequences ,  and the net m agnetisa tion  ob ta ined  by sub trac tion  of  

the signal acquired  in sequence  2 f rom  that acquired  in sequence  1.
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The total magnetisation along the z axis, is given by

(2 .22)

where M a (0  is any magnetisation which does not arise as a result of cross 

polarisation. This polarisation is rotated into the xy plane by a 90° pulse, and the 

resultant signal measurement is made with high power ' H decoupling. This sequence 

finishes with a time delay Tj.

The second pulse sequence is similar to the first pulse sequence, except that the 

initial Hi^ pulse is phase shifted by 180° relative to the initial Hi^ pulse in the first 

step. The net result of this is that the C magnetisation is also phase shifted by 180° 

relative to the magnetisation in the first pulse sequence. Thus, the '^C

magnetisation along the z axis after this sequence, Mj2(0 is given by:

^ z 2 (0  = [ - ^ c p ( 0) -  M Jexp
r \  - t (2.23)

If the signal from this second sequence is subtracted from the signal obtained after the 

first sequence, as illustrated in Fig. 2.5, we get

(224)
=  2 M c p ( 0 ) e x p

vT.y

where is the net signal magnetisation.

This particular method is, therefore, an extremely straightforward way of 

measuring T] values for nuclei, with the additional benefits of enhanced signal 

magnetisation due to the incorporation of cross polarisation techniques.

2.3 SOLID STATE NMR

2.3.1 Nature of the Interaction

Solid state NMR spectra of nuclei with I  > Vi {e.g. /  = 1 for ^H), are often 

dominated by the interaction between the electric quadrupole moment of the nucleus 

and the electric field gradient (EFG) at the nucleus. The total Hamiltonian may be 

approximated as
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H = H2 + H q C2.25)

where Hz is the Zeeman interaction and H q  is the quadrupolar interaction (interactions 

which are important sources of Une broadening in NMR, such as dipole-dipole 

interactions, chemical shift anisotropy and spin-spin couplings, are, to a first 

approximation, negligible in NMR). The quadrupolar interaction for a spin I  may be 

represented as

Ho = I Q I

Q is a second rank tensor defined as

Q =
eQ

2 / ( 2/ - 1)
V

(2.26)

(2.27)

where Q is the quadrupole moment of the nucleus and V is the EFG tensor at the 

nuclear site.

The components of V describe completely the orientation and magnitude of the 

EFG. By choosing an appropriate coordinate system, the principal axis system (PAS), 

the tensor can be diagonalised {cf. chemical shielding tensors).

r, PRINCIPAL
AXIS
SY STE M

0 0
0 V y y 0 (2.28)
0 0 Fzz-

where = 0 as the EFG tensor is traceless. By convention, the X, Y and

Z axes are assigned such that

y z z  — VYY — r  XX (2.29)

where the three principal elements Vxx, Fyy and Vzz describe the magnitude and 

asymmetry of the field gradient. Thus, the EFG can be described in terms of an 

asymmetry parameter, T|, and the quadrupole coupling constant, %, defined as

(2.30)^xx ~ K y

Fzz

x  =
zz (2 31)

h

Together with the orientation of the PAS, the parameters r\ and % provide a complete
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description of the EFG tensor and hence of the quadrupole interaction. For deuterons 

attached to carbons, % has values of 170 to 200 kHz. Dipole-dipole interactions are of 

the order of 0-10 kHz, and contribute to the spectrum as broadening.

The energy level diagram for the combined Zeeman and quadrupolar 

interactions for a spin 1 nucleus can be depicted as in Fig. 2.6 for the case in which the 

quadrupolar interaction is a p e r tu rb a tio n  on the Zeeman interaction (the diagram is not 

to scale).

Zeeman
only

Zeeman plus 
Quadrupolar

-Hi T

-1

1

Figure 2.6: The effect of the Zeeman and quadrupolar interactions on the energy

levels of a spin 7= 1  nucleus.

Note that the m = -1 and m = -Hi levels are affected by the same amount and in 

the same direction by the quadrupolar interaction. The allowed transitions are m = -1 

m = 0  and m = 0<-^m = -Hl. The energy shift for the quadrupolar interaction ( E q ) 

for a single nucleus is

(̂?=ôX(3cos ê-l) (2.32)

where 0 is the angle between the principal component of the EFG tensor and the 

magnetic field vector. The spectrum for a single spin therefore consists of a doublet 

with peak separation Ad given by

Ad = —x(3 co s^0 -l)
(2.33)
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As a result the "H N M R  spec trum  for a single crystal o f  a material conta in ing  several 

deu te ro n s  will show  tw o  lines for each deu te ron  in each  crysta llographic  environm ent.  

T he  peak  separa tion  rellects  the orien ta tion  o f  the Z  axis o f  the V ten so r  to the 

m agnetic  field vector, 6 , as show n  in Fig. 2.7.

8=(T

0=  54°44'

0 = 9 0 '

Figure 2.7: Schem atic  rep resen ta tion  o f  peak  separation  with respect to the angle

o f  the applied  m agnetic  field.

In a single crystal experim ent,  it is possible to find the locations o f  all the 

d eu te rons  and their  q u ad rupo le  coup ling  constan ts ,  as well as asym m etry  param eters ,  

by analysis o f  spec tra  reco rded  as a function o f  the crystal o r ien ta tion  with respect to 

the applied m agnetic  field.

Fo r  a polyci-ystalline sam ple, the spec trum  represen ts  a sum m ation  o f  the 

con tribu tions from  all crystal orien ta tions, leading to the “p o w d e r  p a t te rn ” illustrated 

in Fig. 2.8 on the assum ption  that all crystal orien ta tions are equally  probable .

The  ‘s te p s ’ at the w ings o f  the spec trum  co rresp o n d  to 6 =  0°, the central pair 

o f  peaks to 9 = 90°, and the m idpoin t to the orien ta tion  with 0 =  5 4 ° 4 4 ' (the ‘m ag ic ’ 

angle), at w hich the qu ad ru p o la r  splitting is zero . F o r  polyeiystalline  sam ples, the
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asymmetry parameter and the quadrupole coupling constant can be determined directly 

from the spectra of static deuterons.

Figure 2.8:

e = 9 c r
\ /

0 = 9 0 °

NMR spectrum for a static polycrystalline sample.

2.3.2 Quadrupolar Echo Pulse Sequence

In practice, the quadrupole echo pulse sequence is used to record NMR 

spectra. ' ̂  Due to instrumental considerations, it is necessary to have a delay after the 

initial radio frequency pulse before recording the spectrum. However, during this 

delay the magnetisation begins to dephase, leading to a decrease in intensity of the 

observed magnetisation. This problem can be overcome by subjecting the sample to a 

90° pulse and, after a time delay x, to a 90° phase shifted pulse, causing the spin 

vectors to be refocussed at time 2x, thereby producing an echo of the original 

magnetisation. The FID of the echo is then recorded.

2.3.3 H NMR in the Investigation of Molecular Motions

In general, the interactions that affect NMR spectra are modulated by the 

effects of molecular motion, particularly when the frequency of the motion and the 

frequency of the NMR interaction are comparable. As discussed earlier, each different 

orientation of the deuterons in a polycrystalline sample produces a pair of peaks with a 

separation that depends on the orientation. When deuterons undergo motion involving 

reorientation of the EFG tensor, the NMR spectrum is affected in well-defined
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ways that depend on the rate and mechanism of motion. If the motion is slow relative 

to the NMR timescale (less than ca. 10  ̂ Hz), then a static powder pattern, as in Fig.

2.8, is obtained. If the motion is rapid (greater than ca. 10  ̂ Hz), then an average 

spectrum is observed. However, if the motion is at an intermediate rate (10^ -  10  ̂Hz), 

then the overall lineshape depends critically on the rate of motion. Hence, the NMR 

lineshape alters in a well defined manner for a particular motion as the rate increases.

Lineshape analysis procedures can be used to simulate ^H NMR spectra for 

proposed mechanisms of motion and, therefore, elucidate the mechanism of motion of 

the deuterons. The input parameters for simulation programs are the fundamental 

parameters % and r\ (deduced from a static spectrum), the rate of motion and a 

description of the geometry of the motion. The simulated lineshape is then directly 

compared with the experimental lineshape in order to identify the geometric model 

which best represents the motion occurring in the sample.

2.4 X-RAY DIFFRACTION

X-rays are electromagnetic radiation with a wavelength of ~1 Â, which are 

produced when high energy charged particles collide with matter. They were first 

discovered in 1895 by Rontgen, but it was not until 1912 that von Laue showed that 

they could be diffracted by a crystalline structure in an analogous way to the diffraction 

of light by a grating. A brief introduction to the main aspects of X-ray diffraction and 

in particular X-ray powder diffraction is now given.

2.4.1 Production of Mlonochromatic X-Ray Radiation

Laboratory production of monochromatic X-rays usually occurs when a beam 

of electrons is accelerated through a high voltage, e.g. 30 kV, and then strikes a metal 

target, which is often copper. The incident electrons have sufficient energy to ionise 

some of the copper Is (K  shell) electrons. An electron in an outer orbital (2p or 3p) 

then drops down to fill the vacancy: the energy released during this transition appears 

as X-rays. The transition energies have fixed values, and so a spectrum of 

characteristic X-rays emission lines results. Unwanted radiation can be removed in one 

of two ways: a sheet of metal foil which absorbs any radiation below a certain

wavelength {e.g. for copper radiation a nickel sheet can be used as this absorbs
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radiation leaving only radiation) or alternatively a single crystal monochromator can 

be used. This is aligned at an angle to the incident X-ray beam such that only the 

radiation of required wavelength is diffracted.

An alternative source of X-rays is synchrotron radiation. The radiation 

produced is much more intense than that produced by laboratory X-ray sources and 

has extremely good vertical collimation. Specific wavelengths can be selected from the 

continuum using monochromators as described above. As a result of the special 

properties of synchrotron X-rays, experiments are much more sensitive than 

corresponding experiments using laboratory-generated X-rays (better signal to noise 

ratios and higher resolution) and many new and enhanced types of experiments become 

feasible.

2.4.2 Diffraction of X-Rays by Crystals

In 1912, von Laue discovered that X-rays can be diffracted by crystalline 

materials in an analogous way to the diffraction of light by a grating. Diffraction 

occurs when incident radiation has a wavelength similar to the periodic spacing of the 

slits in the grating. Interatomic distances in solids are of the order of 1 A, 

approximately the wavelength of X-rays. Historically two approaches have been used 

to treat diffraction by crystals, the Laue m e t h o d a n d  the Bragg method.

The Laue method proposes that diffraction from a hypothetical one

dimensional crystal constituting a row of atoms may be treated in the same way as 

diffraction of light by an optical grating because, in projection, the grating is a row of 

points. An equation is obtained which relates the periodic separation, a, of the atoms 

in the row, the wavelength X, and the diffraction angle (]), i.e.

asin(^ = nX (2.34)

A real crystal is a three-dimensional arrangement of atoms for which three Laue 

equations may be written.

<3, sin(]), (2 .35 )

Ü2 sin(t)2 = nX 
sintj), = nX
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The equations correspond to each of the three crystallographic axes needed to define 

the atomic lattice in the crystal. For a diffraction to occur, these three equations must 

be satisfied simultaneously. The Laue equations provide a rigorous and mathematically 

correct way to describe diffraction by crystals. However, they are somewhat 

cumbersome to use. The Bragg method is much simpler and is used almost 

universally.

The Bragg approach to diffraction is to regard crystals as built up of layers of 

planes such that each (hypothetically) acts as a semi transparent mirror. Some of the 

X-rays are reflected off a plane with the angle of reflection equal to the angle of 

incidence, but the rest are transmitted to be subsequently reflected by succeeding 

planes.

E
3̂

Figure 2.9: Derivation of Bragg’s Law.

If we consider two X-ray beams, 1 and 2, reflected from adjacent planes A and 

B within the crystal, we wish to know the conditions under which the reflected beams 

r  and 2' are in phase. Beam 22' has to travel the extra distance %y + yz as compared to 

beam 1T, and for T and 2 ' to be in phase distance (xy -t- yz) must equal a whole number 

of wavelengths. The perpendicular distance between pairs of adjacent planes, the d- 

spacing, d, and the angle of incidence, or Bragg angle, 0, are related to the distance xy 

by

xy = yz = d sin0 (2.36)
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Therefore

xy + y z - 2 d û n ^  (2.37)

For constructive interference

xy + yz = nk  (2.38)

so

2(7 sin6 = nÀ (2.39)

which is known as Bragg’s Law. When Bragg’s Law is satisfied, the reflected beams 

are in phase and interfere constructively. At angles of incidence other than the Bragg 

angle, reflected beams are out of phase and destructive interference occurs. Bragg’s 

Law imposes a stringent condition on the angles at which diffraction maxima are 

observed: if it is not fulfilled, cancellation of the reflected beams is usually complete.

For a given set of planes, several solutions of Bragg’s Law are usually possible, 

corresponding to n = 1 , 2 , 3  etc.. It is customary, however, to set n = 1, and for

situations in which n = 2 for example, the d-spacing is instead halved by hypothetically

doubling up the number of planes in the set. In a crystal system, the planes referred to 

in Bragg’s Law are lattice planes which cut the unit cell axes of the crystal into 

fractional parts. Each of these planes is identified uniquely by three Miller indices h, k, 

and /. It is important to note that, while this derivation is over-simplified {i.e. 

reflection is not the correct physical description of the process that occurs), the result 

is rigorous and can be applied to any crystal symmetry.

2.4.3 X-Ray Powder Diffraction

The original method used in X-ray diffraction experiments on polycrystalline 

materials was devised by Debye and Scherrer in 1917.'^ This method assumes that an 

ideal powder sample contains a large number of crystallites with random orientations. 

Bragg’s Law (2.39) shows that each lattice plane in the sample gives a diffraction 

maximum at a certain value of 26. However, if these lattice planes are present in every 

possible orientation, then the diffracted radiation from a given set of lattice planes will 

describe the surface of a cone rather than a discrete maximum as observed for single 

crystals. If a flat film is placed perpendicular to the incident radiation, a series of
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concentric circles will be produced.

X-Rays

Figure 2.10: Scattering of X-rays into a cone by two lattice planes in a 

polycrystalline sample and the resultant film pattern.

The modern method for X-ray powder diffraction is to use a powder 

diffractometer. The experimental setup for this technique is shown in Fig. 2.11. A 

detector measures the intensity of the scattered X-rays as a function of 20, producing a 

diffraction pattern with a series of peaks at specific values of 20. Since the 20 angle 

and the intensity of a diffraction cone can be measured in any plane that contains the 

cone axis, the detector simply traces a circle centred on the sample in a plane that 

contains the incident X-ray beam.

detector

.28

sample

Figure 2.11: Schematic representation of a powder diffractometer.

The position of the peaks obtained in the diffraction experiment can be used to 

evaluate the unit cell parameters a, b, c, a, p and y of the system under consideration. 

The intensities of the diffraction maxima can be used to determine the electron density
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throughout the unit ceil {i.e. locate atomic positions).

2.4.4 The Phase Problem

Each diffraction maxima (hkl) in the diffraction pattern is characterised by a 

scattering vector h in reciprocal space where

h = ha *+kb +lc (2.40)

(a*, 6 * and c* denote the reciprocal lattice vectors). The scattering for reflection h is 

defined by the structure factor ¥{h) which is a complex quantity

F(ft) = |F(A)|exp(i(t)(ft)) (2.41)

where \¥{h)\ is the amplitude and ( {̂h) is the phase.

If the structure factors are known for all reflections h, then the electron density 

p at any position r in the unit cell can be calculated as follows.

9 {r) = ^ '^ ¥ { h )c x p { -2 m h -r )  (2.42)
y h

where the summation is over all reflections and h'r = hx ^  ky + Iz. {r = xa + yb + z.c 

where a, b and c represent the direct space lattice vectors). V is the volume of the unit 

cell.

Hence, if both the structure factor amplitude and the phase of the structure 

factor are known for all reflections, then the electron density can be calculated at all 

positions in the unit cell, i.e. the atomic positions can be found. However, diffraction 

experiments only give information on the structure factor amplitude and not on the 

phase, therefore prohibiting direct solution of the crystal structure. This is what is 

known as the phase problem. Structure solution methods which rely on extracted 

intensities must therefore contain some way of estimating the phases (])(/%).

However, in structure solution methods such as Monte Carlo (the structure 

solution method which has been used in the work described in this thesis - Chapter 

Four) where extraction of intensities is not required, then the phase problem is 

eliminated.
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2.4.5 Data Reduction

In conventional methods of structure solution from X-ray diffraction data, 

structure factor amplitudes are extracted from the raw intensities. The intensity of 

reflection h ,l{h ), is related to the structure factor amplitude of reflection h, IF(/i)l by

/(h) = |xLp|F(h)f- (2.43)

where L is the Lorentz factor which depends on the instrument used, p  is the 

polarisation factor which depends on the polarisation of the incident beam and on the 

scattering angle of the diffracted beam, and p. is the multiplicity factor which takes into 

account the different planes contributing to the same diffraction maximum. It is 

necessary to make a correction for these geometrical and physical factors prior to 

using the intensities in structure solution procedures. This process is known as data 

reduction.

2.5 THERMAL ANALYSIS

Uses of thermal analysis in solid state science are many and varied and include 

the study of solid state reactions, thermal decompositions and phase transitions and the 

determination of phase diagrams. Most solids are thermally active in one way or 

another and may be profitably studied by thermal analysis. The two main thermal 

analysis techniques which have been used in this project are thermogravimetric analysis 

(TGA), which records the change in mass of a sample as a function of temperature 

and/or time, and differential scanning calorimetry (DSC) which allows a quantitative 

measure of the enthalpy changes that occur in a sample as a function of temperature 

and/or time.

2.5.1 Differential Scanning Calorimetry

In DSC the heat flux to a substance is measured as a function of temperature 

and/or time while the substance is subjected to a controlled temperature program in a 

defined furnace atmosphere. A crucible containing a sample (a few mgs) and a 

separate reference crucible are positioned on a DSC sensor. The sensor measures the 

heat flowing from the furnace to the sample and the heat flowing to the inert reference.
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The difference in heat flow is the DSC signal. Absorption of heat by the sample is an 

endothermal process, e.g. melting. The results are generally plotted as a graph of 

difference in heat flow versus temperature, and hence it is possible to determine values 

of the enthalpy change for processes occurring during the heating/cooling program by 

integrating over the peaks and troughs in the graph. Uses of DSC in solid state 

chemistry are widespread and including study of effects such as melting, polymorphic 

phase transformations, order-disorder phase transformations and chemical reactions.

It is sometimes advantageous to heat and then cool a sample or vice versa to 

probe whether transformations occurring in the solid under investigation are reversible 

or irreversible. A schematic example of the type of graph that may be obtained is 

shown in Fig. 2.12.

HEATIN(

dehydration polym orphic
change

melting

polym orphic 
change solidification

, COOLING

Figure 2.12: Some schematic reversible and irreversible changes observed by DSC.

It is clear from this diagram that irreversible changes such as dehydration only show up 

once, whereas reversible changes such as polymorphic changes appear on both the 

heating and cooling stages of the experiment (although not necessarily at the same 

temperature). The experiments described in Chapter Three probe thermal 

decomposition reactions which are clearly irreversible, and hence it was not necessary 

to perform experiments involving both heating and cooling.
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2.5.2 Thermogravimetric Analysis

In a TGA experiment, the mass of a sample is measured, while it is subjected to 

a temperature program in a preselected atmosphere. Two experimental methods are 

commonly used. Firstly, the sample is suspended to a balance in a furnace that can be 

heated or cooled at a given rate. In this situation the mass loss is measured as a 

function of temperature (although as the experiments are not instantaneous, the mass 

loss is also inherently a function of time). An alternative approach is to keep the 

sample at a fixed temperature and monitor mass loss as a function of time at this 

particular temperature. The experiments described in this thesis have used this 

isothermal approach.

TGA experiments can be used to investigate a range of properties of solids. A 

common experiment is to determine the temperature and course of a thermal 

decomposition reaction. Other types of experiment examine burning profiles of 

oxidation reactions and desorption reactions. In some cases, it is possible to make a 

qualitative determination of gases evolved during the heating process by connecting 

the furnace outlet to a mass spectrometer.
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CHAPTER THREE  

INVESTIG ATION OF THE THERM AL DECO M PO SITIO N  

OF DPP-Boc IN THE SOLID STATE

3.1 INTRODUCTION

l,4-Diketo-2,5-di-r-butoxycarbonyl-3,6-diphenyl-pyrrolo[3,4-c]pyrrole (DPP- 

Boc) is an important derivative of the organic pigment 1,4-diketo-3,6-diphenyl- 

pyrrolo[3,4-c]pyrrole (DPP) (Fig. 3.1).

H— N N— H

(a)

Figure 3.1: (a) DPP-Boc and (b) DPP.

(b)

As discussed in Chapter One, insolubility is one of the most important 

properties of a pigment material. However, this property can lead to problems in the 

application stage. A novel approach has been developed to overcome the problems of 

insolubility during the application stage, with subsequent recovery of the insoluble 

form of the required pigment. By substituting the hydrogen atoms bonded to the 

nitrogen atoms in DPP with f-butoxycarbonyl (Boc) groups, the pigment becomes very 

soluble in many common organic solvents (note also that DPP-Boc is yellow whereas 

DPP is red). It is then possible to apply the pigment in this soluble form. In order to 

revert to insoluble DPP pigment, the material into which the DPP-Boc has been 

applied can be heated to generate DPP (Fig. 3.2).
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H — N N —  H

+ 2

+2 CO:

Figure 3.2: Thermal decomposition of DPP-Boc to DPP.

The aim of this work was to investigate the thermal decomposition of DPP-Boc 

in the solid state using a combination of experimental techniques. In situ experiments 

have been performed in order to gain maximum insight into the reaction mechanism. 

During routine X-ray powder diffraction experiments, it became apparent that there are 

at least two polymorphic forms of DPP-Boc (Fig. 3.3). The work reported here is 

concerned with these two polymorphs, denoted a-DPP-Boc and p-DPP-Boc, of which 

only a-DPP-Boc was previously known. The crystal structure of a-DPP-Boc has been 

determined previously from single crystal X-ray diffraction data.' As part of the 

present project, the structure of p-DPP-Boc has been determined from X-ray powder 

diffraction data using the Monte Carlo method of Harris and Tremayne.^ Full details 

of the structure determination of p-DPP-Boc are given in Chapter Four. Structure 

refinement of a-DPP-Boc from X-ray powder diffraction data, using the Rietveld 

refinement method, is also reported in Chapter Four. The main emphasis in the present 

chapter concerns the differences and similarities between the thermal behaviour of the 

two polymorphs.

3.2 EXPERIMENTAL DETAILS

The experimental procedures outlined here were performed identically for both 

the a  and p phases of DPP-Boc. The temperature chosen for the study of the 

decomposition reaction was determined by carrying out test decompositions ex situ at
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35 40 45 5015 20 25 305 10

2 0 /

Figure 3.3: X-ray powder diffraction patterns (Cu K«] radiation ) for a-DPP-Boc

(top) and p-DPP-Boc (bottom). Note that there is a slight trace of p- 

DPP-Boc impurity in the diffraction pattern of a-DPP-Boc (20 = ~ 9°).
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different temperatures in a furnaee. The most convenient temperature for in situ 

studies is such that the reaction should reach, or almost reach, completion over a 

period of time that is sufficiently long to allow several measurements {e.g. X-ray 

powder diffraction, solid state NMR) as a function of time during the course of the 

reaction, but sufficiently short that the complete time-resolved study is feasible. It was 

found that at 120°C the reaction is complete in 48 hours, which is a suitable 

temperature for both the in situ NMR and X-ray powder diffraction experiments, for 

which around 48 measurements could be made during the complete decomposition 

reaction without compromising the signal to noise ratios.

3.2.1 Thermal Analysis

TGA experiments were carried out using open aluminium cells in a nitrogen 

atmosphere at a constant temperature of 120°C using a Shimadzu TGA-50 instrument.

DSC experiments were carried out using sealed aluminium cells in a nitrogen 

atmosphere, with a heating rate of 10°C per minute, using a Perkin-Elmer DSC-7 

instrument.

3.2.2 Solid State " c  NMR

High resolution, solid state C NMR spectra were recorded at 75.46 MHz on 

a Bruker MSL300 spectrometer using magic angle spinning (MAS) and high power 'h  

decoupling. Spectra were recorded at 120°C using a Bruker B-VTIOOO temperature 

controller. The stability of the temperature controller was ca. ± 2 K. Referencing of 

'^C chemical shifts was achieved using a replacement sample of adamantane (ôc = 38.5 

ppm relative to tetramethylsilane for the high frequency, CH2, peak). Single pulse 

methods were used as different carbon atoms may have very different cross 

polarisation characteristics (rendering cross polarisation experiments non-quantitative). 

A recycle delay of 10 seconds was used, and 360 acquisitions were accumulated for 

each experiment {i.e. each spectrum represents one hour of decomposition reaction, 

allowing ca. 48 spectra to be recorded as a function of time during the complete 

reaction). The spectral intensity was normalised relative to the first experiment and the 

peak intensities were extracted automatically. A spectrum was recorded for each
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sample before heating in order to determine the intensities at 0 hours heating time, {i.e. 

corresponding to 100% DPP-Boc).

In order to ensure recovery of the full magnetisation during the recycle 

delay, T ] values for selected C environments were measured using the T 1 CP method 

of Torchia^ (see section 2.2.8 for details).

From this experiment it was apparent that quantitative information on the 

decomposition reaction could be obtained only from the resonance for the methyl peak. 

The T] values (for a-DPP-Boc) calculated for the three plausible sites which could 

be used to determine the extent of decomposition {i.e. those '^C nuclei which could be 

unambiguously assigned as belonging to either DPP-Boc or DPP) are:

i) CH3: T] = 0.33 ± 0.02 s

ii) C =0 (DPP-Boc): T] = 78 ± 10 s

iii) C =0(D PP): T ] = 2 1 8 ± 1 5 s

(Note that these T 1 values were determined at room temperature.)

Hence, the recycle delay of 10 s used in the single pulse measurements was 

long enough for the methyl carbon to relax fully and so allow a quantitative assessment 

of signal intensity as a function of time. In the 10 s recycle delay there is only partial 

recovery of the signal due to C =0 (DPP-Boc), and no detectable recovery of the signal 

due to C =0 (DPP).

3.2.3 X-Ray Powder Diffraction

X-ray powder diffraction data were recorded in transmission mode on a 

Siemens D5000 diffractometer using Ge-monochromatised Cu Ka\ radiation. A Huber 

HTC 9634 high temperature device was used, with a stability and accuracy of ± 2 K. 

Each diffraction pattern was recorded over a period of approximately 30 minutes at a 

temperature of 120°C, and several data collections were carried out consecutively.
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3.3 RESULTS

3.3.1 Differential Scanning Calorimetry

From the DSC data it is apparent that the two phases of DPP-Boc have very 

different thermal properties (Fig. 3.4). For a-DPP-Boc, there are two endothermie 

peaks and one exotherm (corresponding to decomposition), whereas for p-DPP-Boc 

there is one endothermie peak and two exothermic peaks. One possible rationalisation 

of this behaviour is that a-DPP-Boc may undergo a transformation before 

decomposition can occur. It is possible that this is a phase change to p-DPP-Boc 

immediately prior to the decomposition step, with the implication that the crystal 

structure of p-DPP-Boc is more conducive for the ‘deBoc’ reaction to occur.

3.3.2 Thermogravimetric Analysis

The TGA data for a-DPP-Boc and p-DPP-Boc at fixed temperature (120°C) 

again show different behaviour for the two polymorphs (Fig. 3.5). Initial inspection of 

the data suggests that two processes occur during the decomposition, and that the two 

processes occur at different rates for the two polymorphs. The aim of the kinetic 

analysis outlined below was to investigate these two processes in detail.

We may postulate that the reaction mechanism for the decomposition of DPP- 

Boc consists of two consecutive elementary reactions as follows:

k k
DPP - Boc-----  —> DPP - monoBoc----  —> DPP

where DPP-monoBoc is l,4-diketo-2-r-butoxycarbonyl-3,6-diphenyl-pyrrolo[3,4-c]- 

pyrrole (i.e. DPP-Boc after removal of one Boc group).

3.3.3 Experimental Evidence for the Formation of DPP-monoBoc During the 

Reaction

The production of DPP-monoBoc as an intermediate in the decomposition 

reaction of a-DPP-Boc was confirmed by performing a partial decomposition in a 

furnace, with a sample of a-DPP-Boc heated at 100°C for 45 hours. The resulting 

material was added to ethanol and sonicated for a short time to dissolve any unreacted 

a-DPP-Boc. Any DPP which was formed in the decomposition reaction will not
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Figure 3.4: D S C  results  for a - D P P - B o c  ( top) and P -D P P -B o c  (bo ttom ).  B oth  sets

o f  da ta  w ere  reco rded  using a heating rate o f  10°C pe r  minute. 

E n d o th e rm s  and exo the rm s  are indicated  w ith  arrow s.
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dissolve in the ethanol. This procedure gave a solid material and a filtrate. The filtrate 

was evaporated to dryness and two different products crystallised out -  a-DPP-Boc 

(yellow) and an orange solid (which were separated by hand). Mass spectroscopy 

(FAB M-t-1 = 389) confirmed the identity of the orange solid as DPP-monoBoc. This 

observation confirms that DPP-monoBoc is produced during the decomposition 

reaction. Characterisation of DPP-monoBoc was performed using X-ray powder 

diffraction and the results are shown in Fig. 3.6. There is no evidence for DPP- 

monoBoc in the starting a-DPP-Boc sample.

The presence of DPP-monoBoc as an intermediate in the decomposition of p- 

DPP-Boc has been found by X-ray powder diffraction during in situ decomposition 

reactions. Diffraction peaks at values of 20 characteristic of DPP-monoBoc appear 

then disappear during the course of the reaction, as illustrated in Fig. 3.7. No such 

observation was made during a similar in situ decomposition of a-DPP-Boc, and 

explanation of this difference is made following a detailed kinetic analysis.

3.3.4 Kinetic Theory

3.3.4. J Consecutive Reactions

In consecutive reactions, a product of one reaction becomes a reactant in the 

next reaction. As we shall see, the concentration of the intermediate sometimes rises 

to a value comparable to those of the reactants and products, whereas in other 

circumstances the concentration of the intermediate remains much smaller than those 

of the reactants and products. In some cases the intermediate may be directly 

detectable by experimental techniques. However, even if it is not detected directly, it 

may be possible to infer its existence from the kinetic equations.

3.3.4.2 Consecutive First Order Reactions

Consider a reaction scheme consisting of a sequence of two first order 

reactions involving intermediate I:

A ^ I ^ P  (3.1)
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Figure 3.6: X-ray powder diffraction patterns for a-DPP-Boc (a), P-DPP-Boc (b),

DPP (d) and the orange solid obtained from the filtrate following partial 

decomposition of a-DPP-Boc (c).

83



6.5 hrs

5.5 hrs

4.5 hrs

3.5 hrs

2.5 hrs

] .5 hrs

0.5 hrs

0 hrs

12.510.5 11.59.58.57.56.55.5

Figure 3.7: X-ray powder diffraction patterns of p-DPP-Boc measured as a

function of time, during an in situ heating experiment performed at 

120°C. The diffraction peaks at -10.4° and -11 .6° show the formation 

and subsequent decomposition of DPP-monoBoc.
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The rate equations for the individual steps can be expressed as:

The concentration of the intermediate can be calculated by combining these 

two equations to give

f - K M - m

Solving these equations gives the concentrations of any of the three 

participating species as a function of time during the reaction.

The solution of (3.2) is

[A], = [A]oCxp(-/:,r) (3-5)

Substitution into (3.4) gives a linear first order differential equation.

If this is multiplied by exp(k2 t) we obtain an equation containing exact differentials: 

exp(^2^ + exp(/:2̂ )&2Œ = k^[A]^^exp[{k^ -  k^)t]

Integration with the boundary condition [I]o = 0 yields

[I], = [exp{-k^t)-exp{-k^t)]

By conservation of mass, [P]  ̂= [A]q - [A]  ̂- [I]  ̂or

[P], = [A] J 1 -   ̂ [k^ exp(-/:,r) -  k̂  exp(-/:2f)]
(3.9)

k2~ k
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3.3.4.3 Determination o f Rate Constants

The consecutive reactions being investigated in this work can be summarised

as:

k Jc
DPP - Boc-----  —> DPP - monoBoc----  —> DPP

The TGA data have been used to determine the rate constants for the 

decomposition as it gives a direct indication of the extent of reaction rather than the 

NMR and X-ray diffraction data which give somewhat less direct indications of the 

extent of reaction. X-ray diffraction data only gives an indication of the amount of 

ciystaiiine material present, with no direct consideration of any amorphous 

components of the system. NMR gives a more direct measure of the chemical species 

present, but will not necessarily be sensitive to the crystalline phase in which these 

species exist. TGA, by the very nature of the experiment, gives an accurate measure of 

mass loss as a function of heating time and/or temperature. Hence, if the reaction can 

be broken down into steps of known mass loss, then the TGA data can be interpreted 

on the basis of the kinetic equations derived above (with concentrations of species 

described in terms of mole fractions).

Thus, the TGA data have been converted to mole fraction of Boc (denoted 

ngoc) with nBoc = 1 corresponding to pure DPP-Boc and neoc = 0 corresponding to 

pure DPP. It is therefore possible to deduce an expression for ngoc as a function of 

time t on the basis of nA (mole fraction of DPP-Boc), ng (mole fraction of DPP- 

monoBoc) and nc (mole fraction of DPP).

t̂ Boc ~ tiA + 0.5 ng

where nA + ng -f- nc = 1.

Hence, from (3.5) and (3.8), we have

nBocW = (nA), g-V +-25̂ !_(g-V _g-V) (3.10)

As ngoc is known as a function of time, it is possible to solve for ka and (as the 

amounts of materials are represented as mole fractions, and time is in hours, the units 

of ka and k^ are hr'Y  This has been done by approximately solving (3.10) using a 

series of 48 simultaneous equations (using least squares methods), where the equations 

represent the extent of decomposition at hourly intervals. (It should be noted that no
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exact solution was obtained which satisfied all of the equations, and hence all of the 

data quoted herein refers to the solution with the minimum error.) For T = 120°C, the 

results are shown in Table 3.1.

Table 3.1: Summary of the reaction rates determined from TGA data recorded at

120°C for the thermal decomposition of a-DPP-Boc and p-DPP-Boc 

using a reaction mechanism of two consecutive elementary reactions.

ka / hr’’ kt> / hr’^

a-DPP-Boc 0.09 0.16

P-DPP-Boc 0.43 0.04

These values of ka and can then be used to simulate the TGA curves using 

equation (3.10), and the experimental and simulated TGA curves are compared in Fig.

3.8. Graphs, computed from these values of ka and k^, showing the time-dependence 

of the mole fractions of DPP-Boc, DPP-monoBoc and DPP are shown in Fig. 3.9. It is 

interesting to note that for the decomposition of a-DPP-Boc, the amount of DPP- 

monoBoc does not exceed the amount of DPP-Boc at any stage during the reaction, 

whereas for the decomposition of p-DPP-Boc the amount of DPP-monoBoc rises to a 

significant level. This is a direct consequence of the fact that for a-DPP-Boc the rate 

of the first step is slow compared to the second step, whereas for P-DPP-Boc the rate 

of the first step is fast compared to the second step.

3.3.5 Solid State " c  NMR

13,By recording high resolution solid state C NMR spectra using the single pulse 

method as a function of time during the decomposition reaction, measurement of peak 

intensity gives a quantitative description of the species present (ideally peak areas 

should be used, but if the linewidth and lineshape are constant throughout the course 

of the experiment then it is justified to used peak intensities -  measurement of line 

widths has shown that this assumption is justified). The decomposition behaviour of
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d iscussed  in the text.
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Figure 3.9: T h e  time dependence  o f  the mole frac tions o f  D P P -B o c  (red), D P P -

m o n o B o c  (green) and D P P  (blue) for heating  o f  a - D P P - B o c  ( top , = 

0 .085  h r ' \  A'/; = 0 .155  h r’’) and  P -D P P -B o c  (bo ttom , ka = 0 .431 h r ’’. A/, 

=  0 .037  h r’’) at 120°C. V alues o f  ka and  ki  ̂ w e re  der ived  from  a 

reaction  m echanism  com pris ing  o f  tw o  consecu tive  unim olecular  

e lem en ta ry  reactions, as d iscussed  in the text.
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a-DPP-Boc is shown in Fig. 3.10, with similar behaviour observed for |3-DPP-Boc. 

Only one peak was observed for methyl carbons during the experiment, indicating that 

the chemical shifts for the methyl carbons in DPP-Boc and DPP-monoBoc are 

indistinguishable. Hence, the peak height, while not distinguishing between DPP-Boc 

and DPP-monoBoc, gives a good approximation to the amount of Boc groups present 

at any stage during the decomposition. Simulations of the behaviour of the peaks {e.g. 

decrease in intensity of peaks due to the Boc group or growth of peaks associated with 

DPP) can be produced on the basis of equation (3.10), in conjunction with the values 

of ka and kt, determined from the TGA experiments at 120°C. As discussed in section 

3.2.2, we focus on the disappearance of the peak due to the methyl carbons of the Boc 

group.

Using this procedure, the NMR data have been simulated (on the basis of the 

rate constants derived from the TGA results) and are compared with the experimental 

NMR data in Fig. 3.11. Clearly the simulations do not agree well with the 

experimental data. As for the TGA data, it is possible to determine the values of ka 

and kt, for the NMR data independently and these results are shown in Table 3.2.

Table 3.2: Summary of the reaction rates determined from the NMR data recorded

at 120°C for the thermal decomposition of a-DPP-Boc and p-DPP-Boc 

using a reaction mechanism of two consecutive elementary reactions.

ka / hr ' kt) / hr"'

a-DPP-Boc 0.03 0.07

P-DPP-Boc 0.27 0.01

The rates are much slower than the corresponding results obtained from the TGA 

experiments. Possible reasons for the discrepancies are (a) the temperature of the 

sample in the NMR experiment may be somewhat lower than 120°C; (b) the pressures 

in the NMR rotor due to the evolved gases may reach such a level that the reaction is 

inhibited.

First, we investigate the possibility that the discrepancies are due to the 

temperature in the NMR experiments being different from 120°C. If the steps in the
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Figure 3.10: Solid state NMR spectra of a-DPP-Boc measured as a function of 

time during an in situ heating experiment performed at 120°C. The 

peak at -11 ppm corresponds to the methyl carbon atoms of the Boc 

groups.
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Figure 3.11: C o m p a r iso n  o f  the T G A  data (red) and soJid sta te  C  N M R  da ta  (blue) 

for  the deco m p o s i t io n  o f  a - D P P - B o c  ( top) and p -D P P -B o c  (b o t to m ) at 

120°C . See text fo r  details.
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proposed kinetic model obey classical Arrhenius behaviour, then graphs of \nka versus 

l /T  and \nkt> versus \/T  should be straight lines. Hence, if values of \nka and Ink/-, are 

known for two or more temperatures then, for any value of ]nka or ]nk/„ the 

corresponding temperature can be determined. TGA data were then recorded for both 

a-DPP-Boc and p-DPP-Boc at 140°C (a temperature at which the reaction proceeds 

faster than at 120°C, but sufficiently slow that a detailed kinetic analysis of the type 

performed at 120°C could be performed), values of ka and k/j were determined and 

graphs of \nka versus l/T  and In/:/, versus l/T  were constructed by combining the TGA 

data obtained at 120°C and 140°C. From the values of ka and k/j determined from the 

NMR data (nominally at 120°C), it is clear from the graphs of \nka V5. l/T  and In/:/, vv. 

l/T  (established from the TGA data) that the actual temperature of the sample in the 

NMR experiments was approximately 112°C (see Appendix A1 for sample 

calculation).

Having established that the temperature of the NMR experiments was around 

112°C rather than 120°C, TGA data were recorded for both polymorphs at this lower 

temperature. As seen from Fig. 3.12, excellent agreement is achieved between the 

TGA and NMR results for both phases at this temperature. A summary of the kinetic 

parameters obtained is shown in Table 3.3.

Table 3.3: Summary of the rate constants derived from TGA and NMR

experiments at various temperatures for the thermal decomposition of 

a-DPP-Boc and P-DPP-Boc.

a-DPP-Boc P-DPP-Boc

ka / hr’^ kjj/hr^ ka /hr'^ k/ylhx'^

TGA 120°C 0.09 0.16 0.43 0.04

TGA 140°C 0.66 1.06 3.55 0.47

NMR 0.03 0.07 0.27 0.01

TGA 112°C 0.03 0.07 0.28 0.02
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Figure 3.12: C o m p ar iso n  o f  the  T G A  data (red) and solid sta te  N M R  d a ta  (blue) 

for  the thermal decom posit ion  o f  a - D P P - B o c  ( top)  and p -D P P -B o c  

(b o t to m ) at 1 12°C. T he  tem pera tu re  q u o ted  is the tem p era tu re  used  to 

reco rd  the T G A  data; the N M R  data  w ere co llec ted  at a nominal 

tem p era tu re  o f  120°C.
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Using the TGA data recorded at the three temperatures, activation energies for 

the individual processes in the decomposition mechanism for the two polymorphs can 

be estimated from graphs of Ink versus l /T  (on the basis of Arrhenius behaviour).

(3.11)
k = A exp

RT

and, hence

In A: = In A -
(3.12)

RT

The relevant parameters are shown in Table 3.4.

Table 3.4: Activation energies (Ea) and pre-exponential factors (A) for the

individual steps in the thermal decomposition reaction of a-DPP-Boc 

and p-DPP-Boc (112°C -  140°C). Step a refers to the decomposition 

of DPP-Boc to DPP-monoBoc, and step b refers to the decomposition 

of DPP-monoBoc to DPP.

a-DPP-Boc p-DPP-Boc

step a step b step a step b

Ea / kJm or’ 14.4 12.9 12.2 16.2

A / hr'^ 1.5 X 10^ 6.7 X lO'* 1.2 X 10'* 5.0 X 10^

The excellent consistency achieved in fitting the results from both the TGA and 

NMR experiments suggests that the mechanism for the decomposition reaction in both 

phases can be assigned confidently as;

k.. k.
D P P -B oc DPP -  monoBoc- 4 DPP

Thus, the good agreement between the experimental data and the simulated 

data based on the above kinetic model does not just support the proposal that the 

reaction mechanism comprises two consecutive elementary reactions, but also supports 

the proposal that DPP-monoBoc is the intermediate species.
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3.4 DISCUSSION

3.4.1 Is the Same Phase of DPP-monoBoc Produced in the Solid State Thermal

Decomposition Reactions of Both a-DPP-Boc and p-DPP-Boc?

As seen earlier, the production of DPP-monoBoc as an intermediate in the 

decomposition reaction of a-DPP-Boc was confirmed by analysis of the materials 

present following a partial decomposition reaction. DPP-monoBoc was then included 

in the kinetic analysis, and the good agreement between experimental and simulated 

data represents strong evidence that DPP-monoBoc is the only intermediate in the 

decomposition reaction. A question which has arisen from this observation is whether 

or not the same crystalline phase of DPP-monoBoc is produced in the thermal 

decomposition reactions of a-DPP-Boc and p-DPP-Boc.

As mentioned above (section 3.3.3), DPP-monoBoc has been found as an 

intermediate in the decomposition of P-DPP-Boc during in situ X-ray powder 

diffraction studies. Diffraction peaks, at values of 20 consistent with the presence of 

DPP-monoBoc, appear then disappear during the course of the reaction as illustrated 

in Fig. 3.7. Detailed examination of the X-ray powder diffraction results obtained in 

the in situ study confirms the predicted behaviour of the mole fractions of DPP-Boc, 

DPP-monoBoc and DPP during the course of the reaction (Fig. 3.9). Thus, as seen in 

Fig. 3.7, the ciystalline DPP-monoBoc produced during the decomposition of p-DPP- 

Boc reaches a detectable level in the X-ray powder diffraction pattern, whereas no 

detectable amounts of DPP-monoBoc were observed for the decomposition of a-DPP- 

Boc.' Nevertheless, the fact that a sample of DPP-monoBoc was isolated from a 

partial decomposition of a-DPP-Boc (see section 3.3.3) confirms its presence as an 

intermediate in the reaction. As seen in Fig. 3.9, the amount of DPP-monoBoc 

predicted to form during the decomposition of a-DPP-Boc reaches a maximum value 

of -0.35 (mole fraction) whereas the amount of DPP-monoBoc predicted to form 

during the decomposition of p-DPP-Boc reaches a maximum value of -0.80. Thus, on 

the basis of the kinetic results obtained, it is not surprising that the results from the

i H ow ever , it m ust be rem em bered that X -ray p ow d er d iffraction  d o es not reflect the total m o le  

fractions o f  each  sp ec ie s  as probed in th e  k in etic  an a ly sis  -  it o n ly  d etects th e  cry sta llin e  

co m p on en ts. H en ce , the fact that D P P -m o n o B o c  is not observed  in the X -ray  pow der d iffraction  

experim en ts d o es  not m ean that D P P -m o n o B o c  is not produced  during the d eco m p o sitio n .
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X-ray powder diffraction experiments only show significant levels of DPP-monoBoc 

during the decomposition of p-DPP-Boc.

It is interesting to note that the phase of DPP-monoBoc produced in the 

decomposition of p-DPP-Boc is the same as that obtained from the ethanol extract in 

the partial decomposition of a-DPP-Boc. However, this does not necessarily imply 

that the same phase of DPP-monoBoc is obtained in the solid state thermal 

decomposition of a-DPP-Boc -  the evidence available only proves that the phase of 

DPP-monoBoc crystallised from an ethanol solution is the same as that observed in the 

solid state thermal decomposition of p-DPP-Boc.

The nature of the products obtained from the filtrate obtained after the 

dissolution in ethanol of a partially decomposed sample of a-DPP-Boc have, therefore, 

been shown conclusively to be a-DPP-Boc and DPP-monoBoc. However, the 

remaining solid was not pure DPP, the expected product, but has been shown by X-ray 

powder diffraction (Fig. 3.13) to be a combination of p-DPP-Boc, DPP-monoBoc and 

possibly some DPP (it is possible that the broad peak at 20 = 6° represents DPP, and 

the red colour of the sample would appear to confirm the presence of DPP). The 

thermal decomposition reaction is thought to be a surface reaction, as the appearance 

of the sample of DPP-Boc changes extremely rapidly from yellow to red, even though 

the reaction is only partially complete. This may suggest that each crystallite consists 

of an outer shell of DPP molecules, with the core comprised of DPP-Boc and DPP- 

monoBoc. It is therefore possible that some of the DPP-Boc and DPP-monoBoc 

present in the sample did not dissolve in the ethanol. A plausible rationalisation for the 

presence of p-DPP-Boc in the sample obtained from partial decomposition of a-DPP- 

Boc is that it is an impurity. It is clear from the diffraction patterns of the starting 

phases of a-DPP-Boc and p-DPP-Boc that the sample of a-DPP-Boc contains a trace 

amount of p-DPP-Boc, and it may simply be the remains of this impurity that has been 

observed.

The DSC experiments may shed some light on this problem. As seen in Fig. 

3.4, the two phases of DPP-Boc give different results when the data are recorded 

under identical conditions. However, the decomposition steps for the two polymorphs 

are clearly different. In the decomposition of a-DPP-Boc, the peak corresponding to 

decomposition is a single peak, with a slight shoulder on the low temperature side. 

This observation ties in with the results of the kinetic analysis which show that the
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Figure 3.13: X-ray powder diffraction patterns for p-DPP-Boc (a), DPP-monoBoc 

(c), DPP (d) and the solid obtained from a partial decomposition of a- 

DPP-Boc (b).
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second step for the decomposition of a-DPP-Boc is much faster than the first step, i.e. 

the intermediate is used up as quickly as it is formed. In contrast, for P-DPP-Boc 

there are two exothermic peaks which again ties in with the kinetic analysis which 

reveals that the first step for the decomposition of P-DPP-Boc is much faster than the 

second step. Hence, it is reasonable to attribute the exothermic peaks observed in the 

DSC trace of p-DPP-Boc to the two step process. This experimental evidence would 

appear to rule out the possibility of a phase change of the type a-DPP-Boc to p-DPP- 

Boc occurring prior to decomposition in the thermal reaction of a-DPP-Boc. If a 

phase change did occur, then similar behaviour in the DSC would be expected for a- 

DPP-Boc and p-DPP-Boc, particularly in the region of the exothermic peaks.

3.4.2 A New Phase of DPP

Another interesting fact that has emerged from this study is that the DPP 

produced by the decomposition reaction is a different phase from that prepared by the 

conventional synthetic route. The identity of the decomposition product has been 

confirmed to be DPP by mass spectroscopy and elemental analysis [DPP (as supplied 

by Ciba Geigy): C = 73.52 %, H = 3.99 %, N = 9.44 %; DPP (obtained from 

decomposition of a-DPP-Boc): C = 74.36 %, H = 3.98 %, N = 9.52 %; DPP 

(calculated): C = 75.04 %, H = 4.20 %, N = 9.72 %]. This new phase is produced by 

both polymorphs of DPP-Boc (Fig. 3.14).

Fig. 3.15 compares the X-ray powder patterns for the sample of DPP supplied 

by Ciba Geigy, the sample obtained from decomposition of a-DPP-Boc and a 

simulated powder diffraction pattern based on the structure determined from single 

crystal X-ray diffraction.^ A limited 26 range is shown for clarity: all three powder 

diffraction patterns have a large peak at ~ 6.5°. The presence of new peaks in the 

powder diffraction pattern for the sample of DPP produced in the decomposition 

reaction confirms that a new crystalline phase has been obtained. The similarities 

between the patterns suggests that certain aspects of the packing arrangement may be 

quite similar. However, a full assessment of the differences and similarities between 

the two phases of DPP can be made only when the crystal structure of this new phase 

has been determined. Structure solution for this new phase is not possible using single 

crystal X-ray diffraction as the sample is a very fine powder. In principle, it should be
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Figure 3.14: X-ray powder diffraction patterns for DPP obtained from thermal 

decomposition of a-DPP-Boc (top) and p-DPP-Boc (bottom) in a 

furnace at 200°C.
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Figure 3.15: X-ray powder diffraction patterns for a DPP sample provided by Ciba 

Geigy pic (top) and as obtained from thermal decomposition of a-DPP- 

Boc at 200°C (bottom). The predicted diffraction pattern based on the 

known structure determined from single crystal X-ray diffraction is also 

shown (middle).
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possible to determine the crystal structure from powder diffraction data, but attempts 

to index the pattern have been unsuccessful. It is possible that gas phase deposition 

techniques can be employed to obtain a single crystal of DPP as this method has been 

used to obtain single crystals of other pigments in the DPP family, although there is no 

guarantee that this will produce the desired phase.

The high resolution solid state  ̂ CPMAS NMR spectra for the two phases of 

DPP are also different as expected for two polymorphs. In particular, the signals for 

the phenyl ring carbons are completely different. For the original sample of DPP there 

are two well defined signals at ô = 127.8 ppm and Ô = 131.1 ppm for the phenyl 

carbons, whereas for the new phase only one signal (at ô = 129.1 ppm) is resolved for 

the phenyl carbons (note that this has an unresolved shoulder) (Fig. 3.16).

The observation of a new phase of DPP produced by the in situ decomposition 

has important consequences if this decomposition of DPP-Boc is to become a 

commercially available method for the application of DPP and related pigments. It is 

crucial to know exactly which polymorph is produced as different polymorphs have 

different physical properties, and in particular, their colouristic properties may be 

significantly altered.

3.4.3 Can the Course of the Decomposition Reaction be Predicted from the

Crystal Structures?

The crystal structures of a-DPP-Boc and p-DPP-Boc are reported in Chapter 

Four, where a detailed description of the packing arrangements is given. The results 

show that the crystal packing arrangements of the two polymorphs are similar in the 

direction of the common axis, i.e. the DPP-Boc molecules form columns along this 

axis. In a-DPP-Boc, there are three crystallographically independent molecules along 

this axis, whereas in p-DPP-Boc there is only one type of DPP-Boc molecule. The 

three distinct molecules in the crystal structure of a-DPP-Boc differ in the orientations 

of the Boc groups and the phenyl rings.

In a-DPP-Boc, it appears that the three types of molecule aggregate, and the 

columns are made up of these aggregates. This has been determined by measurement 

of the separation of molecules down the packing axis. The molecules within the 

repeating group of three are approximately 5 Â apart, and the groups of three are
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]3 ,Figure 3.16: Solid state C NMR spectra for a DPP sample provided by Ciba Geigy 

pic (top) and the DPP obtained from thermal decomposition of a-DPP- 

Boc at 200°C.
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approx im ate ly  6 A apart (Fig. 3 .17(a)) . In (3-DPP-Boc, the d istance be tw een  all pairs 

o f  ad jacent m olecules  do w n  the axis is the sam e and is app rox im ate ly  6 A.

T he  ex istence o f  different m olecular  co n fo rm ations  in the crystal s truc tu re  o f  

r/ .-DPP-Boc m ay mean that the kinetic analysis perfo rm ed  above was oversimplified, in 

that the th ree  different types o f  B oc  g ro u p  may be lost at different rates. This w ould  

m ean that the values o f  and A:/, de term ined  above are com posites  o f  three different 

\ allies o f  ka and  A'/,. C learly, for the decom pos it ion  o f  |3-D PP-B oc. no such 

com plica t ions  arise.

(a) ( b )

F ig u r e  3 .17: (a) Section  o f  a co lum n o f  D P P -B o c  m olecules in the crystal s truc tu re  

o f  a - D P P - B o c ;  (b) In tram olecu lar  and in term olecular  (d o tted  line) 

N . . . C  con tac ts  in the crystal s tructure  o f  (3-DPP-Boc.

A second  quest ion  w hich may be add ressed  by exam ination  o f  the ciwstal 

s truc tu res  is w h e th e r  the decom pos it ion  reaction  is in tram olecular  o r  in term olecular. 

O ne way in w hich  this might be assessed  is by m easu rem en t o f  the N . . . C  dis tances 

be tw een  the n itrogen  a tom  o f  one  m olecule  and (i) the carbon  a tom s o f  the B oc g ro u p
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in the same molecule and (ii) the carbon atoms of the Boc group in the closest 

neighbouring molecule (Fig. 3.17(b)). Ideally, N ...H  distances would be measured, 

but the protons of the Boc groups were not located for either phase in the structure 

determination calculations.

For both phases, there is little difference in the closest N ...C  distances whether 

they are intramolecular or intermolecular. For example, the intramolecular N ...C  

distances in the crystal structure of p-DPP-Boc are 3.99 Â, 4.46 Â and 4.65 Â, 

whereas the intermolecular N ...C  distances between neighbouring molecules are 4.07 

Â, 4.41 Â and 6.27 Â. Clearly the final distance is too large for reaction between the 

nitrogen and the hydrogen attached to the carbon atom to be feasible, but the other 

distances are comparable for both intramolecular and intermolecular contacts. A 

similar pattern of behaviour is seen for N ...C  distances in the crystal structure of a- 

DPP-Boc. Hence, no firm conclusion can be drawn about the most plausible course 

for the decomposition reaction and the difference observed in the kinetic behaviour for 

the two phases of DPP-Boc cannot be rationalised in this way.

3.5 CONCLUDING REMARKS

This study has successfully determined the mechanism of the solid state thermal 

decomposition of two phases of DPP-Boc. By combining a range of experimental 

techniques and using in situ methods it has been possible to gain new insights into the 

decomposition behaviour in the solid state. There are, however, some outstanding 

questions arising from this work which need to be addressed.

The major outstanding problem involves the structure determination of DPP- 

monoBoc and the new phase of DPP obtained. Onee these structures are known, it 

may be possible to establish the exact course of the decomposition reaction. The 

crystal structure of the DPP obtained from the decomposition is almost certainly 

similar to that of the original phase. The pigment properties of the new phase should 

be investigated to assess its performanee in comparison with the original DPP phase.

Another interesting experiment which could give further information on the 

exact mechanism of the decomposition requires the use of deuterium labelling. The 

mechanism for removal of Boc groups in solution is known to be acid catalysed (Fig. 

3. Hi).
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Figure 3.18: Mechanism of acid catalysed de-Boc reaction in solution.

TGA experiments have shown that the decomposition of DPP-Boc is accelerated in an 

acidic environment.^ For the solid state decomposition reaction, the proton that ends 

up attached to the nitrogen is likely to originate from the r-butyl groups whether the 

reaction is intramolecular or intermolecular. Thus, if the ^-butyl groups were fully 

labelled using deuterium, then if the proposed mechanism were correct, the DPP would 

be deuterated at the nitrogen position. This could be established using mass 

spectroscopy. Another informative experiment would involve deuteration of only half 

the molecules in the sample, i.e. the sample contains both DPP-Boc and DPP-Boc-d|g. 

This would probe whether the reaction is intramolecular or intermolecular. If the 

reaction is intramolecular, the mass spectrum of the DPP produced would contain 

peaks at masses corresponding to DPP and DPP-d2. If, on the other hand, the reaction 

is intermolecular, there would be ‘scrambling’ of the deuterium in the final DPP 

product, and the mass spectrum of the product would contain peaks at the mass of 

DPP, DPP-d] and DPP-d2. Of course, if the source of protons is not the Boc groups 

(which is extremely unlikely), then deuterating the sample would have no effect on the 

mass distribution of DPP produced.
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A final point which requires to be addressed is that, although the results from 

the kinetic analysis agree well with the experimental data, the two step mechanism may 

be an oversimplification. For a-DPP-Boc, the crystal structure shows that there are 

three different geometries for the Boc group. Hence, the rates determined in the 

analysis outlined above may, in fact, be a combination of three rates for removal of the 

three different Boc groups. We have also seen that there is some evidence for solid 

state recrystallisation occurring during the decomposition reaction. For example, in 

the case of p-DPP-Boc, pure crystalline DPP-monoBoc is observed. This implies that 

the reaction may occur in domains, or may occur uniformly throughout the sample 

with subsequent recrystallisation.

Having fully investigated the solid state decomposition of the two polymorphs 

of DPP-Boc, similar studies should also be performed on derivatives of DPP, in 

particular on the pigments used in commercial applications. It is especially vital to 

examine whether the phase of the pigment obtained after decomposition is the same as 

the phase produced by the conventional synthetic route.
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CHAPTER FOUR  

STRUCTURE SOLUTION AND REFINEM ENT FROM  X-RAY  

POW DER DIFFRACTIO N DATA: a - AND p-DPP-Boc

4.1 INTRODUCTION

One important property of crystalline solids is the crystal structure. Crystal 

structure determination from single crystal diffraction data (either X-ray or neutron) is 

generally a routine procedure. However, many solids are not available as good quality 

single crystals and it is therefore desirable to be able to determine crystal structures 

from powder diffraction data. This area of research has expanded over recent years 

with the development of new methodologies, both those based on methods used in 

structure determination from single crystal diffraction and also methods which take a 

new approach to the problem. Several reviews are available outlining the considerable 

progress which has been made in this field. '

The process of structure determination from diffraction data can be broken 

down into three stages. The first step is the determination of the lattice parameters 

using computer indexing techniques and determination of the space group. If this 

stage is unsuccessful then the whole structure determination process cannot proceed 

further. Once the lattice parameters and space group have been obtained, the next 

stage in the process is known as structure solution and is the stage in which atomic 

positions are located. The final step is known as structure refinement. Once a 

satisfactory structure solution has been obtained, structure refinement from powder 

diffraction data is relatively straightforward using the Rietveld method.^ (For cases in 

which only some of the atoms have been located in the structure solution, it is 

necessary to locate them during the refinement process using difference Fourier 

techniques.) Structure solution from powder diffraction data is not so straightforward 

as structure solution from single crystal diffraction data (which is generally routine) 

due to inherent difficulties with the technique.

Powder diffraction data contains the same information as single crystal 

diffraction data except that the data has been compressed from three dimensions into 

one. This leads to substantial overlap of the diffraction peaks making the extraction of
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the intensities of individual diffraction maxima a difficult problem. Most current 

methods for structure solution from powder diffraction data require a set of individual 

integrated intensities, which are then used in the structure solution process in an 

analogous manner to single crystal structure solution methods. These methods include 

direct methods, the Patterson method and the method of entropy maximisation and 

likelihood ranking. Alternative methods such as Monte Carlo and simulated annealing 

take a different approach to structure solution. Structural models are proposed 

independently of the data and then assessed by comparing the diffraction patterns 

calculated using these models with the experimental diffraction patterns. This 

approach completely eliminates the need for extraction of the intensities of the 

individual diffraction maxima from the experimental powder diffraction pattern, and 

the difficulties arising (in the traditional methods) from peak overlap are implicitly 

avoided.

The method of structure solution used in this work is the Monte Carlo method 

of Harris and Tremayne.^ An overview of the three stages of structure determination 

from powder diffraction data is now given.

4.2 STRUCTURE DETERMINATION FROM X-RAY POWDER

DIFFRACTION DATA

4.2.1 Determination of Lattice Parameters and Space Group

The positions of peaks in a powder diffraction pattern are determined solely by

the Bragg equation

or

1 4 sin 0 2 2 2 2 2 2——f  = ----2— — ha"^ +k + / c* *6 *cosy* +
ĥki X

2/z/a * c * cos p *+2 /c/Z? * c * cosa *

where is a function of the unit cell parameters only, a*, /?*, c*, a*, p*, 7* are the 

reciprocal space lattice parameters which are related to the lattice parameters a, b, c, 

a, p and y  by straightforward relationships.^ The position of the peaks is independent
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of the nature and position of the atoms within the unit cell.

It is possible to index the powder diffraction pattern {i.e. assign hkl values to 

the individual peaks in the powder pattern) by hand but in practice it is more usual to 

use computer programs.

The expression is often written in the form

= Ah^ + Bk^ + C f  + Dkl+Ehl + Fhk

where A, B, C, D, E  and F  are parameters determined by auto-indexing programs. The 

indexing programs determine Q values where

10' (4.4)
Q =

ĥkl

and lO'̂  is an arbitrary scalar chosen to increase A, B etc..

Three types of programs are available for auto-indexing: deductive, semi-

exhaustive and exhaustive. The actual methods in this work used are the zone- 

indexing method suggested by Ito^ and developed by de Wolff, and the trial index 

method developed by Werner (TREOR).^ '

ITO is a zone indexing approach. Ito's method operates in index space but de 

Wolff'^ extended it and generalised it so that it ceased to depend on specific trial 

indexings, but varied the zone angle by systematic trial. In this form it is more 

accurately classified as a parameter space method. It was originally programmed by 

Visser.'^ A zone is defined as a plane in reciprocal space passing through the origin. 

All planes can be defined uniquely by three points in space, but a zone plane requires 

only two since the origin is the third point. The unit cell axes can be arbitrarily chosen, 

so two of the axes, say a and b, may be chosen to be in the zone plane. Points in this 

plane therefore have indices hkO and the equation for the Q values reduces to

= Ah^ + Bk^ + Fhk (4.5)

with only three constants A, B and F. Trial indices “MO” with \ h \ ,  | t |  < 2 are given 

to each observed line and a tentative “Ôf” calculated. The most frequently occurring 

“0 / ’ values are saved and the resulting trial zones are refined and sorted. Pairs of 

zones having a common row are then combined and renamed, leaving the angle 

between the planes as the only unknown parameter. This is found by varying the angle
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between the zones in a second one-dimensional search. The program operates by 

attempting to find zones and then combining the most likely zones to form the unit cell. 

Each solution is compared with the experimental data and a figure of merit is 

calculated to distinguish ‘good’ and ‘bad’ solutions.

TREOR^  ̂ is a semi-exhaustive program which operates in index space. The 

program tests classes of crystal system in order, with the symmetry of the crystal class 

gradually decreasing. TREOR selects sets of hkh, each of which are just sufficient in 

number to solve for the unknown lattice parameters in the particular crystal system 

being tested. These are systematically assigned sets of trial indices, hence yielding trial 

cells, which are checked against volume constraints etc., then used to try to index the 

remaining observed lines. The surviving trial cells (which are usually relatively few in 

number) are then refined, and they are displayed if their figure of merit is sufficiently 

high. If no satisfactory solution is obtained the process is repeated for the remaining 

crystal classes.

Both methods use figures of merit for distinguishing different solutions. As all 

measured observations intrinsically possess some kind of error, some allowed error 

limit, e.g. ± 0.05 °, between calculated and observed 20 is usually set. The most

widely used parameter for distinguishing different solutions is M20 devised by de

Q20 (4-6)

Wolff' ̂  which is defined as

where Ncaic is the number of hkh  generated with Q values less than or equal to the Q 

value of the 20th observed and indexed line in the powder pattern. The quantity <0> is 

the average discrepancy between observed and calculated 20 values for the lines.

Having determined the lattice parameters, the space group is elucidated by 

identifying systematic absences in the diffraction pattern. In cases where the space 

group cannot be determined uniquely it is necessary to carry out the structure solution 

using the various plausible space groups.
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4.2.2 Structure Solution From Powder Diffraction Data Using the Monte Carlo

Method

The Monte Carlo method for structure solution is different from the 

conventional approaches for structure solution from X-ray powder diffraction data. 

Harris, Tremayne et a f  have developed a methodology in which extraction of 

intensities from the powder diffraction pattern is bypassed, as the method involves 

postulating trial structural models independently of the diffraction data. A series of 

structural models are produced by random movement of a collection of atoms within 

the unit cell, with the acceptance or rejection of each trial structure based on the 

agreement between the experimental powder diffraction pattern and that calculated for 

the trial structure. The agreement is assessed using the weighted profile /^-factor R^p 

(by directly comparing experimental and calculated powder diffraction patterns any 

overlap in the peaks is implicitly taken care of):

/?w,= 100*

where Yio is the intensity of the ith observed point in the experimental powder 

diffraction pattern, Uv is the intensity of the corresponding point in the calculated 

powder diffraction pattern, and wi is a weighting factor for the ith point.

Random numbers are used to produce a series of structural models, where the 

atoms in the first model (%,) are positioned in the unit cell at random, although where 

possible based on available information {e.g. placed around a crystallographic centre of 

symmetry as dietated by space group considerations). For generation of the initial 

structural model, standard bond lengths and angles are used. These are fixed 

throughout the structure solution process. The next structural model (xtriai) is derived 

from this initial model by a choice of movements. The most simple method that has 

been employed involves rotation about a fixed point. This has been applied 

successfully in a variety of situations including the structure solutions of p- 

BrC6H4CH2C0 2 H (rotation around a previously located bromine atom)^ and 3-chloro- 

trans-c'mnaimc acid (rotation around a crystallographic centre of symmetry, 

corresponding to the centre of a carboxylic acid dimer). The method was then 

developed to include a combination of rotation and simultaneous translation. The 

success of this method has been illustrated by the structure solution of
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1-methylfluorene.'^ A final development to completely generalise the method was the 

inclusion of internal rotations, allowing flexible side-chains to be included in the Monte 

Carlo calculation. Internal rotations were used in the determination of the structure of 

fluorescein.^^

Having generated the trial structural model, the Monte Carlo calculation then 

determines whether this trial structure is accepted or rejected. This is done by 

calculating the powder diffraction pattern for the trial structure which is then compared 

directly with the experimental powder diffraction pattern (the scale factor is refined 

using a Rietveld refinement calculation). The agreement between the patterns is 

denoted Rwpi.^tnad- This trial configuration is then accepted or rejected on the basis of 

the difference between the value of Rwpi^triai) and the agreement factor Rwpixj) 

determined for configuration xp The difference

^  “  ^wp (̂ trial ) “  Rwp(x- ) (4.8)

is considered. If Z < 0, then Xtriai is accepted as the new configuration and becomes 

Xi+\. If Z > 0 the trial configuration is accepted as the new configuration with 

probability exp(-Z<S) and rejected with probability [l-exp(-Z ^)], where S is an 

appropriate scaling of Z. In the case in which Xfriai is rejected, the new configuration is 

taken as the previous configuration {i.e. Xi+\=Xi ). This procedure is then repeated 

several times such that a sufficiently extensive range of configuration space is explored. 

The best configuration {i.e. that with the lowest R^p and structurally and chemically 

plausible) is used as the starting structural model for a conventional Rietveld 

refinement calculation.

4.2.3 Structure Refinement From Powder Diffraction Data Using the Rietveld 

Method

Structure refinement is the process by which the structure (initially obtained 

from the structure solution stage) is improved by maximising the agreement between 

the experimental and calculated diffraction patterns. The parameters used in the 

construction of the calculated diffraction pattern are varied in a systematic manner in 

order to improve the fit between the two patterns. In this work the Rietveld 

refinement method (implemented in the packages GSAS'^ and SR15LS^^) was used.
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Table 4.5: Interatomic distances in the crystal structure of p-DPP-Boc.

distance / Â distance / Â distance / Â

0 1 -C4 1.245(1) N2-C3 1.385(1) N2-C12 1.409(1)

N2-C4 1.431(1) C3-C5’ 1.416(1) C3-C7 1.480(1)

C4-C5 1.449(1) C5-C5’ 1.464(1) C6-C7 1.402(1)

C6-C11 1.384(1) C7-C8 1.393(1) C8-C9 1.398(1)

C9-C10 1.388(1) C lO -C ll 1.377(1) C12-013 1.224(1)

C12-014 1.359(1) 014-C15 1.431(1) C15-C16 1.537(1)

C15-C17 1.534(1) C15-C18 1.525(1)

Table 4.6: Interatomic angles in the crystal structure of p-DPP-Boc.

angle / ° angle / ° angle / °

C3-N2-C12 122.59(1 C3-N2-C4 112.99(1) C4-N2-C12 116.45(1)

N2-C3-C5’ 103.94(1 N2-C3-C7 128.75(1) C7-C3-C5’ 126.85(1)

01-C4-N2 123.90(1 01-C4-C5 128.69(1) N2-C4-C5 106.96(1)

C4-C5-C5’ 103.37(1 C3-C5-C5 112.66 (1)

C7-C6-C11 120. 12(1 C3-C7-C8 118.51(1) C3-C7-C6 118.49(1)

C6-C7-C8 122.96(1 C7-C8-C9 115.40(1) C8-C9-C10 121.54(1)

C9-C10-C11 122.28(1 C10-C11-C6 117.48(1) N2-C12-013 117.40(1)

N2-C12-014 121.48(1 013-C12-014 116.09(1) C12-014-C15 125.18(1)

014-C15-C16 106.89(1 014-C15-C17 107.14(1) 014-C15-C18 100.0 1 ( 1)

C16-C15-C17 116.40(1 C16-C15-C18 106.69(1) C17-C15-C18 117.97(1)
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where F/c is the calculated intensity at point i, Yit, is the background intensity, G/  ̂ is a 

peak profile function and 4  is the intensity of the kxh Bragg reflection. k]...kn are the 

reflections contributing intensity to point i.

The background intensity, Yny, can be incorporated into the structure 

refinement in one of two ways. The first method uses linear interpolation between 

selected points in the diffraction pattern at which there are no peaks. The second 

method involves refinement of the coefficients of a power series in 26.

where b,̂  are re finable parameters.

As the shape of a diffraction peak depends on various instrumental and 

specimen effects such as the radiation source, absorption and broadening of the 

reflection profiles, it is important to be able to refine peak shape parameters for every 

data set. The most commonly used peak shape in X-ray powder diffraction data is the 

pseudo-Voigt function.'^ This function uses a combination of Gaussian and 

Lorentzian peak shapes in a well defined manner.

G,,j = T | L + ( 1 - ti)G  (4 .1 1)

where T) is a mixing parameter, L  is the Lorentzian peak shape and G is the Gaussian 

peak shape. This expression can be written more explicitly as

= ^ ( l  + C,X, )̂‘' + (l-n )-^ exp(-C „X ,^ )
711

where Co = 41n2, C] = 4, Xuc = (26/-26x:)/r. T  is the full-width at half-maximum 

height (FWHM) of the kih. Bragg peak. This factor varies with scattering angle 

according to

r<;=(Gtan'e+ytane-W)^ 

for the Gaussian contribution and

r^ = X t a n 0 + ^
C O S 0

2 ]for the Lorentzian contribution. U, V, W, X, and Y are refinable parameters.
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In the GSAS refinement package, the pseudo-Voigt function used is the 

Thompson-Cox-Hastings profile?^ In this particular function, the mixing factor T|, is 

represented as a function of the total FWHM (F) and the Lorentzian coefficient (F^).

n = 1.366031 Y
A T' V

-0.47719 + 0.11116  ̂L
v T y

(4.15)

(4.16)

where F is a function of the Gaussian FWHM, Fq, and Fi.

r  = (ry  + 2.69269FcT^ + 2.42843rcTy + AA1\.63T„-Yj

.̂oiMir̂ x*+vY)
The parameters outlined above are then refined in a least-squares process by 

minimisation of

(4.17)

where Yio is the observed intensity, F/c is the calculated intensity and wi given by

1
W;

— C7, — (5ih
(4.18)

is a suitable weighting function. is the standard deviation associated with the /cth 

Bragg peak and Git, is the standard deviation of the background.

During the course of the refinement procedure it is important to have a clear 

and simple method for assessing the agreement between the experimental and 

calculated powder diffraction data. Several parameters are available for this 

assessment, including the profile factor, Rp, the weighted profile factor, R^p, and the 

goodness of fit (or reduced GofF. These are defined as

GofF = X^ =

(4.20)

(4.21)

N - P
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where N  is the number of profile points and P is the number of refined parameters. 

Rwp and are the most meaningful parameters because they include the quantity being 

minimised in the numerator.

Rietveld refinement also allows the incorporation of restraints into the 

refinement procedure, providing a way of ensuring that a ‘chemically-sound’ structure 

is produced. This process has been used to stabilise the refinements reported in this 

chapter by restraining interatomic distances and angles to be close to expected 

(sensible) values (e.g. aromatic C -C  bonds are set to be 1.4 Â) thus preventing 

excessively large atomic shifts.

4.3 STRUCTURE REFINEMENT OF a-DPP-Boc FROM X-RAY POWDER

DIFFRACTION DATA

We have previously seen in Chapter Three that l,4-diketo-2,5-di-r-butoxy- 

carbonyl-3,6-diphenylpyrrolo[3,4-c]pyrrole (DPP-Boc) exists in at least two 

polymorphs. The structure of the a-phase has been determined previously from single 

crystal X-ray diffraction data,^^ showing that the asymmetric unit contains three half 

molecules. This has further been confirmed by high resolution solid state NMR 

which shows three peaks with essentially equal intensities for several carbon 

environments within the molecule. The structure has been refined from X-ray powder 

diffraction data with the aim of improving interatomic bond lengths and bond angles, 

with particular emphasis on the phenyl rings, for which the C-C  distances in the 

reported structure from single crystal X-ray diffraction range from 1.37 to 1.44 A and 

the C -C -C  angles range from 115 to 126°.

4.3.1 Experimental Details

A polycrystalline sample was ground and mounted in a disc between two layers 

of transparent tape and the X-ray powder diffraction data were recorded in 

transmission mode on a Siemens D5000 diffractometer using Ge-monochromatised Cu 

Ka\ radiation. The total data range was 4 < 20 < 50°, measured in 0.02° steps and 

collected over - 3 8  hours.

117



4.3.2 Structure Refinement Using the Rietveld Method

The indexing programs ITO^^ and TREOR^* were used to index the first 20 

lines in the diffraction pattern, giving the following unit cell:

ITO: a = 10.50 Â, Z? = 21.49 Â , c =  17.16 Â, p = 95.31°, PGM = 20.5

TREOR: a = 10.49 A, 6 = 21.49 A, c =  17.15 Â, P = 95.22°, FOM = 17.0

Systematic absences were consistent with the space group P2\!n. This result agrees 

with the unit cell dimensions and space group obtained from single crystal X-ray 

diffraction^'^ (P2\ln\ a = 10.497 k ,  b =  21.517 Â, c = 17.176 Â, p = 95.14°). The 

previously reported structure was taken as a starting point for Rietveld refinement, 

performed using the GSAS program package.'^

In order to assess the previously reported crystal structure, an initial refinement 

was performed using the powder diffraction data. The whole 20 range was used, the 

background was described by extrapolation between a series of fixed points, and the 

scale factor, zero point and peak profile parameters were allowed to refine. Final

convergence was achieved, with R^p = 21.4 %, Rp = 13.5 % and = 32.0 %. The

difference between the experimental and calculated diffraction patterns is shown in Fig. 

4.1. Bond distances and angles are shown in Tables 4.2 and 4.3. Clearly this is an 

unacceptable fit, implying that the structure determined from single crystal X-ray 

diffraction data is flawed in some way. Close inspection of the bond distances and 

angles reveals that the phenyl rings are quite distorted. This problem was addressed by 

systematically refining the whole structure.

Having already allowed the scale factor, zero point correction and profile 

parameters to refine, the next stage was to refine the lattice parameters and then the 

atomic positions. In order to stabilise the refinement, chemical restraints were added 

whereby the interatomic distances and angles are restrained to be close to standard 

bond lengths and angles. The chemical restraints effectively act as additional 

“observations” which, in general, are necessary to stabilise the refinement of such 

complex structures from powder diffraction data. Hydrogen atoms were placed in 

calculated positions on the phenyl rings and the positions of all the atoms refined. The 

thermal parameters were constrained to a common value for atom type; for the 

hydrogen atoms, this was fixed at 0.05 Â^, and for the other atom types it was allowed 

to refine. Final convergence was achieved with Rwp = W.6 %, Rp = 7.7 % x  = 9.4 %
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with 2300 data points in the powder diffraction pattern (Fig. 4.2). The final refined 

crystal structure is shown in Figs. 4.3 and 4.4. Atomic coordinates are reported in 

Table 4.1 and interatomic distances and angles are shown in Tables 4.2 and 4.3 

respectively. The numbering system used is illustrated in Fig. 4.5.

4.3.3 Discussion

Comparison of the diffraction patterns and the difference plots obtained before 

and after refinement of the atomic positions shows that there is a significant 

improvement in the overall fit on refining the atomic parameters. In particular, the 

refinement improved the geometry of the phenyl rings. As seen in Tables 4.2 and 4.3, 

the C-C  bond lengths within the phenyl rings are all 1.40(1) A, the interatomic angles 

are 120(1)° and the rings are much more planar than before refinement. The lattice 

parameters also alter significantly (a = 10.485 A, b = 21.463 A, c = 17.134 A, (3 = 

95.25° after refinement cf. a = 10.497 A, ^ = 21.517 Â, c = 17.176 Â, (3 = 95.14° 

before refinement), which may have been a significant factor contributing to the large 

discrepancies in the single crystal structure (based on the assumption that both data 

sets were recorded at the same temperature).

It can be seen from the difference plot (Fig. 4.2) that the peaks at 8.2° and 9.4° 

are very asymmetric. An attempt was made to refine the asymmetry parameter for the 

peak shape, but was unsuccessful. In an alternative approach to overcome the 

asymmetry problem, the data were cut at 10°, thereby excluding these two peaks from 

the least squares refinement. While this lowered R^p below 10%, no significant 

difference in the structural model was observed, and hence all of the crystallographic 

information quoted herein refers to the refinement using the whole 20 range.

It is also clear from the diffraction pattern that trace amounts of p-DPP-Boc 

are present in the sample of a-DPP-Boc (9.1° and 9.7°). Unfortunately there is no 

way of removing this impurity by selective dissolution as both polymorphs are highly 

soluble in most common solvents. While it is possible to exclude regions of the 20 

range in a refinement, in this case overlap between peaks of the two phases precludes 

this course of action. Hence, the peaks corresponding to p-DPP-Boc were retained 

and used in the refinement. Obviously the refinement is not able to fit these peaks as 

they are not predicted by the unit cell parameters. This is a further cause of differences
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Figure 4.3: C rysta l  s truc tu re  o f  a -D P P -B o c  v iew ed  a long  the c-axis.



t o

Figure 4.4: C rysta l  s truc ture  o f  a - D P P - B o c  vievvcti a long  the (/-axis.



b e tw een  the experim ental and calculated  diffraction patterns .  It is w orth  noting, 

how ever ,  that, since the com pletion  o f  this refinem ent, the crystal s truc tu re  o f  p -D P P -  

Boc is now  k n o w n  and hence, in principle, a s im ultaneous  refinem ent o f  the tw o  

phases  cou ld  be carried  out.

T he  crystal s truc tu re  o f  a - D P P - B o c  con ta ins  co lum ns o f  D P P -B o c  molecules 

s tacked  along the c axis (Fig. 4 .3). T hese  co lum ns are p ack ed  to g e th e r  in a herr ing

bone a rrangem ent,  as illustrated in Fig. 4 .4 .  W ithin the co lum ns  s tack ed  along the c 

axis there are three distinct m olecules , as illustra ted  in Fie. 4.6.

:a) ( b )

Figure 4.6: Illustration o f  the three unique m olecules  in the crystal s truc tu re  o f  a -

D P P -B o c  as v iew ed (a) d o w n  the c rys ta llographic  c  axis, and (b) dow n 

the crystallographic  a  axis.

The  structure  is descr ibed  in m ore detail in sec tion  4.5.

T hese  results  illustrate that the Rietveld  m e th o d  o f  refinem ent can be 

successfully  applied  to large m olecular s truc tu res  (in this case  54 non -h y d ro g en  atom s 

w ere  refined plus 15 hydrogen  a tom s) using  labora to ry  X -ray  p o w d e r  d iffrac tion  data.
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Table 4.1: Final refined atomic coordinates and thermal parameters for a-DPP-

Boc (Space group P2\ln\ a = 10.4851(4) A, b = 21.4631(6) A, c = 

17.1342(1) Â, (3 = 95.245(2)°).

Atom x/a y/b z/b

oi -0.225(1) -0.047(1) 0.131(1) (1083

0 2 0.059(1) -0.143(1) 0.075(1) 0.083

03 -0.110(1) -0.115(1) -0.002(1) 0.083

0 4 0.219(1) 0.075(1) 0.278(1) 0.083

05 0.001(1) 0.210(1) 0.278(1) (1083

0 6 0.087(1) 0.175(1) 0.386(1) 0.083

0 7 -0.727(1) -0.435(1) -0.059(1) 0.083

0 8 -0.496(1) -0.390(1) -0.213(1) 0.083

0 9 -0.633(1) -0.337(1) -0.150(1) (1083

NIG -0.011(1) -0.052(1) 0.108(1) 0.061

N il 0.006(1) 0.099(1) 0.283(1) 0.061

N12 -0.515(1) -0.423(1) -0.089(1) 0.061

C13 -0.072(1) 0.016(1) 0.206(1) 0.009

C14 -0.114(1) -0.031(1) 0.149(1) 0.009

C15 0.099(1) -0.029(1) 0.147(1) 0.009

C16 0.064(1) 0.011(1) 0.205(1) 0.009

C17 0.105(1) 0.062(1) 0.258(1) 0.009

C18 -0.105(1) 0.067(1) 0.254(1) 0.009

C19 -0.026(1) -0.104(1) 0.060(1) 0.009

C20 -0.164(1) -0.171(1) -0.032(1) 0.009

C21 -0.299(1) -0.151(1) -0.065(1) 0.009

C22 -0.172(1) -0.221(1) 0.030(1) 0.009

C23 -0.073(1) -0.186(1) -0.095(1) 0.009

C24 0.228(1) -0.045(1) 0.126(1) 0.009

C25 0.249(1) -0.054(1) 0.047(1) 0.009

C26 0.373(1) -0.063(1) 0.026(1) 0.009
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Table 4.1: continued

Atom x/a y/b z/b

C27 0.474(1) -0.071(1) 0.085(1) 0.009

C28 0.451(1) -0.068(1) 0.164(1) 0.009

C29 0.330(1) -0.050(1) 0.184(1) 0.009

C30 0.028(1) 0.160(1) 0.315(1) 0.009

C31 0.170(1) 0.226(1) 0.403(1) 0.009

C32 0.080(1) 0.270(1) 0.443(1) 0.009

C33 0.290(1) 0.211(1) 0.459(1) 0.009

C34 0.208(1) 0.251(1) 0.325(1) 0.009

C35 -0.227(1) 0.089(1) 0.280(1) 0.009

C36 -0.229(1) 0.112(1) 0.356(1) 0.009

C37 -0.345(1) 0.116(1) 0.390(1) 0.009

C38 -0.460(1) 0.102(1) 0.346(1) 0.009

C39 -0.457(1) 0.077(1) 0.270(1) 0.009

C40 -0.342(1) 0.075(1) 0.235(1) 0.009

C41 -0.434(1) -0.500(1) -0.005(1) 0.009

C42 -0.614(1) -0.453(1) -0.053(1) 0.009

C43 -0.403(1) -0.452(1) -0.057(1) 0.009

C44 -0.282(1) -0.428(1) -0.082(1) 0.009

C45 -0.174(1) -0.467(1) -0.078(1) 0.009

C46 -0.056(1) -0.443(1) -0.095(1) 0.009

C47 -0.049(1) -0.382(1) -0.125(1) 0.009

C48 -0.156(1) -0.343(1) -0.127(1) 0.009

C49 -0.275(1) -0.368(1) -0.111(1) 0.009

C50 -0.537(1) -0.379(1) -0.149(1) 0.009

C51 -0.657(1) -0.289(1) -0.205(1) 0.009

C52 -0.756(1) -0.313(1) -0.270(1) 0.009

C53 -0.711(1) -0.234(1) -0.161(1) 0.009

C54 -0.529(1) -0.270(1) -0.236(1) 0.009
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Table 4.1: continued

Atom x/a y/b z/b (/iso/A^

H25 0.168(1) -0.049(1) 0.001(1) 0.050

H26 0.391(1) -0.068(1) -0.036(1) 0.050

H27 0.570(1) -0.083(1) 0.068(1) 0.050

H28 0.530(1) -0.074(1) 0.210(1) 0.050

H29 0.312(1) -0.045(1) 0.246(1) 0.050

H36 -0.140(1) 0.128(1) 0.389(1) 0.050

H37 -0.348(1) 0.136(1) 0.450(1) 0.050

H38 -0.552(1) 0.108(1) 0.371(1) 0.050

H39 -0.547(1) 0.061(1) 0.237(1) 0.050

H40 -0.340(1) 0.058(1) 0.175(1) 0.050

H45 -0.181(1) -0.515(1) -0.057(1) 0.050

H46 0.030(1) -0.472(1) -0.088(1) 0.050

H47 0.043(1) -0.365(1) -0.143(1) 0.050

H48 -0.149(1) -0.295(1) -0.148(1) 0.050

H49 -0.361(1) -0.338(1) -0.117(1) 0.050
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Table 4.2; Interatomic distances (first row refined distances from powder 

diffraction data, second row distances from single crystal diffraction 

data) in the crystal structure of a-DPP-Boc.

distance / Â distance / Â distance / Â

01-C14 1.22(1) 02-C19 1.23(1) 03-C19 1.33(1)

1.18(1) 1.20(1) 1.39(1)

O3-C20 1.40(1) 04-C17 1.25(1) O5-C30 1.27(1)

1.48(1) 1.23(1) 1.17(1)

O6-C30 1.35(1) 06-C31 1.42(1) 07-C42 1.24(1)

1.36(1) 1.49(1) 1.21(1)

O8-C50 1.23(1) O9-C50 1.35(1) 09-C51 1.41(1)

1.21(1) 1.31(1) 1.49(1)

N10-C14 1.41(1) N10-C15 1.37(1) N10-C19 1.39(1)

1.46(1) 1.42(1) 1.43(1)

N11-C17 1.42(1) N11-C18 1.40(1) N11-C30 1.41(1)

1.42(1) 1.45(1) 1.42(1)

N12-C42 1.41(1) N12-C43 1.39(1) N12-C50 1.40(1)

1.45(1) 1.45(1) 1.45(1)

C13-C14 1.45(1) C13-C16 1.43(1) C13-C18 1.43(1)

1.55(1) 1.47(1) 1.25(1)

C15-C16 1.39(1) C15-C24 1.46(1) C16-C17 1.46(1)

1.32(1) 1.52(1) 1.44(1)

C18-C35 1.47(1) C20-C21 1.54(1) C20-C22 1.53(1)

1.47(1) 1.55(1) 1.53(1)

C20-C23 1.54(1) C24-C25 1.40(1) C24-C29 1.40(1)

1.52(1) 1.40(1) 1.40(1)

C25-C26 1.40(1) C26-C27 1.40(1) C27-C28 1.40(1)

1.38(1) 1.44(1) 1.37(1)

C28-C29 1.40(1) C31-C32 1.54(1) C31-C33 1.55(1)

1.42(1) 1.52(1) 1.56(1)
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Table 4.2: continued

distance / À distance / Â distance / Â

C31-C34 1.54(1) C35-C36 1.40(1) C35-C40 1.40(1)

1.55(1) 1.42(1) 1.43(1)

C36-C37 1.40(1) C37-C38 1.40(1) C38-C39 1.40(1)

1.37(1) 1.42(1) 1.39(1)

C39-C40 1.40(1) C41-C41’ 1.42(1) C41’-C42 1.48(1)

1.40(1) 1.49(1) 1.44(1)

C41-C43 1.42(1) C43-C44 1.46(1) C44-C45 1.40(1)

1.37(1) 1.50(1) 1.43(1)

C44-C49 1.40(1) C45-C46 1.40(1) C46-C47 1.40(1)

1.41(1) 1.41(1) 1.44(1)

C47-C48 1.40(1) C48-C49 1.40(1) C51-C52 1.53(1)

1.43(1) 1.40(1) 1.57(1)

C51-C53 1.54(1) C51-C54 1.53(1)

1.51(1) 1.53(1)

C25-H25 1.10(1) C26-H26 1.10(1) C27-H27 1.10(1)

C28-H28 1.10(1) C29-H29 1.10(1) C36-H36 1.10(1)

C37-H37 1.10(1) C38-H38 1.10(1) C39-H39 1.10(1)

C40-H40 1.10(1) C45-H45 1.10(1) C46-H46 1.10(1)

C47-H47 1.10(1) C48-H48 1.10(1) C49-H49 1.10(1)
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Table 4.3: Interatomic angles (first row refined angles from powder diffraction

data, second row angles from single crystal diffraction data) in the 

crystal structure of a-DPP-Boc.

Angle / ° Angle / ° Angle / °

C19-O3-C20 130(1) C30-06-C31 126(1) C50-O9-C51 127(1)

119(0) 119(1) 121(1)

C14-N10-C15 108(1) C14-N10-C19 119(1) C15-N10-C19 128(1)

110(1) 123(1) 122(1)

C17-N11-C18 102(1) C17-N11-C30 123(1) C18-N11-C30 134(1)

110(1) 122(1) 11()(1)

C42-N12-C43 105(1) C42-N12-C50 123(1) C43-N12-C50 131(1)

110(1) 121(1) 123(1)

C14-C13-C16 101(1) C14-C13-C18 148(1) C16-C13-C18 110(1)

103(1) 142(1) 113(1)

O1-C14-N10 124(1) 01-C14-C13 125(1) N10-C14-C13 111(1)

126(1) 130(1) 104(1)

N10-C15-C16 107(1) N10-C15-C24 123(1) C16-C15-C24 129(1)

110(1) 122(1) 129(1)

C13-C16-C15 113(1) C13-C16-C17 101(1) C15-C16-C17 145(1)

113(1) 105(1) 142(1)

04-C17-N11 120(1) 04-C17-C16 125(1) N11-C17-C16 115(1)

123(1) 133(1) 104(1)

N11-C18-C13 111(1) N11-C18-C35 116(1) C13-C18-C35 133(1)

107(1) 122(1) 130(1)

0 2 -C 19-03 118(1) O2-C19-N10 112(1) O3-C19-N10 130(1)

128(1) 127(1) 105(1)

O3-C20-C21 103(1) O3-C20-C22 113(1) O3-C20-C23 101(1)

101(1) 108(1) 110(1)

C21-C20-C22 110(1) C21-C20-C23 114(1) C22-C20-C23 114(1)

112(1) 110(1) 114(1)
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Table 4.3: continued

Angle / ° Angle / ° Angle / °

C15-C24-C25 120(1) C15-C24-C29 120(1)

121(1) 11(5(1)

C25-C24-C29 120(1) C24-C25-C26 120(1) C25-C26-C27 120(1)

122(1) 120(1) 119(1)

C26-C27-C28 120(1) C27-C28-C29 120(1) C24-C29-C28 120(1)

120(1) 122(1) 117(1)

O5-C30-O6 108(1) O5-C30-N11 125(1) O6-C30-N11 127(1)

127(1) 125(1) 108(1)

06-C31-C32 101(1) 06-C31-C33 115(1) 06-C31-C34 107(1)

113(1) 99(1) 108(1)

C32-C31-C33 110(1) C32-C31-C34 114(1) C33-C31-C34 110(1)

110(1) 115(1) 110(1)

CI8-C35-C36 120(1) C18-C35-C40 120(1)

124(1) 117(1)

C36-C35-C40 120(1) C35-C36-C37 120(1) C36-C37-C38 120(1)

119(1) 122(1) 118(1)

C37-C38-C39 120(1) C38-C39-C40 120(1) C35-C40-C39 120(1)

121(1) 121(1) 118(1)

C41-C41’-C42 101(1) C41-C41’-C43’ 111(1) C42-C41’-C43’ 147(1)

108(1) 108(1) 1430)

07-C42-N12 124(1) 07-C42-C41 122(1) N12-C42-C41 113(1)

122(1) 133(1) 105(1)

N12-C43-C41 109(1) N12-C43-C44 118(1) C41-C43-C44 133(1)

108(1) 122(1) 130(1)

C43-C44-C45 120(1) C43-C44-C49 120(1)

113(1) 1200)

C45-C44-C49 120(1) C44-C45-C46 120(1) C45-C46-C47 120(1)

126(1) 115(1) 11S)(1)
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Table 4.3: continued

Angle / ° Angle / ° Angle / °

C46-C47-C48 120(1) C47-C48-C49 120(1) C44-C49-C48 120(1)

124(1) 117(1) 118(1)

08-C50-09 115(1) O8-C50-N12 119(1) O9-C50-N12 122(1)

132(1) 122(1) 106(1)

09-C51-C52 108(1) 09-C51-C53 106(1) 09-C51-C54 108(1)

108(1) 105(1) 111(1)

C52-C51-C53 111(1) C52-C51-C54 113(1) C53-C51-C54 110(1)

112(1) 108(1) 112(1)

C24-C25-H25 120(1) C26-C25-H25 120(1) C25-C26-H26 120(1)

C27-C26-H26 120(1) C26-C27-H27 120(1) C28-C27-H27 120(1)

C27-C28-H28 120(1) C29-C28-H28 120(1) C24-C29-H29 120(1)

C28-C29-H29 120(1) C35-C36-H36 120(1) C37-C36-H36 120(1)

C36-C37-H37 120(1) C38-C37-H37 120(1) C37-C38-H38 120(1)

C39-C38-H38 120(1) C38-C39-H39 120(1) C40-C39-H39 120(1)

C35-C40-H40 120(1) C39-C40-H40 120(1) C44-C45-H45 120(1)

C46-C45-H45 120(1) C45-C46-H46 120(1) C47-C46-H46 120(1)

C46-C47-H47 120(1) C48-C47-H47 120(1) C47-C48-H48 120(1)

C49-C48-H48 120(1) C44-C49-H49 120(1) C48-C49-H49 120(1)
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4.4 CRYSTAL STRUCTURE SOLUTION OF P-DPP-Boc FROM X-RAY 

POWDER DIFFRACTION DATA USING THE MONTE CARLO 

METHOD

4.4.1 Introduction

As mentioned previously in Chapter Three, a second polymorph of DPP-Boc 

was discovered during the course of routine diffraction experiments. The crystal 

structure of this phase was unknown, but solid state C NMR provided some useful 

insights. The C NMR spectrum for a-DPP-Boc (the original phase) has sets of three 

peaks of approximately equal intensity for some carbon environments within the 

molecule. This observation is consistent with the fact that there are three unique half 

molecules in the asymmetric unit. For the new phase of DPP-Boc (denoted P-DPP- 

Boc) only a single peak was observed for each carbon environment in the molecule 

(Fig. 4.7), implying that there is only one half molecule in the asymmetric unit. With a 

view to solving the structure of p-DPP-Boc by single crystal diffraction, attempts were 

made to obtain good quality single crystals. When this proved to be unsuccessful, the 

crystal structure was solved using X-ray powder diffraction data as described below.

4.4.2 Experimental Details

A polycrystalline sample was ground and loaded into a capillary (1.0 mm 

diameter) and mounted on the high resolution powder diffractometer at station 2.3 of 

the Synchrotron Radiation Source at Daresbury Laboratory. The X-ray powder 

diffraction data were recorded at ^ = 1.4 Â, over the range of 5° < 20 < 55° in 0.01° 

steps. The total data collection time was ~5 hours.

4.4.3 Structure Solution and Refinement

4.4.3.1 Indexing and Space Group Determination

The indexing program ITO^^ was used to index the first 20 lines in the 

diffraction pattern, giving a monoclinic unit cell with dimensions a -  6.23 A, 

b = 10.30 A, c = 19.47 Â, p = 90.4°, with corresponding figure of merit M 2 0  = 28.8. 

The systematic absences are consistent with space group P2\/c. The volume of this 

unit cell is 1250 Â^, compared with 3866 for a-DPP-Boc. This is consistent with
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Figure 4.7: Solid state NMR spectra of a-DPP-Boc (top) and (3-DPP-Boc

(bottom).
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the assignm ent o f  six m olecules  in the unit cell for a - D P P - B o c  and tw o  m olecules in 

the unit cell for p -D P P -B o c .

4 .4 .3 .2  M o n te  C arlo  S truc ture  So lu tion  C a lcu la t io n s

T he  M o n te  C arlo  s truc tu re  calcu la tions considered  all a tom s o f  the asym m etric  

unit (excluding the hydrogens) .  T he  struc tura l  fragm ent used is show n in Fig. 4.8. 

This  particu la r  f ragm ent w as chosen  with the knowdedge that the s truc tu re  is 

cen tro sy m m etr ic  and that the a sym m etr ic  unit con ta ins  ha lf  a m olecule.

F ig u r e  4 .8 : Schem atic  rep resen ta t ion  o f  the struc tura l fragm ent used in the M onte

C arlo  s truc tu re  solution calculation . T he  a tom s included in the 

ca lcu la tion  are dep ic ted  in red. T he  p ivot point is m arked  X and the 

internal ro ta tions are descr ibed  u s in s  arrows.

T he  fragm ent w as  ro ta ted  by ran d o m  angu la r  d isp lacem ents  a ro u n d  a randomly 

chosen  axis cons tra ined  to  pass th rough  the origin (deno ted  X) and f o u r  internal 

ro ta t ions  w ere  included in the ca lculation  (seven individual ro ta t ions  p e r  internal 

ro ta tion , i.e. 28 internal ro ta t ions  for e \ e r y  com ple te  ro ta tion  o f  the fragm ent) . The 

value o f  the p a ra m e te r  S  w as  fixed at 3 th ro u g h o u t  the calculation , and 2 0 ,0 0 0  M on te  

C arlo  m oves  w ere  conside red . T h e  best s tru c tu re  solution c o r re sp o n d e d  to /?„y, = 

34.7 % (m o v e  n u m b er  861). T h e  average  value o f  for “w ro n g  s t ru c tu re s” was ~ 

44 %. T he  d is tr ibu tion  o f  /?„y, values as a function o f  M o n te  C arlo  m ove is depic ted  in 

Fig. 4 .9. T he  s truc tu re  w ith  the low est R^,p w as  used in the Rie tveld  refinement 

(hav ing  ch e c k e d  to ensu re  that it w as a “ sens ib le” structure).
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4.4.3.3 Rietveld Refinement

The Rietveld refinement calculation was performed using the SR15LS 

program.’  ̂ The procedure was the same as that followed for a-DPP-Boc except that 

the background was refined fully using a background function rather than using a fixed 

background, and no attempt was made to locate the hydrogen atoms. In this case, the 

thermal parameters were kept fixed throughout the refinement at 0.005 A? for all 

atoms. The data range 8° < 20 < 55° was used (as in the Monte Carlo calculation). 

Final convergence was achieved giving R^p -  10.3 %, Rp = 7.9 %, = 2.7 %. The

difference between the experimental and calculated powder diffraction patterns is 

shown in Fig. 4.10, and the final refined atomic coordinates are compared with the 

coordinates obtained from the Monte Carlo calculation in Table 4.4. Interatomic 

distances and angles are given in Tables 4.5 and 4.6 respectively and the numbering 

system is specified in Fig. 4.11.

The crystal structure of p-DPP-Boc contains columns of DPP-Boc molecules 

stacked along the a axis (Fig. 4.12). The packing arrangement of these columns of 

DPP-Boc molecules is illustrated in Fig. 4.13. Clearly, the packing arrangement is 

different from that in a-DPP-Boc (Fig. 4.4) in that the columns are not packed in a 

herringbone-like arrangement. A more detailed comparison of the structures of the two 

phases is given below.

This calculation represents the first structure determination of an organic 

molecule containing a fully flexible side-chain from X-ray powder diffraction data 

using Monte Carlo methods. This represents a huge advance in the methodology, as 

previous successful structure determinations using the Monte Carlo method have only 

considered rigid bodies within the structure solution stage, with any side-chain atoms 

being located in the structure refinement stage using difference Fourier methods. 

However, with the introduction of flexibility into the calculations by incorporation of 

several different internal rotations, this method of structure solution, which has been 

found to be particularly applicable to structure solution of organic molecular solids, 

has huge potential in the field of structure solution from X-ray powder diffraction data.
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Figure 4.12: Crystal structure of P-DPP-Boc viewed along the a-axis.
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Figure 4.13: Crystal structure ol' (3-DPP-Boc viewed along the /?-axis.
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Figure 4.11: N u m b er in g  system  used in the crystal s tructure  o f  p -D P P -B o c .

Table 4.4: Refined atom ic  coo rd in a tes  o f  P -D P P -B o c  ( top  line) and coo rd ina tes

ob ta ined  from  the M o n te  C arlo  ca lculation  (b o t to m  line) (space g ro u p  

P2]/o, r, = 6.2280(5) A, = 10.2981(2) A. c = 19.4676(3) A, P = 

90.407°).

A tom y/h : /c

O l -0.341(1) 0.179(1) 0.041(1)

-0.319(1) 0.157(1) 0.078(1)

N 2 -0.272(1) -0.043(1) 0.062(1)

-0.209(1) -0.066( 1 ) 0.078(1)

C3 -0.115(1) -0435U) 0.048(1)

-0.495(1) -0442U) 0.043(1)

C4 -0.231(1) 0.080(1) 0.031(1)

-0.198(1) 0.066( 1 ) 0.054(1)

C5 -0.030(1) 0.068(1) -0.006(1)

-0.035(1) 0.064(1) 0.003(1)

C6 0.079(1) -0.328(1) 0.092(1)

0.178(1) -0.338(1) 0.041(1)
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Table 4.4: continued

Atom x/a y/b z/b

C7 -0.112(1) -0.274(1) 0.066(1)

-0.020(1) -0.282(1) 0.056(1)

C8 -0.295(1) -0.348(1) 0.053(1)

-0.199(1) -0.356(1) 0.075(1)

C9 -0.274(1) -0.481(1) 0.065(1)

-0.176(1) -0.496(1) 0.081(1)

CIO -0.087(1) -0.534(1) 0.093(1)

0.018(1) -0.551(1) 0.063(1)

C ll 0.090(1) -0.459(1) 0.108(1)

0.200(1) -0.471(1) 0.045(1)

C12 -0.386(1) -0.041(1) 0.124(1)

-0.398(1) -0.119(1) 0.116(1)

013 -0.363(1) -0.134(1) 0.163(1)

-0.385(1) -0.230(1) 0.139(1)

014 -0.573(1) 0.026(1) 0.131(1)

-0.551(1) -0.039(1) 0.116(1)

€15 -0.658(1) 0.074(1) 0.194(1)

-0.582(1) 0.183(1) 0.164(1)

€16 -0.797(1) 0.193(1) 0.176(1)

-0.526(1) 0.183(1) 0.164(1)

€17 -0.467(1) 0.099(1) 0.242(1)

-0.439(1) -0.017(1) 0.231(1)

€18 -0.813(1) -0.036(1) 0.211(1)

-0.823(1) 0.032(1) 0.199(1)
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Table 4.5: Interatomic distances in the crystal structure of p-DPP-Boc.

distance / À distance / A distance / A

01-C4 1.245 N2-C3 1.385 N2-C12 1.409

N2-C4 1.431 C3-C5’ 1.416 C3-C7 1.480

C4-C5 1.449 C5-C5’ 1.464 C6-C7 1.402

C6-C11 L384 C7-C8 1.393 C8-C9 1.398

C9-C10 L388 ClO -C ll 1.377 C12-013 1.224

C12-014 1.359 014-C15 1.431 C15-C16 1.537

C15-C17 1.534 C15-C18 1.525

Table 4.6: Interatomic angles in the crystal structure of p-DPP-Boc.

angle / angle / ° angle / °

C3-N2-C12 122.59 C3-N2-C4 112.99 C4-N2-C12 116.45

N2-C3-C5' 103.94 N2-C3-C7 12&75 C7-C3-C5’ 126.85

01-C4-N2 123.90 01-C4-C5 12&69 N2-C4-C5 106.96

C4-C5-C5’ 103.37 C3-C5-C5 112.66

C7-C6-C11 120.12 C3-C7-C8 118.51 C3-C7-C6 118.49

C6-C7-C8 122.96 C7-C8-C9 115.40 C8-C9-C10 121.54

C9-C10-C11 122.28 C10-C11-C6 117.48 N2-C12-013 117.40

N2-C12-014 121.48 013-C12-014 116.09 C12-014-C15 125.18

014-C15-C16 106.89 014-C15-C17 107.14 014-C15-C18 100.01

C16-C15-C17 116.40 C16-C15-C18 106.69 C17-C15-C18 117.97
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4.5 COMPARISON OF THE CRYSTAL STRUCTURES OF a-DPP-Boc

AND P-DPP-Boc

As shown in Figs. 4.4 and 4.13, in both structures the molecules form columns 

along an axis. However, the length of the axis along which the columns form is 

approximately three times larger for a-DPP-Boc than for p-DPP-Boc (17.1342 Â cf. 

6.2280 A). This is due to the presence of three unique molecules in the crystal 

structure of a-DPP-Boc, all of which have slightly different molecular conformations. 

Within the columns, the main differences in the molecular conformations of the two 

phases occur in the geometries of the Boc groups and the phenyl rings.

Hence, the packing arrangement along the common axis of the two phases is, 

to a first approximation, identical. The major difference between the crystal structures 

of the two phases, however, is in the packing arrangement of these columns of 

molecules. In a-DPP-Boc, the columns are packed in a herringbone arrangement, 

whereas in p-DPP-Boc there is an essentially parallel arrangement.

A further difference between the two phases is the separation of molecules 

within the columns. As expected, the repeat distance (along the axis parallel to the 

columns) in the crystal structure of P-DPP-Boc is cu. 6 Â and is the same for each pair 

of molecules along the column. However, in the crystal structure of a-DPP-Boc, an 

interesting anomaly in the repeat distance arises. As mentioned above, there are three 

distinct molecules within the columns of molecules, and this group of three molecules 

represents the repeat unit along the column. The distance (along the column axis) 

between adjacent DPP-Boc molecules within this group of three molecules is ca. 5 A. 

However, the distances between adjacent groups of three molecules is ca. 6 Â (Fig 

4.14(a)). Hence, the packing of the molecules in the crystal structure of a-DPP-Boc 

can be envisaged as aggregates of three molecules of DPP-Boc. It is unclear why this 

complicated packing arrangement is adopted.

One question arising from the thermal decomposition reaction study described 

in Chapter Three is whether or not the ‘deBoc’ reaction is intramolecular or 

intermolecular. One way in which this might be assessed is by measurement of the 

N ...C  distanees between the nitrogen atom of one molecule and the carbon atoms of 

the Boc group in the same molecule and in the closest neighbouring molecule (Fig. 

4.14(b)). Ideally, N ...H  distances would be measured, but the protons of the Boc
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g r o u p s  w e r e  not  loc a t e d  for  e i the r  p h a s e  in the  s t ru c t u re  d e t e r m i n a t i o n  c a lc u l a t io n s .

(a) (b)

F ig u r e  4 .14 : (a) Section o f  a co lum n o f  D P P -B o c  m olecules in the crystal s truc tu re  

o f  a - D P P - B o c ;  (b) in tram olecular  and in term olecular  (do tted  line) 

N . . .C con tac ts  in the crystal s tructure  o f  (3-DPP-Boc. A similar type o f  

m easu rem en t  w as perfo rm ed  for a -D P P -B o c .

F or  bo th  phases, there  is little d ifference in the c losest N . . . C  dis tances w he the r  

they are in tram olecu la r  o r  in term olecular. F or  exam ple, the in tram olecu lar  N . . . C  

distances  in the  crystal s truc tu re  o f  (3-DPP-Boc are 3 .99 Â, 4 .4 6  A  and 4 .65  A, 

w hereas  the in term olecu la r  N . . . C  distances be tw een  ne ighbouring  m olecules  are 4 .07 

A, 4.41 A and 6 .27  Â. Clearly the final d istance is too  large for reac tion  b e tw een  the 

n itrogen  and  the  hyd rogen  a t tached  to  the carbon  a to m  to be feasible, bu t the o th e r  

d is tances are co m p arab le  for bo th  in term olecular  and in tram olecular  con tac ts .  A 

similar pa tte rn  o f  behav iour  is seen fo r  N . . . C  distances in the crystal s truc tu re  o f  a -  

D P P -B o c .  H ence ,  no firm conclusion  can be drawm about the  m os t  plausible cou rse  

for the deco m p o si t io n  reaction, and the d ifference  observed  in the kinetic  beh av io u r  for
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the two phases of DPP-Boc cannot be rationalised in this way.
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CHAPTER FIVE  

M EASUREM ENT OF CHEM ICAL SH IELDING  TENSO RS OF  

QUINACRIDONES USING SOLID STATE ^^C NM R

5.1 INTRODUCTION

It has been shown in Chapter Two that electronic shielding of nuclei in solid

state NMR experiments is an orientation-dependent interaction, causing changes in the

NMR resonance frequency of a particular nucleus as the orientation of the nucleus with 

respect to the applied magnetic field is altered. This originates from the fact that the 

external magnetic field, Bq, causes the electrons in the sample to process, thereby 

producing an induced magnetic field at the nuclei, B'. The chemical shielding 

parameter for a given nucleus is defined as

B ’ =  a - B o  (5 .1 )

where g  is a second rank tensor due to the three-dimensional shielding of the

nucleus.'’̂

As this shielding is three-dimensional in nature, chemical shielding tensors are 

very sensitive to molecular conformations in solids, and much work has been carried 

out on determining the values of tensors. Knowledge of the chemical shielding tensor, 

or the principal values of the tensor, leads to a better understanding of the relationship 

between chemical shielding and electronic structure. In order to determine the full 

chemical shielding tensor, including its orientation, it is necessary to perform NMR 

experiments using single crystals. The measured tensor can be diagonalised to obtain 

the three principal values and the orientation of the principal axis system in the sample 

reference frame. X-ray diffraction data can be used to relate the crystallographic axes 

to the sample reference frame. A brief introduction to the experimental procedures 

involved in single crystal experiments is given in section 5.2. The main focus of the 

work reported in this chapter, however, is the determination of chemical shielding 

tensors for polycrystalline materials, in particular the organic pigment quinacridone and 

some derivatives.

In a polycrystalline sample, molecules are present in all possible orientations 

with respect to the applied magnetic field, which results in a well defined distribution
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of chemical shielding tensor values, and hence chemical shifts. This effect is known as 

chemical shift anisotropy, CSA, and it has the effect of producing a broad resonance 

line known as a powder pattern. In such cases it is necessary to have some method of 

obtaining information about the chemical shielding tensor from the powder patterns. 

Various methods are used for this purpose, and the most commonly used techniques 

will be discussed along with examples of their use.

5.2 DETERMINATION OF CHEMICAL SHIELDING TENSORS IN

SINGLE CRYSTAL NMR EXPERIMENTS

We have seen that the position of a resonance line in a single crystal 

depends on the orientation of the external magnetic field Bq relative to the molecular 

or crystal axes. It is possible to derive an expression for the resonance frequency of a 

particular carbon nucleus as a function of the angles that Bq makes with the axes of 

some coordinate system.^ Ideally this coordinate system would be the principal axis 

system of the tensor {i.e. the choice of axes for which the chemical shielding tensor is 

diagonalised). However, in practice the orientation of the magnetic field is defined 

relative to a laboratory axis system or a crystal axis system. By measurement of the 

resonance frequency of a particular carbon nucleus over a series of well defined 

independent orientations relative to the external magnetic field, the chemical shielding 

tensor can be fully determined from the resultant “rotation pattern”.

It is, therefore, relatively straightforward to obtain detailed information on the 

chemical shielding properties of single crystals. However, many solids are not 

available as single crystals, and in these cases it is important that maximum information 

can be derived from experiments on poly crystalline materials.

5.3 DETERMINATION OF CHEMICAL SHIELDING TENSORS OF 

POLYCRYSTALLINE MATERIALS

In solid state NMR experiments involving polycrystalline samples, extremely 

broad lines (known as powder patterns) are produced as a result of the chemical 

shielding effect. Unlike single crystal experiments, experiments on polycrystalline 

materials only yield the principal elements of the chemical shielding tensor, and give no 

information on orientation of the principal axis system. However, well defined patterns
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of behaviour have been observed for various structural fragments, including carbonyl 

groups and aromatic carbons. These allow predictions to be made about the 

orientation of the principal axis system for cases in which the orientation cannot be 

determined experimentally.'^ The aspects of these comparisons which are relevant to 

the work outlined below are discussed in section 5.7.

The most straightforward way of extracting information on the chemical 

shielding properties of poly crystalline materials generally involves one of two 

processes, either lineshape analysis or spinning sideband analysis. More sophisticated 

methods using two-dimensional experiments have been developed recently. All of 

these procedures are outlined below, with examples of how each technique has been 

applied.

5.3.1 Lineshape Analysis Techniques

For polycrystalline samples, the powder patterns produced by the chemical 

shielding effect may be investigated directly when the sample contains only one type of 

nucleus, or if there are two nuclei which resonate at frequencies with separation 

greater than the frequency spread of the anisotropy {e.g. the aromatic and methyl 

carbons in hexamethyIbenzene). For more complicated systems, the powder patterns 

tend to be overlapping due to the frequency spread of the individual anisotropies being 

larger than the separation of the isotropic chemical shifts. For cases in which the 

powder patterns are well resolved, it is a straightforward procedure to determine the 

principal values of the chemical shielding tensor. Functions can be derived which 

describe the powder lineshape, thus generating values of a] ], C22 and C33, the principal 

values of the shielding tensor.

Lineshape analysis is a particularly good technique for measuring the chemical 

shielding properties of heterocycles and organometallics, as there are invariably only 

one or two NMR active nuclei in the sample under consideration. For example, solid 

state '^N NMR has been used in the study of three pyrazoles which form various 

hydrogen bonded complexes in the solid state.^
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Figure 5.1: Three 3,5-disubstituted pyrazoles used in the CSA study.

The ' ehemical shielding tensors of the amine and imine nitrogen atoms were 

derived using lineshape analysis of the doubly ^^N-labelled compounds. The results 

show that the ' chemical shielding tensors of pyrazoles depend strongly on whether 

the nitrogen is protonated or not but depend less on the chemical structure of the 

remainder of the molecule. Since small changes in the substituents lead to large 

changes in the secondary hydrogen bonded structure it follows that the chemical 

shielding tensor of the compounds studied here are not very sensitive to the latter 

(although it should be noted that the hydrogen bonding in the derivatives is always of 

the type N -H ...N ).

5.3.2 Spinning Sideband Analysis

The method of analysis that has been used in this work, spinning sideband 

analysis, was initially developed so that the principal elements of the shielding tensor 

may be obtained for polycrystalline samples using magic angle spinning (MAS) 

techniques.

We have seen previously in Chapter Two (section 2.2.6) that MAS experiments 

modify the broad NMR signal caused by chemical shift anisotropy, producing a single 

peak at the isotropic chemical shift for each distinct nucleus, with sidebands separated 

by the spinning frequency cô . These experiments are generally performed using 

spinning rates of much higher frequency than the frequency spread of anisotropy 

patterns so that all of the intensity is concentrated in the isotropic peak.^ However, in 

1976, two independent groups of workers observed that, if the sample is spun at a 

frequency smaller than the spread of the anisotropy pattern, the resultant spectrum 

shows a sharp peak at the isotropic chemical shift, surrounded by a series of equally 

sharp sidebands.^’̂  A particularly good illustration of this effect is taken from the 

work of Herzfeld and Berger on barium diethyl phosphate using NMR (Fig. 5.2).^
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31Figure 5.2: Solid  sta te  ' P N M R  spectra  o f  barium  diethyl pho sp h a te  rec o rd e d  at a

series o f  sp inning  frequencies as m arked  on the diagram.*^
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As the spinning rate increases, the number of observed sidebands decreases, 

with a subsequent increase in the intensity of the isotropic peak. As seen from the 

diagram, however, the profile of the sideband pattern remains approximately constant 

and is a good reflection of the profile of the anisotropy pattern. As the intensities of 

the spinning sidebands are determined by the chemical shielding tensor elements, the 

chemical shielding tensor can, in principle, be determined from these spinning 

sidebands.

There are two common methods for analysing the spinning sidebands as a 

means of determining the principal values of the shielding tensor, namely those of 

Maricq and W a u g h , a n d  Herzfeld and Berger.^’'  ̂ The Maricq and Waugh method 

requires the intensities of all of the sidebands, so it is therefore not suitable for cases in 

which the sidebands overlap. The method used in this work for determining the 

principal elements of the shielding tensor is that developed by Herzfeld and Berger. 

This method uses general integral and series expansions to describe the sideband 

intensities. This facilitates the derivation of the principal elements of the chemical 

shielding tensors from the intensities of a relatively small number of sidebands. This 

particular method does not require the intensities of all of the sidebands and is, 

therefore, suitable for cases in which there is some overlap of the sidebands. This 

method has been widely used for determining the principal elements of the chemical 

shielding tensors for many kinds of solids including a series of iron carbonyl 

c o m p l e x e s , a n d  in the investigation of molecular dynamics in 

benzenetricarbonyl chromium'^ and tricarbonyl(pentamethylbenzene) chromium.^^

5.3.3 Two-Dimensional Methods

A more sophisticated way of retrieving the information found in the chemical 

shift anisotropy powder pattern is to employ two-dimensional experiments. In these 

experiments, the isotropic spectrum is displayed along one axis and the powder pattern 

is displayed along the other axis. In this way, the powder patterns for individual 

resonances can be resolved. Several methods have been employed for this type of 

experiment and two particularly useful techniques are outlined below.
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5.3.3.1 Magic Angle Hopping

Bax et al introduced a magic angle hopping experiment which narrows spectral 

lines by discrete sample hopping about the magic angle rather than magic angle 

spinning.'^ The experiment results in a two-dimensional isotropic chemical shift and 

CSA correlation spectrum. There are no spinning sidebands in the high resolution 

spectrum, and the CSA information can be obtained from the powder pattern 

lineshapes along the second dimension.

5.3.3.2 Magic Angle Turning

The concepts developed in the magic angle hopping experiment were 

developed by Gan who, instead of using discrete hops about the magic angle, instead 

used slow magic angle spinning. Subsequent modifications to the procedure have 

also been reported.^^ The technique is commonly referred to as magic angle turning.

The crux of this experimental procedure is that the evolution period of the two- 

dimensional spectrum is divided into segments spaced by 1/3 of a rotor cycle. During 

the intervals between these segments, the magnetisation of the sample is stored along 

the direction of the external magnetic field and the sample is rotated by 120° about the 

magic angle. Because the net contribution from the CSA of the three segments is 

averaged to zero, the experiment results in an isotropic spectrum with no CSA. The 

CSA powder patterns are then acquired, before the cycle is repeated. Powder patterns 

for each isotropic shift can be resolved and the principal values of the chemical 

shielding tensor can be determined using lineshape analysis.

The pulse sequence has been modified by Grant and co-workers,^^’̂  ̂ and the 

applicability of both modifications has been demonstrated in the determination of the 

principal values of the CSA of polycrystalline 1,2,3-trimethoxybenzene.

5.4 EFFECT OF HYDROGEN BONDING ON " c  NMR CHEMICAL 

SHIELDING TENSORS OF CARBONYL CARBONS

Since chemical shielding is mainly determined by the local electronic structure 

around the nucleus, the magnitudes and orientations of the tensor components in the 

molecular frame are a very sensitive probe of the anisotropies of certain interactions
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around a nucleus. One of the interactions of interest in the work described here is 

hydrogen bonding of the form C=O ...H -N . One aspect of the research has been to 

investigate the differences in the shielding tensor components for the carbonyl carbon, 

in the presence and absence of this interaction, by the incorporation of tert- 

butoxycarbonyl groups. Some precedents have been set for this type of study by a 

number of researeh groups.

Results of several independent studies lead to the proposal that hydrogen

bonding involving a carbonyl group causes a downfield {i.e. higher ppm) shift in the 

isotropic chemical shift for the nucleus. The first approach for assessing the effect 

of hydrogen bonding on the isotropic chemical shift compared chemical shifts in 

solution and in 

form (Fig. 5.3).'

solution and in the solid state for several 1,3-diketones which crystallise in the enolic
23

0  0  O H  O

Figure 5.3: 1,3-diketones in keto and enol forms.

It is proposed that the downfield shift in the solid state chemical shift arises 

from the presence of intermolecular hydrogen bonding in the solid state (but not in 

solution). A second set of solid state NMR experiments on hydroxybenzaldehydes 

(Fig. 5.4) found that the chemical shift for the carbonyl nucleus moved downfield 

when involved in hydrogen bonding.

Figure 5.4: Hydroxybenzaldehydes (X, Y, Z = H or OH).

156



This downfield shift was found to vary inversely with the 0 . . . 0  hydrogen bond 

distance, implying that stronger hydrogen bonding induces greater changes in the 

chemical shift of the carbonyl C nucleus. These results show that the chemical shift 

of the carbonyl nucleus is a sensitive probe for investigating hydrogen bond 

formation in the solid state.

With this information in mind, Takegoshi and McDowell performed a series of 

studies of the properties of the carbonyl chemical shielding tensor components in 

hydrogen bonded systems, in which comparisons were made with results obtained for 

analogous compounds which do not form hydrogen bonds. The first system of interest 

was dimedone, which enolises in the solid state (Fig. 5.5).

Figure 5.5: Dimedone in keto and enol forms.

In this experiment, the complete shielding tensor of the nucleus was 

obtained, along with the orientation of the principal axes.^^ The results obtained were 

compared with the shielding tensor components for acetophenone which does not form 

hydrogen bonds. In both dimedone (enol form) and acetophenone, the carbonyl 

nuclei are bonded to an sp^ and an sp^ carbon nucleus. The major difference in the 

shielding tensor components arises for the component oriented along the C =0 bond 

direction. The difference is -50  ppm, with the carbonyl in dimedone having the 

larger value of this component.

A further study has investigated the properties of the shielding tensors for the 

nuclei in Meldrum’s Acid, 2,2-dimethyl-l,3-dioxane-4,6-dione (Fig. 5.6).^^ 

Differences in the hydrogen bonding configurations of the two ester carbons lead to 

differences in the chemical shielding tensor components. Again the differences are 

most pronounced along direction of the C =0 bond.
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?  I

Figure 5.6: Meldrum’s Acid.

These results indicate that the presence or absence of hydrogen bonding in the 

solid state can be predicted from analysis of the chemical shielding tensor components 

for the relevant nuclei.

5.5 WHY QUINACRIDONES?

As discussed in Chapter One, the two phases of linear-/ran5-quinacridone that 

are commercially used are the p and y phases. Routine high resolution solid state 

NMR experiments revealed that all the isotropie ehemical shifts for the two phases are 

identical (Fig. 5.7). As previously seen in Chapters Three and Four, polymorphs 

generally show distinet differenees in the isotropie NMR speetra (Fig. 3.6 and Fig. 

4.7). The aim of the work deseribed in this chapter was to investigate the chemical 

shielding tensors of quinacridone derivatives in order to probe differences and 

similarities in the intermolecular interactions in the solid state.

The erystal structure of y-quinacridone has recently been de t e rmined , and  the 

main intermolecular interactions are k -tz staeking and hydrogen bonding between the 

stacks (Fig. 1.8 and Fig. 1.9). As chemical shielding is sensitive to packing 

arrangements, it is possible that it will be altered in a well defined manner by 

modification of interactions such as intermolecular hydrogen bonding or n-n  

interactions. As now discussed, the possible effect of modification of these 

interactions has been probed in a series of experiments on quinacridone derivatives.

5.5.1 Pigments Investigated

The pigments studied are p-quinaeridone (p-QA), y-quinaeridone (y-QA), 

A^,A'-di-rerr-butoxycarbonyl-quinacridone (QA-Boc), 2,9-dichloro-quinacridone 

(CI2QA) and 2,9- dichloro-A,M-di-rerFbutoxycarbonyl-quinacridone (CI2QA-B0C).
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Figure 5.7: Solid state C NMR spectra of the (3 and y phases of quinacridone.
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Figure 5.8: Schematic representation of the pigments used in the CSA experiments.

The two methods by which the interactions have been altered are:

i) intermolecular hydrogen bonding is removed by considering Boc {tert- 

butoxycarbonyl) derivatives of quinacridones;

ii) chlorine substituted quinacridones have been used which may influence the 

stacking arrangements.

5.6 EXPERIMENTAL PROCEDURES

5.6.1 NMR Measurements

13C NMR spectra were recorded at 75.47 MHz on a Bruker MSL300 

spectrometer using magic angle spinning (MAS). H - C cross polarisation was used, 

with high power decoupling applied during acquisition. The spectra reported here 

were acquired using dipolar dephasing (non-quaternary suppression) conditions in 

order to simplify the analysis: there are five inequivalent quaternary carbons out of a 

total of ten inequivalent carbons. In spectra obtained using CPMAS conditions 

without non-quaternary suppression, some of the peaks have poorly-resolved 

shoulders and some are overlapping, making accurate measurement of intensities 

impossible. A spectral reference, re?ra/:w(trimethylsilyl)silane (TTMSS), was added to 

all samples. This reference material has been shown to be particularly suitable for use 

in solid state experiments, and resonates at 3.50 ppm relative to tetramethylsilane.
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Typically spectra were recorded at three different spinning speeds for each sample.

5.6.2 Simulation of Spinning Sideband Intensities

Spinning sideband intensities were simulated using an iterative-fit program 

based on the method of Herzfeld and Berger'^ to give the principal components of the 

chemical shielding tensor 0 \ \ ,  C2 2 , and 0 3 3  (with C] 1 < O2 2  ^ G3 3 ). These values have 

been converted to the more common chemical shift notation, i.e. Ôu, Ô2 2  and 6 3 3  

where Ô] 1 = -ct] ] etc.  and 6 ] ] > Ô2 2  ^ 8 3 3  Four other parameters can be deduced from 

the NMR spectrum, namely the anisotropy, Aa, and the asymmetry, r\, reported 

according to the convention of Haeberlen^ and the span, Q , and skew, k, parameters 

used in Mason’s convention.^’ When Ô] 1 -  Ô2 2  < 8 2 2  -  8 3 3 ;

(5-2)
2 ”

Ô22- 8 ,, (5.3)
n  —

when Ô] 1 — Ô2 2  > 8 2 2  ~ 8 3 3 ,

where

833- 8 ,

A 833-1-522 ( 5 .4)
  ---------------- 5 , ,

8 2 2  8 3 3  (5.5)

S|1 -^iso

g  8 ]  1 8 2 2  +  8 3 3  ( 5 . 6)

The span and skew are defined as:

0  = 8 , , - 6 3 3  (5 .7 )

5(822- 81̂ 0)
K =

5.7 RESULTS AND DISCUSSION

Representative NMR spectra are shown in Figs. 5.9 and 5.10. Similai*
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13,Figure 5.9: Solid state C NMR spectra of N,A^-di-tert-butoxycarbonyl-

quinacridone (QA-Boc) recorded at a series of spinning speeds as 

indicated on the diagram.
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13,Figure 5.10: Solid state C NMR spectra of 2,9-dichloro-quinacridone (CI2QA) 

recorded at a series of spinning speeds as indicated on the diagram.
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behaviour was observed for all derivatives studied. The results of the spinning 

sideband analysis are shown in Tables 5.1-5.5. The isotropic chemical shift values 

(ôiso) quoted in the tables are as directly measured; the calculated values of chemical 

shift are denoted Scale (Scale = (Sii+Ô2 2 +Ô3 3 ) / 3  where ôu, 8 2 2  and Ô3 3  are the values 

determined by the program). All chemical shielding components, a,/, have been 

converted to the more conventional chemical shift notation, 5//, and hence are more 

correctly referred to as ehemical shift tensor components. The errors in the values of 

Ô// are generally around 1 0  ppm or less (unless explicitly stated in the text).

5.7.1 Differences and Similarities Between Chemical Shift Tensor Components

for The p and y Polymorphs of Quinacridone

The main reason for this investigation into the chemical shielding properties of 

quinacridones was to probe the extent of differences and similarities between the 

chemical shielding tensors of the p and y polymorphs of linear-tran^-quinacridone (p- 

QA and y-QA). As mentioned already, it is not possible to distinguish these two 

polymorphs on the basis of their isotropic *̂ C NMR spectra. There are, however, 

clear differences in the crystal packing arrangement of these two polymorphs as shown 

by comparison of their X-ray powder diffraction patterns (Fig. 5.11).

13Table 5.6: Summary of C NMR chemical shift tensor components for the

quaternary ’ ̂ C nuclei in p-QA and y-QA.

carbon

nucleus 5] ] / ppm

P-QA 

§ 2 2  / ppm Ô3 3  / ppm ôj] / ppm

y-QA 

Ô2 2  / ppm Ô3 3  / ppm

C2 240.2 82.9 51.8 242.9 85.7 41.5

C3 283.9 147.7 100.4 284.6 148.5 98.2

C4 230.2 77.3 50.5 229.9 84.4 40.8

C9 257.3 114.0 55.5 264.2 113.1 48.1

CIO 239.6 114.2 49.4 242.3 113.2 46.0
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13Table 5.1: Principal components of the C chemical shift tensor for C4 of quinacridone and derivatives.

Y

XO

o\ ôiso / ppm ôji / ppm Ô22 / ppm Ô33 / ppm Scale / ppm Aa / ppm n Q  / ppm K

P-QA (X=Y=H) 119.3 230.2 77.3 * 50.5 119.3 -166.3 0.241 179.7 -0.701

y-QA (X=Y=H) 118.4 229.9 84.4 40.8 118.4 -167.3 0.392 189.1 -0.539

QA-Boc (X=Boc; Y=H) 120.7 232.2 88.0 42.0 120.7 -167.2 0.413 190.2 -0.516

Cl2-QA(X=H; Y=C1) 118.0 227.2 75.7 51.0 118.0 -163.9 0.266 176.2 -0.719

Cl2-QA-Boc(X=Boc; Y=C1) no data



Table 5.2; Principal componcnls of Ihc chemical shifl Icnsor for C2 of quinacridone and derivatives.

Y

XO

Y

O N
O N

ôiso /  ppm 5 i i  / ppm Ô22 / ppm Ô3 3  / ppm Ôcalc /  ppm Aa / ppm n Q  / ppm K

P-QA (X=Y=H) 1 2 5 .0 240.2 82.9 . 51.8 1 2 5 .0 -172.9 0 . 2 7 0 188.4 - 0 . 6 7 0

y-QA(X=Y=H) 1 2 3 .4 242.9 85.7 4 1 .5 1 2 3 .4 - 1 7 9 .3 0.370 2 0 1 . 4 - 0 .5 6 2

QA-Boc (X=Boc; Y=H) 1 2 4 .5 236.4 8 8 . 2 48.9 1 2 4 .5 -167.8 0.351 1 8 7 .5 - 0 .5 8 1

Cl2-QA(X=H; Y=C1) 1 2 2 . 6 236.2 91 .1 4 0 .5 122.6 - 1 7 0 .4 0 . 4 4 6 1 9 5 .7 -0.483

Cl2-QA-Boc(X=Boc; Y=C1) 1 2 4 .4 209.6 1 1 8 .7 45.0 1 2 4 .4 - 1 2 7 .7 0.865 1 6 4 .6 - 0 . 1 0 4



13Table 5.3: Principal components of the C chemical shift tensor for CIO of quinacridone and derivatives.

Y

Xo

Y

ôiso / ppm Ôj 1 / ppm Ô22 / ppm Ô33 / ppm Scale / ppm Aa / ppm n Q  / ppm K

P-QA (X=Y=H) 134.4 239.6 114.2 * 49.4 134.4 -157.8 0.615 190.2 -0.319

y-QA (X=Y=H) 133.8 242.3 113.2 46.0 133.8 -162.7 0.620 196.3 -0.315

QA-Boe (X=Boe; Y=H) 133.3 229.2 117.3 53.3 133.3 -143.9 0.667 175.9 -0.273

Cl2-QA(X=H; Y=C1) 133.9 242.0 99.0 60.7 133.9 -162.1 0.354 181.3 -0.533

Cl2-QA-Boe(X=Boe; Y=C1) 132.9 229.8 116.4 52.5 132.9 -145.4 0.659 177.3 -0.279



Table 5.4: Principal components of the chemical shift tensor for C9 of quinacridone and derivatives.

Y

Y

ON
00

ôiso / ppm ôu / ppm Ô22 / ppm Ô33 / ppm ôcalc  / ppm Ac / ppm n Q. / ppm K

P-QA (X=Y=H) 142.3 257.3 114.0 . 55.5 142.3 -172.5 0.509 201.8 -0.421

y-QA (X=Y=H) 141.8 264.2 113.1 48.0 141.8 -183.6 0.532 216.2 -0.398

QA-Boc (X=Boc; Y=H) 137.8 243.3 119.2 51.1 137.9 -158.2 0.646 192.2 -0.291

Cl2-QA(X=H; Y=C1) 138.6 253.4 99.0 63.4 138.6 -172.2 0.310 190.0 -0.625

Cl2-QA-Boc(X=Boc; Y=C1) 135.4 241.0 112.8 52.3 135.4 -158.4 0.573 188.7 -0.359



Table 5.5: Principal components of the 'C  chemical shift tensor for C3 of quinacridone and derivatives.

Y

XO

Y

ôiso / ppm 5 i i  / ppm Ô22 / ppm Ô3 3  / ppm ôcalc / ppm Aa / ppm n Q. / ppm K

P-QA (X=Y=H) 177.4 2 8 3 . 9 147.7 . 100.4 177.3 - 1 5 9 .8 0.444 1 8 3 .5 - 0 . 4 8 4

y-QA (X=Y=H) 177.1 2 8 4 . 6 148.5 9 8 . 2 177.1 -161.3 0.467 186.4 -0.460

QA-Boc (X=Boc; Y=H) 177.7 2 8 6 . 2 166.4 8 0 .4 177.7 -162.8 0 . 7 9 3 2 0 5 . 8 - 0 . 1 6 4

Cl2-QA(X=H; Y=C1) 175.7 281.6 137.9 107.5 175.7 - 1 5 8 . 9 0 . 2 8 7 174.1 -0.651

Cl2-QA-Boc(X=Boc; Y=C1) 174.7 2 7 3 . 5 1 4 9 .9 100.6 174.7 - 1 4 8 .3 0 . 4 9 9 1 7 2 .9 -0.430



40353020 2510 155
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Figure 5.11: X-ray powder diffraction patterns (Cu Ka\ radiation) for the P (top) 

and Y (bottom) phases of quinacridone.
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Comparison of the chemical shift tensor components obtained for the two 

polymorphs reveals that, within experimental error, there is no significant difference 

between the chemical shielding properties of the two polymorphs of quinacridone. 

This would suggest that the packing arrangements are not as different as presumed, but 

that the main intermolecular interactions of hydrogen bonding and tz-k stacking are 

common to both polymorphs.

5.7.2 Effects of Hydrogen Bonding on Chemical Shift Tensor Components of 

Carbonyl ^̂ C Nuclei

By substituting the nitrogen atoms in quinacridone with Boc groups, there is no 

hydrogen bonding in some of the derivatives, thereby allowing a direct comparison of 

the shift tensor components between hydrogen bonded and non-hydrogen bonded 

quinacridones. A summary of the data obtained for the carbonyl '^C nucleus (C3) is 

shown in Table 5.7, as it is to be expected that this particular '^C nucleus may be most 

directly affected by removing the hydrogen bonding.

Table 5.7: Summary of *̂ C chemical shift tensor components for carbonyl ''^C

nuclei (C3) in quinacridone and derivatives.

ôiso / ppm Ô] 1 / ppm Ô22 / ppm Ô33 / ppm

P-QA 177.4 283.9 147.7 100.4

y-QA 177.1 284.6 148.5 98.2

QA-Boc 177.7 286.2 166.4 80.4

CI2-QA 175.4 281.6 137.9 107.5

CI2-QA-B0C 174.7 273.5 149.9 100.6

13

As can be seen from this table, the isotropic chemical shifts for the carbonyl 

C nuclei do not seem to move downfield when they are hydrogen bonded (compared 

with not hydrogen bonded). This observation is somewhat surprising, as much
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research has shown that this downfield shift is a common phenomenon. However, in 

comparing the shift tensor components for |3-QA, y-QA and QA-Boc it can be seen 

that there are substantial differences in two of the component values, Ô22 and Ô33. It 

can be postulated that it is these two components that are affected most by the 

hydrogen bond interaction. A similar trend is seen in the data obtained for Cl-QA and 

Cl-QA-Boc.

A number of studies of chemical shielding tensor values have given insight into 

the orientation of the principal axis system of the shielding tensor in certain classes of 

organic compounds. This type of study can be done when complete shielding tensors 

have been determined and, hence, the orientation of the principal axes relative to a 

sample reference frame. Knowledge of the propensity for the axes to be orientated in 

certain directions allows us to postulate the orientation of the axes for cases in which 

the orientation cannot be determined explicitly. The carbonyl group has been widely 

investigated for both organic and organometallic carbonyl g r o u p s . I n  a single 

crystal NMR investigation of benzophenone, it was concluded that the axis 

corresponding to the least shielded component (Ôn) lies perpendicular to the caibonyl 

bond and in the R ]-C (0 )-R 2 plane, while the axis corresponding to the component of 

intermediate shielding (Ô22) lies parallel with the C =0 bond. The most shielded 

direction (Ô33) is associated with the normal to the aforementioned plane. 

Quantitatively, such an orientation is invariably observed for the shift tensor for 

carbonyl groups. Veeman has tabulated the following average data for the principal 

elements of the chemical shift tensor for carbonyl groups:"^ ôu = 271(12), Ô22 = 

234(16) and Ô 3 3  = 94(16) with the same orientations as observed for benzophenone. 

Benzophenone is symmetrical {i.e. R] = R2) so the axes are oriented exactly 

perpendicular and parallel to the C =0 bond. In the case of unsymmetrical carbonyl 

groups {i.e. R] ^  R2) the orientations of the axes may differ slightly from those 

established for benzophenone.

While the values of Ô22 obtained in the measurements on quinacridone 

derivatives are substantially lower than those found by Veeman, it can be proposed 

that the axis corresponding to Ô22 lies along the direction of the C =0 bond. In the 

work of Takegoshi and McDowell,^^’̂  ̂ this component exhibits the largest difference 

between hydrogen bonded and non-hydrogen bonded systems. Hence, the 

observations in this work are consistent with previous studies of carbonyl groups.
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5.7.3 Chemical Shift Tensors of Chlorinated Quinacridones

The second structural modification that we consider is the incorporation of 

chlorine substituents within the quinacridones. As the results for (3-QA and y-QA are 

essentially identical, only one of these need be compared with the data for CI2-QA. A 

similar comparison can be drawn between the data for QA-Boc and CI2-QA-B0C.

13,Table 5.8: Summary of C NMR chemical shift tensor components for the

quaternary carbon nuclei in QA-Boc and CI2-QA-B0C.

carbon QA-Boc Cb-QA-Boc

nucleus 811 / ppm 822  / ppm 833 / ppm 811 / ppm 822  / ppm 833 / ppm

C2 236.4 88.2 48.9 209.6 118.7 45.0

C3 281.6 137.9 107.5 273.5 149.9 100.6

C4 232.2 88.0 42.0 no data

C9 243.3 119.2 51.1 241.0 112.8 52.3

CIO 229.2 117.3 53.3 229.8 116.4 52.5

For QA-Boc and CI2 QA-B0C, there is little difference between the chemical 

shift parameters (although there would appear to be significant differences in the values 

of Ô] ] and Ô22 for C2, there is only limited data for C2 of CI2-QA-B0C due to peak 

overlap, and so errors are large for these shift tensor components). This would seem 

to imply that the chlorine atoms have little effect on the n-n  interaction between these 

molecules. It is possible that the chlorine atoms cause the stacks to pack differently in 

the unit cell while leaving the stacking arrangement unaltered.

For p-QA and CI2 QA, however, the situation is somewhat different. 

Significant differences in the values of Ô22 and 633 for carbon atoms C2, C3, C9 and 

CIO are seen (interestingly no such difference is observed for C4). It is worth noting 

that the shifts in 822 and 833 for C2 and C3 are in the opposite direction than the shifts 

for C9 and CIO. This observation ties in well with the assignment of the *̂ C
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resonances to particular nuclei in the quinacridone samples.

13Table 5.9: Summary of C NMR chemical shift tensor components for the

quaternary carbon nuclei in p-QA and CI2-QA.

carbon

nucleus Ô] ] / ppm

P-QA

Ô22 / ppm Ô33 / ppm 6 ] 1 / ppm

CI2-QA 

Ô22 / ppm Ô33 / ppm

C2 240.2 82.9 51.8 236.2 91.1 40.5

C3 283.9 147.7 100.4 286.2 166.4 80.4

C4 230.2 77.3 50.5 227.2 75.7 51.0

C9 257.3 114.0 55.5 253.4 99.0 63.4

CIO 239.6 114.2 49.4 242.0 99.0 60.7

In a manner analogous to that mentioned for the carbonyl nucleus, 

systematic studies of chemical shielding tensor orientation have been performed for 

aromatic systems in which k -tz interactions play an important role. Benzene, has been 

found to have the principal components Ô] 1 = 234 ppm (oriented along the C-H  bond), 

Ô22 = 146 ppm (in plane component perpendicular to the C -H  bond), and 833 = 9 ppm 

(perpendicular to the ring).^^ Compilation of shielding tensor values from a range of 

polycyclic aromatic compounds including benzene by Veeman'^ gave the following 

results for aromatic '^C nuclei: ôu = 225(7) ppm, Ô22 = 149(13) ppm and Ô33 = 

15(14) ppm with the axes orientated as described above for benzene. This type of 

knowledge has helped in the assignment of '^C chemical shielding tensors in single 

crystal pyrene (Fig. 5.12).^^ The protonated carbons have principal values similar to 

benzene and hence the orientation of the principal axis system may be assumed to be 

the same as in benzene.

As with the carbonyl C nucleus, the orientation of the principal axis system 

for the aromatic ^^C nuclei can be predicted. The Ô22 component, therefore, is 

oriented in the plane of the aromatic system, while the Ô33 component is oriented 

normal to the molecular plane. It is the Ô33 component that is expected to be most
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Figure 5.12: Pyrene.

affected if the intermolecular 7C-7i stacking is altered.

On the basis of this discussion, we may predict that the chlorine atoms cause 

the 71-7C interaction to be significantly altered between P-QA/y-QA and CI2-QA, but not 

between QA-Boc and CI2-QA-B0C. However, without knowing more information on 

the crystal structures of all of the derivatives considered here, it is impossible to make 

any definite conclusions.

5.8 CONCLUDING REMARKS

At the outset of this research, it was thought that the chemical shift tensors 

would be sensitive to differences in packing arrangements of polymorphs in 

quinacridone, given that there are no discernible differences in the isotropic spectra for 

the p and y phases of quinacridone. The results from the spinning sideband analysis 

appear to suggest, however, that either the chemical shift tensor components are not as 

sensitive to local structural changes as presupposed, or that the packing arrangements 

in the two polymorphs of quinacridone are not very different. In the absence of 

knowledge of the crystal structure of p-quinacridone, and hence with no measure of 

the differences and similarities between the two polymorphs, it is impossible to make 

any firm conclusions.

However, the assumption that fundamentally different packing arrangements, 

and hence fundamentally different intermolecular interactions, between the two 

polymorphs should result in differences in the chemical shielding properties is not 

necessarily valid. A previous study of polymorphs of cortisone acetate (Fig. 5.13) has 

shown that different polymorphs have similar chemical shift tensor values for particular
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'^C nuclei.

As the assignment of resonances in the various polymorphs investigated had 

previously proved difficult, the chemical shift tensors for the polymorphs were 

determined. The results of this paper show that the chemical shielding properties of 

specific carbons remains constant throughout the series of polymorphs even if the

o

o

Figure 5.13: Cortisone acetate.

isotropic shifts show differences, thus facilitating the assignment of the isotropic data. 

Therefore, is should not be entirely unexpected that, in the case of quinacridones, 

identical carbon atoms in the two polymorphs exhibit similar chemical shift tensor 

properties.

In the experiments probing the effect of hydrogen bonding on the carbonyl ' ̂ C 

chemical shielding tensors in quinacridone and dichloroquinacridone by incorporation 

of Boc groups, similar behaviour to that previously observed for hydrogen bonded and 

non-hydrogen bonded carbonyl C nuclei is seen, consistent with the fact that the Boc 

derivatives have no hydrogen bond interaction. However, there are no significant 

differences in the isotropic chemical shift for these carbonyl carbons between the 

unsubstituted and substituted forms. It is possible that in the Boc derivatives, while 

there is no N -H ...O =C  hydrogen bonding, there may be C -H ...O =C  hydrogen 

bonding. Again, without knowledge of the crystal structures of the derivatives, no firm 

conclusions can be made either way.

The final issue addressed in these experiments was whether the introduction of 

chlorine substituents significantly alters the local structural properties. The reported 

results suggest that the n-7Z interaction may be altered between |3-QA/y-QA and CI2-
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QA, but not between QA-Boc and CI2-QA.

As a final point it must also be remembered that the errors encountered in 

spinning sideband analysis are at least 5-10 ppm for each shift tensor component. 

Hence, as most of the differences in the shielding tensor components are less than 20 

ppm, it is pertinent to assess the validity of drawing definite conclusions from the 

results. While the trends are clear, no definitive conclusions should be drawn and no 

predictions about the differences or similarities between the crystal structures of the 

quinacridone derivatives should be made unless more accurate data is available. The 

best technique for obtaining such data from polycrystalline samples is magic angle 

turning. This two-dimensional experiment can be used to resolve lineshapes for each 

distinct carbon nucleus in the sample and then accurate lineshape analysis procedures 

can be used to generate the chemical shift tensors. Alternatively, attempts could be 

made to grow single crystals with labelling. Single crystal NMR is the 

definitive method for obtaining information on chemical shift tensors, although, in this 

situation, this experiment could be very difficult, if not impossible.

5.9 REFERENCES

1 M. Mehring, High Resolution Solid State NMR in Solids, 2nd Ed., Springer, 

Berlin, (1983)

2 U. Haeberlen, in Advances in Magnetic Resonance, Supplement /, Ed. J.S. 

Waugh, Academic Press, New York, (1976)

3 E.O. Stejskal, J.D. Memory, High Resolution NMR in the Solid State, Oxford 

University Press, New York, (1994)

4 W.S. Veeman, Prog. NMR Spectrosc., 16, 193, (1984)

5 C.G. Hoelger, F. Aguilar-Parrilla, J. Elguero, O. Weintaub, S. Vega, H.H. 

Limbach, J. Magn. Reson., Ser. A, 120, 46, (1996)

6 E.R. Andrew, V.T. Wynn, Proc. R. Soc. Lond. A, 291, 257, (1966)

7 E. Lippmaa, M. Alla, T. Tuherm, in Magnetic Resonance and Related 

Phenomena, Proceedings of the XlXth Congress, Ampere, Heidelberg, 

September 1976

8 E.O. Stejskal, J. Schaefer, R.A. McKay, J. Magn. Reson., 25, 569, (1977)

9 J. Herzfeld, A.E. Berger, J. Chem. Phys., 73, 6021, (1980)

177



10 M.M. Maricq, J.S. Waugh, J. Chem. Phys., 70, 3300, (1979)

11 J. Herzfeld, A. Roufosse, R.A. Haberkorn, R.G. Griffen, M.J. Glimcher, Phil. 

Trans. R. Soc. Land., B289, 459, (1980)

12 G.E. Hawkes, K.D. Sales, L.Y. Li an, R. Gobetto, Proc. R. Soc. Lond. A, 424, 

93,(1989)

13 I.P. Gerothanassis, M. Momenteau, G.E. Hawkes, P.J. Barrie, J. Am. Chem. 

Soc., 115, 9796, (1993)

14 I P. Gerothanassis, P.J. Barrie, M. Momenteau, G.E. Hawkes, J. Am. Chem. 

Soc., 116, 11944,(1994)

15 P.J. Barrie, I P. Gerothanassis, M. Momenteau, G.E. Hawkes, J. Magn. 

Reson., Ser. B, 108, 185, (1995)

16 A.E. Aliev, K.D.M. Harris, F. Guillaume, P.J. Barrie, J. Chem. Soc., Dalton 

Trans., 3193, (1994)

17 P.J. Barrie, C.A. Mitsopoulou, E.W. Randall, J. Chem. Soc., Dalton Trans., 

2125,(1995)

18 A. Bax, N.M. Szevernyi, G.E. Maciel, J. Magn. Reson., 52, 147, (1983)

19 Z. Gan, J. Am. Chem. Soc., 114, 8307, (1992)

20 Z. Gan, R.R. Ernst, J. Magn. Reson., Ser. A, 123, 140, (1996)

21 J.Z. Hu, D.W. Alderman, C. Ye, R.J. Pugmire, D M. Grant, J. Magn. Reson., 

Ser. A, 105, 82,(1993)

22 J.Z. Hu, A.M. Orendt, D.W. Alderman, R.J. Pugmire, C. Ye, D M. Grant, 

Solid State Nucl. Magn. Reson., 3, 181, (1994)

23 F. Imashiro, S. Maeda, K. Takegoshi, T. Terao, A. Saika, Chem. Phys. Lett., 

92, 642,(1982)

24 F. Imashiro, S. Maeda, K. Takegoshi, T. Terao, A. Saika, Chem. Phys. Lett., 

9 9 ,189,(1983)

25 I. Singh, C. Calvo, Can. J. Chem., 53, 1046, (1975)

26 K. Takegoshi, A. Naito, C.A. McDowell, J. Magn. Reson., 65, 34, (1985)

27 K. Takegoshi, C.A. McDowell, J. Am. Chem. Soc., 108, 6852, (1986)

28 G.D. Potts, W. Jones, J.F. Bullock, S.J. Andrews, S.J. Maginn, J. Chem. Soc., 

Chem. Commun., 2565, (1994)

29 S.J. Opella, M.H. Frey, J. Am. Chem. Soc., 101, 5854, (1979)

178



30 J.V. Muntean, L.M. Stock, R.E. Botto, J. Magn. Reson., 76, 540, (1988)

31 J. Mason, Solid State Nucl. Magn. Reson., 2, 285, (1993)

32 T.M. Duncan, In A Compilation of Chemical Shift Anisotropies, Farragut 

Press, Chicago, (1990)

33 J. Phys. Chem. Ref. Data, 16, 125, (1987)

34 J. Kempf, H.W. Spiess, U. Haeberlen, H. Zimmermann, Chem. Phys. Lett., 17,

39,(1972)

35 H. Strub, A.J. Beeler, D M. Grant, J. Michl, P.W. Cutts, K.W. Zilm, J. Am. 

Chem. Soc., 105, 3333, (1983)

36 C M Carter, D.W. Alderman, J.C. Facelli, D M. Grant, J. Am. Chem. Soc., 

109, 2639,(1987)

37 F.A. Christopher, R.K. Harris, R.A. Fletton, Solid State Nucl. Magn. Reson., 

1,93,(1992)

38 R.K. Harris, A.M. Kenwright, B.J. Say, R.R. Yeung, R.A. Fletton, R.W. 

Lancaster, G.L. Hardgrove, Spectrochim. Acta Part A, 46, 927, (1990)

179



CHAPTER SIX

DYNAMICS OF THE HYDROGEN BONDING ARRANGEMENT  

IN SOLID TRIPHENYLMETHANOL: AN INVESTIGATION BY 

SOLID STATE "h  NMR SPECTROSCOPY

6.1 INTRODUCTION

The  crystal  s t ruc ture  o f  t r iphenyl methanol  ( Ph^ COH).  de te rmined  at ambient  

t emp era tu re  f rom single crystal  X-ray  diffraction da ta, '  compr ises  hy d ro gen  bond ed  

le t ramers  o f  tri phenyl  methanol  molecules  (Fig. 6.1).  Th e  geomet ry  o f  these  te t ramers  

is approximate ly  tet rahedral ,  with the oxygen  a toms posi t ioned  at the co rn er s  o f  the 

approxim ate  te t rahedron  and  the C - 0  bonds  lying along the a pp roxi m a te  threefold 

w m m e t r v  axes.

IC25

IC45

02

oi icil

»C36

Figure 6.1:  A v ie w o f  the major  te t ramer  in the crystal  s t ructure o f  Ph ^ C O H .

M o r e  prec ise ly ,  ho wever ,  the space  group  symmet iy  o f  Ph^COFI is R 3 ,  and  the 

te t ramer  has po in t  sy mm et iy  C 3 r a ther  than Tj .  Thus,  the t e t ra m er  lies on a 

c r i s ta l lo graphie  threefo ld  sym met iy  axis: three o f  the P h ^ C O H  mo lecules  in the

te t ramer  are related to each  o t he r  by this symmet iy  opera t ion  and  the fourth  molecule
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lies on this axis. The oxygen atoms of the four molecules in the tetramer can be 

regarded to be positioned at the corners of a pyramid with an equilateral triangular 

base. Subsequently, we refer to the unique molecule as “apical” and the molecules that 

form the base of the pyramid as “basal”. The hydrogen atoms of the hydroxyl groups 

were not located in the structure determination calculations at ambient temperature,' 

although the 0 . . . 0  distances in the tetramer (2.896 A  and 2.884 Â in the major 

tetramer and 2.80 Â and 2.90 Â in the minor tetramer) suggest that the tetramer is held 

together by 0 - H . . .0  hydrogen bonding. If the hydrogen atoms involved in the 

hydrogen bonding are located along the 0 . . . 0  edges of the O4 pyramid (thereby 

forming the shortest 0 -H ...O  distances and hence, presumably, the strongest 

hydrogen bond interactions), the fact that there are four hydrogen atoms distributed 

between the six edges of the pyramid suggests that, at least at a sufficiently local level, 

there may be disorder in the hydrogen bonding arrangement. From the reported 

structural information, it is not possible to establish whether this implied disorder is 

dynamic disorder or static positional disorder.

It is important to note that the triphenylmethanol tetramer described above can 

strictly have a threefold symmetry axis only if the hydroxyl hydrogen atom of the apical 

molecule is distributed equally between different sites related by this symmetry axis. 

Thus, for example, a triphenylmethanol tetramer with a static hydrogen bonding 

arrangement could not have point symmetry C3, and the C3 point symmetry observed 

in the space-averaged and time-averaged crystal structure determined from diffraction 

data must arise either from dynamic disorder and/or static disorder of the tetramer 

structure. In the case of static disorder, different unit cells in the crystal have a 

different time-averaged structure of the tetramer, and the C3 symmetry of the tetramer 

arises only by taking an average over all unit cells in the crystal of these time-averaged 

structures. Thus, at a sufficiently local level (spatially and/or temporally), the point 

symmetry of the triphenylmethanol tetramer must be lower than C3. These issues are 

discussed in more detail later.

In addition to the disorder in the hydrogen bonding arrangement discussed 

above, another type of disorder is present in the crystal structure of triphenylmethanol. 

Specifically, in the crystal structure there are two different orientations of the 

tetramers, with populations in the ratio 71:29. The structures of the tetramers in these 

different orientations are essentially identical, and it is realistic to assume that the
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dynamic properties (and other aspects of disorder) of the hydrogen bonding 

arrangements in these two different orientations are the same.

In order to investigate whether the disorder is dynamic in character, solid state 

NMR investigations for triphenylmethanol deuterated selectively in the hydroxyl 

groups (Ph3COD) are reported in this chapter. NMR techniques are a powerful 

approach for studying different types of molecular motion in solids, ’ including 

dynamics of hydrogen bonding arrangements.^ As discussed below, the possibility of 

distinguishing different dynamic models proposed on the basis of the known geometry 

of the triphenylmethanol tetramer provides a challenging problem for the application of 

H NMR lineshape analysis. An introduction to the theory of solid state H NMR is 

given in Chapter Two.

Recently, the dynamic properties of the hydrogen bonding arrangement in a 

system that is structurally analogous to the tetramer in triphenylmethanol have been 

investigated by computer simulation techniques.^ Full details of this study are given in 

Chapter Seven. The system studied was a hydrogen bonded tetramer of methanol 

molecules, based on an idealised tetrahedron, with the 0 . . . 0  distance along the edge 

of the tetrahedron taken as the average of the 0 . . . 0  distances in the crystal structure 

of triphenylmethanol. The intermolecular electrostatic potential energy of this system 

was determined using a distributed multipole description^ of the molecular charge 

distribution. In the optimum hydrogen bonding configurations (established by 

minimisation of the intermolecular electrostatic potential energy), each oxygen atom 

receives one hydrogen bond and the hydrogen atoms lie close to the 0 . . . 0  edges of 

the O4 tetrahedron, but displaced from it by ± 12° rotation about the C -0  bond. 

Dynamics of the hydrogen bonding arrangement, by rotation of the methanol molecules 

about their C -O  bonds, was shown to involve correlated rotation of all four methanol 

molecules to interconvert configurations of equal energy. While these computational 

results for the methanol tetramer can provide valuable insights into the dynamic 

properties of the hydrogen bonding arrangement in crystalline triphenylmethanol, it is 

important to recognise the assumptions and approximations implicit within the 

computational study (see Chapter Seven for full details) as well as the assumptions 

associated with extrapolating from the results obtained for methanol to rationalise the 

properties of triphenylmethanol. Although the computer simulation study provided 

details of the trajectory for the interconversion of equivalent hydrogen bonding

182



configurations of the methanol tetramer, the method did not directly probe the dynamic 

properties of this interconversion process.

6.2 EXPERIMENTAL DETAILS

6.2.1 Sample Preparation and Characterisation

A sample of triphenylmethanol deuterated selectively at the hydroxyl hydrogen 

(Ph3C0 D) was prepared by dissolving PhgCOH (with natural isotopic abundances) in 

dry diethyl ether and washing with D2O. The solution was dried, and PhsCOD was 

crystallised from the ether solution. The degree of deuteration was ca. 80 %, 

established by infra red spectroscopy and solution state 'h  NMR spectroscopy.

6.2.2 X-ray Diffraction Experiments

X-ray powder diffraction data were recorded for PhgCOD at ambient 

temperature and low temperature using a Stoe STADI/P high-resolution X-ray powder 

diffractometer operating in transmission mode. The X-ray powder diffraction patterns 

confirmed that the crystal structure of the deuterated sample (PhgCOD) is the same as 

the crystal structure of the sample with natural isotopic abundances (PhgCOH) at 

ambient temperature.' There was no evidence from the X-ray powder diffraction data 

for any significant structural changes in Ph3COD between 293 K and 128 K.

In order to investigate whether preferred sites for the hydroxyl hydrogen atoms 

can be determined in the crystal structure below ambient temperature, single crystal X- 

ray diffraction experiments were carried on Ph3COD at 113 K. See Appendix 2 for 

experimental details.

6.2.3 NMR Measurements

NMR spectra were recorded at 76.8 MHz on a Bruker MSL500 

spectrometer and at 46.1 MHz on a Bruker MSL300 spectrometer, using standard 

Bruker 5 mm high power probes. The stability and accuracy of the temperature 

controller (Bruker B-VTIOOO) were ca. ±2 K. ^H NMR spectra were recorded using 

the conventional quadrupole echo [(90°)^ -  x -  (90°)(j)+;i/2- x -  acquire -  recycle] pulse 

sequence,^ with 90° pulse duration in the range 2 |is to 3 ps, and echo delay x = 13 ps.
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Note that no spectral distortions occur for this value of T (for the probes used, such 

distortions are observed only for t < 10 |is). The recycle delay was taken as co. 10 x 

T], and ranged from 0.5 s to 60 s depending on the temperature. Phase cycling was 

employed to eliminate quadrature phase errors.

6.2.4 NMR Lineshape Analysis

Simulations of quadrupole echo NMR spectra were obtained using the 

TURBOPOWDER program^ except for model C (see later) which was simulated 

using the MXQET program.^ In these spectral simulations, the line broadening factor 

was in the range 1-5 kHz, and typically 80-180 crystal orientations were considered in 

calculating the powder pattern. The higher values of line broadening factor were used 

as a means of subsuming into the dynamic model the effects of a distribution of 

dynamic and/or structural characteristics (which lead to distributions of C -O -D  

angles, static quadrupole coupling parameters, jump rates, jump angles, etc.).

In some of the simulations (specifically for model F) complex dynamic 

processes were investigated. This meant that it was necessary to optimise 

simultaneously several of the parameters used to define the spectral simulations. The 

method used for this combined the SIMPLEX optimisation technique with the 

NMR simulation programs. The quality of the agreement between the simulated and 

experimental spectra was assessed on the basis of the following function:

R=100x 1=1_____________

tiirf
where 7/®̂  ̂ is the intensity of the ith digitised data point in the experimental spectrum 

{i = I, 2, ..., n) and 7/̂ '̂̂  is the intensity of the ith digitised data point in the calculated 

spectrum. We emphasise that this approach provides an objective assessment of the 

level of agreement between experimental and simulated NMR spectra, and removes 

much of the subjectivity that is characteristic of the traditional approach of comparing 

experimental and simulated NMR spectra “by eye”. Typical values of R for the 

best fits between the simulated and experimental spectra were between 4 % and 8 %.

In the dynamic models, the orientation (relative to a space-fixed reference
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frame) of each site is specified by the Euler angles {a, P, y), which are defined here 

according to the convention of Rose.^^ Strictly, the “orientation” of a site refers to 

the orientation of the principal axis system of the electric field gradient (EFG) tensor 

(denoted at the nucleus. Note: (a) the components of are taken such

that IVzzI > IVyyl > IVxxl; (b) the static quadrupole coupling constant % is defined as 

eQ^zz/h  (where Q is the electric quadrupole moment of the nucleus and Vzz -  

d~V = dz^ is the largest principal component of the EFG tensor at the nucleus); (c) 

the static asymmetry parameter r\ is defined as r| = (Vxx ~ Wk)/Vzz» and is in the range 

0 < T| < 1 (note that, as the EFG tensor is traceless, Vzz = -(Yxx+^yy)); (d) the z-axis 

of is assumed to lie along the direction of the O -D  bond.

As the C -O -H  bond angle in triphenylmethanol was not determined in the 

reported crystal structure,^ the tetrahedral angle (109.47°) was assumed in simulations 

of the NMR spectra (note that the C -O -H  bond angle (108.53°) in gaseous 

methanol (determined from microwave spectroscopy'') is close to the tetrahedral 

angle).

In the rapid motion regime {i.e. motional frequency greater than ca. 10  ̂ Hz), 

the electric field gradient tensor is partially averaged, and may be represented by the 

averaged principal components V%%*, Vyy* and Vzz*- This causes the quadrupole 

coupling constant, %, and the asymmetry parameter, r|, to be altered. Hence, in 

general, ^H NMR lineshapes in the rapid motion regime can be simulated as “static” 

spectra, but using a motionally averaged (effective) quadrupole coupling constant 

(denoted %*) and a motionally averaged (effective) asymmetry parameter (denoted 

T]*). Furthermore, in considering such spectra to be represented by an effective static 

deuteron with quadrupole interaction parameters and T)*, the orientation of the 

principal axis system of the EFG tensor for this effective deuteron is generally different 

from the orientation of the principal axis system of the EFG tensor for the true static 

deuteron (with quadrupole interaction parameters % and T|). In some of the subsequent 

discussion, it is convenient to consider ^H NMR spectra in the rapid motion regime in 

terms of the effective quadrupole interaction parameters %* and r|*: these parameters 

are calculated directly by the simulation program FASTPOWDER.^
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6.3 RESULTS AND DISCUSSION

6.3.1 Structural Properties Determined from X-ray Diffraction

Structure determination from the single crystal X-ray diffraction data collected 

at ambient temperature confirmed that the crystal structure of PhgCOD at ambient 

temperature is the same (within experimental errors) as that reported previously for 

Ph^COH.^ Structure determination from the data collected at 113 K indicates that 

there is no significant structural change (apart from lattice contraction upon cooling) 

between ambient temperature and 113 K, with no evidence for any phase transition in 

this temperature range. Possible sites for the deuterons of the hydroxyl groups were 

located at 113 K, which appear to be consistent with the deuterons lying along the 

0 . . .0  edges of the tetrahedron. Atomic parameters etc. are given in Appendix 2.

6.3.2 Preliminary Assessment of NMR Results

Experimental quadrupole echo NMR spectra for PhgCOD, recorded as a 

function of temperature, are shown in Fig. 6.2. The observed changes in the NMR 

lineshape with temperature demonstrate incontrovertibly that the nuclei are 

dynamic with respect to the NMR timescale in the temperature range studied.

The NMR spectrum recorded at 97 K is characteristic of a “static” NMR 

powder pattern, and can be fitted (assuming no motion of the nuclei) with static 

quadrupole coupling constant % = (227 ± 2) kHz and static asymmetry parameter r\ = 

0.12 ± 0.01. It is interesting to compare these values of % and T| with those of D2O (% 

= 213 -  236 kHz; p = 0.1 -  0.2),’  ̂ CH3OD (% = 203 kHz; T| = 0.17),'° 1,2- 

propanediol (x = 198 kHz; r\ = 0.17),'^ ferrocene-l,r-diylMXdiphenylmethanol)-d2 

(FBDPM-d2) (X = 227 kHz; T) = 0.13)"' and tribenzyImethanol-d] ((PhCH2)3COD) (x 

= (241 ± 2) kHz; r\ = 0.04 ± 0.01 (determined at 128 K)).'^ In contrast to Ph3COD 

and FBDPM-d2, the hydroxyl groups of (PhCH2)3COD are not involved in hydrogen 

bonding,'^ resulting in a higher value of x and a lower value of r\ for (PhCH2)3COD.

This correlation between the strength of intermolecular hydrogen bonding and 

the value of the quadrupole coupling constant is well established. Chiba has shown ' ̂  

that the quadrupolar coupling constant in the O j - D ]  . . .O2 hydrogen bond system 

decreases with decreasing O1. . .O2  distance, i.e. as the strength of the hydrogen
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Figure 6.2: Experimental H NMR spectra recorded (with x = 13 |xs) for Ph^COD.

The temperature at which each spectrum was recorded is shown.
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bonding increases so the value of % decreases. Hence, the observations for Ph^COD 

and (PhCH2)3COD tie in well with previous experimental evidence.

6.3.3 Description of Dynamic Models

We now consider plausible models for the dynamics of the hydroxyl deuterons 

in PhgCOD, proposed on the basis of the known geometry of the tetramer in the 

crystal structure. The parameters used to simulate NMR spectra for these models 

are specified in Table 6.1. The models can be subdivided broadly into two types: in 

models A -  E, all deuterons in the tetramer are considered to have identical dynamic 

behaviour, whereas in model F, the dynamic behaviour of the deuteron in the apical 

molecule is different from the dynamic behaviour of the deuterons in the basal 

molecules (which have identical behaviour). In effect, models A -  E represent an 

idealised situation in which all four hydroxyl groups in the tetramer are identical, 

implicitly representing the geometry of the tetramer as a tetrahedron; as discussed 

above, however, the true geometry is only approximately tetrahedral in the space- 

averaged and time-averaged representation of the structure determined from X-ray 

diffraction. Thus, while models A -  E have the advantage of simplicity, it is only 

model F that strictly conveys the true space-averaged and time-averaged symmetiy of 

the tetramer in the crystal structure. In general, the dynamic models imply a high 

degree of correlation between the motions of the four deuterons within the hydrogen 

bonded tetramer; the ability of each model to fit the NMR data does not rest upon 

the question of whether the motions of the four deuterons are correlated, but rather 

correlation between the motions of the different deuterons is required for the models to 

be structurally and chemically sensible.

In describing the models, we often refer to deuteron sites in which the deuteron 

lies on (or close to) an 0 . . . 0  edge of the O4 pyramid. This means that the rotation 

angle about the C -0  bond is such that the deuteron lies as close as possible to the 

0 . . . 0  edge of the pyramid, and the corresponding rotation angles are designated 120° 

X n (where n = 0 , 1 , 2  represent the three 0 . . . 0  edges “available” to the deuteron of 

any particular hydroxyl group). We emphasise that a deuteron cannot actually lie 

exactly on the 0 . . . 0  edges of the pyramid, as the C -O -D  angle and the C - 0 . . .0  

angle are not equal. A schematic representation of the 12 sites used in the models is 

given in Fig. 6.3. The sites illustrated in this diagram assume that the deuterons lie
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Table 6.1: Parameters used in the H NMR lineshape simulations

CO
VO

motion Ns deuteron Euler angles {a, (3, y) site connectivity

A 3 all {0 °, 109.47°, 360°[(/-l)/yVs]} nn

B 2 all { 0 ° ,±  53.39°, 0° | nn

C (i ) 6 all {0 °, 109.47°, 360°[2(/-l)//Vs)l± 12.09°)

C (i i) 6 all {0°, 109.47°, 360°[20-l)//Vs)J ±  12.09°) nn

C (iii) 6 all {0°, 109.47°, 360°[2(f-l)/NJ) ±  12.09°) all sites exchange

D 12 ' h , 0°, 109.47°, 0° 1<=>2<=>3<=>1; I <=̂ 4

^H2 0°, 109.47°, 120° 2<=>7

% 0°, 109.47°, 240° 3<=>10

'H4 0 °, 0 °, 180° 4<= 5̂4=>6<=>4

240°, 109.47°, -120° 5*=>12

% 120°, 109.47°,-240° 6<=>9

'H7 0°, 0°, 300° 7<î 8<=>9«7

240°, 109.47°, 0° 8<=>12

'H9 120°, 109.47°,-120°

^Hio 0 °, 0 °, 60° 10<=>11<^ 12<^10

^Hn -120°, 109.47°, -120°

'H |2 -240°, 109.47°, 0°

E 3 all (0°, 38.94°, 360°f(/-l)//V,d) nn



o

motion deuteron Filler angles {a, p, y} site connectivity

F 9 ' h , 0°, 109.47°, 0° l<z*2<=>3<=>l

'H2 0°, 109.47°, 120°

0°, 109.47°, 240°

^H4 240°, 109.47°, -120° 4<=>9

120°, 109.47°, -240° 5<=i>6

% 240°, 109.47°, 0°

'H7 120°, 109.47°, -120° 7<^8

-120°, 109.47°,-120°

% -240°, 109.47°, 0°

The total number of sites involved in the motion is denoted N^, individual sites are labelled i (with / = 1, 2 , ...AO, and nn denotes a nearest 

neighbour jump model. The Euler angles {a, P, y} represent the transformation from the principal axis system of the electric field gradient 

tensor at the nucleus to a space fixed reference frame, and are defined using the convention of Rose.



along the 0 . . . 0  e d g e s  o f  the tetrahedron; for m od e ls  w here  this assum ption  is not 

m ade, further d iagram s clarify the sites used in the sim ulations.

O

O

o
Figure 6.3: S ch em atic  representation o f  the deuterium  sites used in the s im ulations

for all o f  the m od e ls  excep t  D and E. In m ost ca s e s  it w as  not 

necessary  to use all o f  the sites in the sim ulations b ecau se  o f  sym metry  

and these  ca s e s  are clearly marked in the text.

6.3.3.1  M o d e l  A

This m odel co m p r ise s  threefold  jumps o f  each  deuteron  by 120° rotation  

around the relevant C - 0  bond  (recall that the C - 0  bond o f  each  Ph^C O D  m olecule  

lies a long  an approxim ate threefold  sy m m e tiy  axis o f  the tetramer). Implicit in this 

m odel is the assum ption  that all d euterons are equivalent with respect  to the dynam ic  

process .  N om ina lly ,  the three sites occ u p ie d  by each  d euteron  co u ld  be con s id ered  to  

lie c lo se  to the 0 . . . 0  e d g e s  o f  the O 4 pyramid, although the abso lute  location  o f  the 

three sites with respect to rotation around the C - O  bond is arbitrary (in the ca se  o f  “H 

N M R  for a polycrystalline sam ple) .  Clearly m odel A  is structurally and chem ically  

sensible only  if the m otion s  o f  the four d euterons in the tetramer are corre lated , in the 

sense  that tw o  d eu teron s m ay not lie s im ultaneously  a long  the sam e 0 . . . 0  e d g e  o f  the 

O 4 pyramid.

In the general case ,  the populations (d en oted  p i ,  p? and p i)  o f  the three sites  

may be unequal, g iv in g  rise to tw o  independent population  variables pi and p i (with
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P3 = 1 -  pi -  P2); in principle, these population variables may vary with temperature. 

However, consideration of two independent population variables complicates the 

optimisation of the temperature dependence of both the jump rate [k(T)] and the 

populations [pi(T) and P2(T)], and for this reason we have considered only two special 

cases. In model A l, the populations of all sites are taken to be equal (pi = p2 = P3 = 

1/3) with no temperature dependence of these populations, whereas in model A2, the 

populations of sites 1 and 2 are taken to be equal, leaving only one population variable 

Pi (p2 = Pi ; P3 = 1 -  2 Pi) which can vary as a function of temperature.

63.3.2 Model B

Model B represents the reversible transfer of each deuteron between two 

oxygen atoms. This model assumes that all deuterons in the tetramer are equivalent 

with respect to the dynamic process, allowing the NMR spectrum of the tetramer to 

be simulated on the basis of a single deuteron Jumping between two sites. Transfer of 

the deuteron along an 0 . . . 0  edge of the O4 pyramid from e.g. O] to O4 can be 

simulated as a jump of 180° about an axis forming an angle of 53.4° with the O-D 

bond and in the same plane as the O], D] and O4 atoms as shown in Fig. 6.4:

rotation axis 
A

Figure 6.4: Schematic representation of model B.

This dynamic process has been considered both for the case of equal (model 

B l) and unequal (model B2) populations of the sites, with the populations allowed to 

vary with temperature in model B2. As in model A, if each deuteron jumps between a 

pair of oxygen atoms in the real system, it is highly probable the jumps of all four 

deuterons in the tetramer are correlated, as this ensures that at any instant each oxygen
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atom is directly bonded only to one deuteron.

Model C is a 12-site jump model that can be regarded as a combination of 

models A and B. This model combines 3-site jumps by 120° rotation about each C-O 

bond, and transfer of the deuteron between pairs of oxygen atoms along the 0 . . . 0  

edges of the O4 pyramid.

In the rapid motion regime, this motion generates an “isotropic” NMR 

lineshape -  the rapid 3-site jumps produce effective deuterons oriented along each 

threefold axis of the approximate tetrahedron. Rapid exchange between these effective 

deuteron sites represents a tetrahedral jump motion which gives rise to an isotropic 

lineshape, as has previously been observed for cubane (Fig. 6.5).'^

H

H

H-

H

H

■H

H

Figure 6.5: Cubane.

Although an isotropic lineshape is not observed experimentally for PhgCOD at any 

temperature, the possibility that this dynamic model in the intermediate motion regime 

may account for the experimental NMR spectra has been explored.

6.3.3.4 Model D

Model D considers jumps of each deuteron between 3 sites located on (or close 

to) a given face of the O4 pyramid. In each of these sites, the deuteron is directly 

bonded to one oxygen atom and hydrogen bonded to the other two oxygen atoms on 

the face. This gives rise to three equivalent deuteron sites on each face, with only one 

of these sites occupied at any given instant (Fig. 6 .6 ).
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Figure 6 .6 : Schematic representation of the deuterium sites used in model D.

Inherent in this dynamic model is the assumption that the jumps of the four 

deuterons in the tetramer (each confined to a different face of the O4 pyramid) are 

correlated with each other, thus ensuring that, at any instant, each oxygen atom is 

directly bonded only to one deuteron. Clearly all faces of the O4 pyramid are identical 

with regard to this model, allowing the NMR spectrum of the tetramer to be 

simulated on the basis of a single deuteron located on one (arbitrary) face of the O4 

pyramid.

6 3 3 .5  Model E

Model E is based on the dynamic information elucidated from our previous 

computer simulation study^ of a tetrahedral arrangement of methanol molecules. In 

the set of minimum energy configurations, each hydroxyl deuteron samples six 

different sites corresponding to rotation angles of 120° x n ± 12° (n = 0 , 1, 2 ) around 

the relevant C-O  bond (with the rotation angles 120° x n defined earlier) (Fig. 6.7).

In model E, the deuteron jumps between these six sites. Different forms of 

exchange between these sites have been considered, including all-sites exchange 

(model E l), nearest neighbour exchange (model E2) and a model in which the

probability of the deuteron jumping between a given pair of sites is dictated by the 

results of the dynamic trajec 

methanol tetramer (model E3).

results of the dynamic trajectory determined^ in the computer simulation for the
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Figure 6.7: Illustration of the six deuteron sites used in model E.

6.33 .6  Model F

Model F considers that the dynamics of the deuterons in the apical and basal 

molecules are different, and conveys the true space-averaged and time-averaged 

structure of the tetramer in the crystal structure. In this model, the deuteron of the 

apical molecule undergoes a 3-site jump motion (by 120° rotation about the C-O 

bond) with equal populations of the three sites (as in model A l). The three deuterons 

of the basal molecules also undergo 3-site Jumps (by 120° rotation about the relevant 

C -O  bond), but with no restrictions on the populations of the three jump sites for each 

basal deuteron except pbi + pb2 + Pb3 = 1- It is anticipated that there is likely to be a 

unique site for each basal deuteron, located on the 0 . . . 0  edge between the basal 

molecule and the apical molecule, rather than on the 0 . . . 0  edges between basal 

molecules, although the average crystal symmetiy imposes no restrictions on which of 

the 0 . . . 0  edges has the unique site. If this is the case, the three 0 . . . 0  edges of the 

pyramid which involve the apical molecule are occupied only by the deuteron of the 

apical molecule, with the deuterons of the basal molecules confined only to the 0 . . . 0  

edges on the basal plane. As such, there is no strong requirement that the jumps of the 

deuteron of the apical molecule should be correlated with jumps of the deuterons of 

the basal molecules. However, it is structurally plausible for each 0 . . . 0  edge of the 

pyramid to be occupied only by one deuteron at any given instant, and therefore the 

jumps of the deuterons of the basal molecules must be highly correlated with each 

other in this model. In particular, the hydrogen bonding on the basal plane will switch 

between two arrangements (“clockwise” and “anticlockwise”).
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6.3.4 NMR Results

Fig. 6.8 shows representative simulations of NMR spectra for the dynamic 

models defined above with equal populations of the sites {i.e. A-E). Parameters 

relating to these simulations are given in Table 6.1 It can be clearly seen that none of 

these models accurately represents the dynamic process occurring in PhgCOD.

Model A2 (with site populations that are unequal and temperature dependent) 

gives a good fit to the experimental NMR spectra within the restricted temperature 

range 108-148 K as shown in Fig. 6.9. The parameters for these simulations are 

shown in Table 6.2. However, using this model it was not possible to obtain a good fit 

over the whole temperature range probed.

Model F, on the other hand, gives a good fit to the experimental NMR 

spectra throughout the complete temperature range studied 108-293 K. The 

simulations for model F which give the best agreement between the simulated and 

experimental spectra are for the case where pb3 = 0, and pbi = Pb2 = 0.5, i.e. the 

motion of the apical deuteron is a 3-site jump and the basal deuterons are undergoing 

2-site jumps.

The initial simulations (using different rates for the two processes) reproduced 

well the observed lineshape changes with temperature. However, the simulated 

spectra are broader than the experimental spectra. Since the spectral width is 

influenced by the quadrupole coupling parameters % and r\ as mentioned earlier, one 

explanation for this discrepancy is that there is an additional rapid motion present, the 

amplitude of which is increasing with increasing temperature. This rapid motion will 

result in motionally averaged quadrupole coupling parameters and r|*, which can be 

used as “static” quadrupole coupling parameters for motion F.

In order to account for the effects of this additional rapid motion, we have 

adopted a continuous rotation model about a single axis {i.e. the C -O  bond) between 

azimuthal extrema ± 0  (the middle of the ± 0  range corresponds to the 0 . . . 0  edge of 

the tetramer). All orientations within this range are assumed to be equally populated, 

and the motion is referred to as a local fluctuation. Using a formalism developed in 

ref. 18 for a similar model, values of and T)''' can be determined for a particular 

value of 0 .  When this fluctuation is included in the simulations for model F, we 

require optimisation of four parameters: jump rates Ka and Kb, as well as fluctuational
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IHgure 6.8 : Simulated NMR spectj'a for Ph^COD using dynamic models A-E.
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Figure 6.9: Right column: simulated H NMR spectra for PhsCOD using dynamic

model A2. Values of jump rates and populations are given in Table 6.2. 

Left column: experimental NMR spectra recorded (with t  = 13 ps) 

for PhsCOD. The temperature at which each spectrum was recorded is 

shown.
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Table 6.2 Parameters used in the NMR lineshape simulations for model A2 

shown in Fig. 6.9.

T /K k /  Hz % /kHz n populations
97

133 8 x 10’ 224 0 . 0 {0.05,0.05,0.90}

138 9 x  10’ 2 2 2 0 . 0 {0.065,0.065,0.87}

143 1 X 1 0 ’ 2 2 0 0 . 0 {0.07,0.07,0.86}

148 l.lx  10’ 219 0 . 0 {0.08,0.08, 0.84}

Table 6.3: Parameters used in the H NMR lineshape simulations for model F

shown in Fig. 6.10.

T /K Ka / Hz Kb / Hz 0 a /°  O b /°

108 1.23 X 10^ 5.74 X 10^ 0 7

133 7.22 X 10^ 1.38 X 10'* 0 17

143 1.51 X 10^ 2.87 X 10“ 0 23

158 2.71 X lO'̂ 7.17 X 10^ 0 25

163 4.00 X lO'’ 9.25 X lO’ 0 26

173 8.22 X lO*” 3.1 X lO’’ 0 35

293 lO" lO" 46 48

373 lo " lo " 47 54
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amplitudes <î>a and Ob, for apical and basai deuterons respectively. The spectral 

simulations for the experimental spectrum recorded at 173 K using the SIMPLEX 

algorithm to optimise the four parameters show that = 0. Therefore, in the 

temperature range 108-173 K, only the three remaining parameters were optimised. 

For the spectra recorded at 293 K and 373 K, only Oa and Ob were optimised while k ., 

and Kb were kept fixed at 10*' Hz as motion F is rapid at these temperatures. The 

optimum values of the parameters (giving rise to the best fit between experimental and 

simulated spectra) at each temperature are shown in Table 6.3. As can be seen from 

Fig. 6.10, model F together with the local fluctuational model described above, results 

in a satisfactory fit to the experimental NMR spectra throughout the complete 

temperature range studied (108-373 K).

On the assumption of Arrhenius behaviour ( k  = Aexp(-Fy/?r) for the 

temperature dependence of Ka and Kb in the range 108-373 K, the activation 

parameters (determined from a graph of kiK versus 1/7) for the 3-site jump motion of 

the CD group of the apical molecule and for the interconversion between the 

clockwise and anticlockwise hydrogen bonding arrangements for the CD groups of the 

basal molecules are estimated to be Ea =■ 10 kJmol’*; A = 5 x 10  ̂ s ' and Ea = 21 

kJm of'; A = 3 x lo '^  s ' respectively.

6.4 CONCLUDING REMARKS

From these results it is clear that only model F (with fluctuations) accurately 

represents the motional process occurring in crystalline triphenylmethanol. This model 

also has the additional benefit of conveying the time-averaged and space-averaged 

symmetry observed in the crystal structure in which the average environment of the 

deuteron in the apical molecule is different from the average environment of the 

deuterons in the basal molecules (which are identical to each other).

While it has been shown that the basal deuterons are undergoing 2-site Jumps 

between adjacent 0 . . . 0  edges of the tetramer, it has not been shown which edges 

these are. Examination of the 0 . . . 0  distances between apical and basal oxygens and 

between basal and basal oxygens reveals that the apical to basal distance is longer than 

the basal to basal distance. This makes it much more likely that pb3 corresponds to the 

deuteron site along the apical to basal edge of the tetramer. This difference in
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373

293

173

163
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143

133

108

•200
Frequency / kHzFrequency / kHz

Figure 6.10: Right column: simulated H NMR spectra for Ph3COD using dynamic 

model F which also includes a local fluctuation for each deuteron. The 

parameters for this model are given in Table 6.3. Left column: 

experimental NMR spectra recorded (with T = 13 p,s) for Ph^COD. 

The temperature at which each spectrum was recorded is shown.
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interatomic distances can also be used to rationalise the differences in rates for the two 

processes which shows that the 3-site jump is occurring more rapidly than the 2-site 

jump. If the edges between which the apical deuteron is jumping are longer that the 

corresponding edges between which the basal deuterons are jumping, then it is likely 

that the hydrogen bonds which are formed by the apical deuteron are weaker than 

those formed by the basal deuterons. This would consequently make the hydrogen 

bonds involving the apical deuteron easier to break, therefore allowing faster motion.

It is also extremely interesting to note that the incorporation of the fluctuation 

into model F means that the model quite closely resembles model D, the 6-site jump 

based on the results of the computational study. The sites used in model D could be 

regarded as being the extremities of the fluctuation, with rapid exchange between the 

sites either side of an 0 . . . 0  edge (Fig. 6.7). With this knowledge in mind, a further 

computational investigation, in which the tetramer geometry was more accurately 

represented (the study reported in Chapter Seven used an idealised geometry), could 

be performed to probe whether the behaviour of the basal deuterons was predicted to 

be different to that of the apical deuteron.
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CHAPTER SEVEN  

STRUCTURAL AND DYNAM IC PRO PERTIES OF H YDRO G EN  

BO NDING  IN A TETRAHEDRAL ARRANG EM ENT OE 

M ETHANOL M OLECULES : A CO M PUTATIO NAL  

INVESTIG ATION

7.1 INTRODUCTION

As we have previously seen in Chapter Six, the crystal structure of 

triphenylmethanol (Ph3COH)^ contains tetramers of triphenylmethanol molecules, with 

the oxygen atoms arranged approximately at the corners of a tetrahedron and the C -O  

bonds lying approximately along the threefold symmetry axes of the tetrahedron. The 

positions of the hydrogen atoms were not located in the structure determination 

calculations, although the 0 . . . 0  distances are consistent with the suggestion that the 

tetramer is held together by hydrogen bonding. Solid state NMR studies^ on the 

selectively deuterated material PhgCOD revealed that the hydrogen bonding 

arrangement is dynamically disordered.

The aim of the work described here was to predict computationally, by 

consideration of intermolecular forces, the most favourable positions for the hydrogen 

atoms in the hydrogen bonded tetramer described above for triphenylmethanol, and to 

probe aspects of the dynamic trajectory of this hydrogen bonding arrangement with the 

ultimate aim of developing a model to account for the NMR results. As the 

hydrogen bond can be regarded as almost a purely electrostatic interaction, a detailed 

study of the electrostatics of a system can be used to predict favoured hydrogen 

bonding arrangements. The computational method used in this work closely follows 

that of Buckingham and Fowler,^ which takes a description of the intermolecular 

electrostatic energy and minimises it by alteration of the molecular conformations. The 

electrostatic energy can be described in the form of charges, dipoles, quadrupoles etc. 

which, in turn, can be obtained from the molecular wavefunction. The method for 

obtaining these multipoles uses the distributed multipole analysis of Stone et To 

simplify the analysis, a model system comprising a tetramer of methanol molecules was 

considered, with the molecules arranged in a geometry analogous to that in the ciystal
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structure of triphenylmethanol.

7.2 INTERMOLECULAR FORCES IN HYDROGEN BONDING 

7.2.1 The Hydrogen Bond

The most important intermolecular terms in hydrogen bonding are the 

electrostatic and repulsion terms. In an A -H ...B  hydrogen bond, repulsion prevents 

the A and B atoms from approaching closer than (approximately) the sum of their van 

der Waals radii. In a typical hydrogen bond, A is electronegative so that the charge 

density on the H atom is relatively small. The electrostatic interaction is very 

important because H carries a significant positive charge and B usually carries a 

significant negative charge. Repulsion between H and B is not very strong, except 

when they are in extremely close proximity.

Hence, the hydrogen bond is fundamentally electrostatic in character and any 

understanding of the intermolecular forces is built on an understanding of the 

electrostatic interaction. This requires a description of the molecular charge 

distribution which can be obtained using multipole analysis.

If we have two molecules A and B, composed of smaller ‘particles’ set up in 

the following arrangement:

ra

Figure 7.1: Definition of position vectors in two interacting molecules.

the electrostatic interaction between A and B can be expressed as the sum of the 

coulombic interactions between the particles comprising them

(7.1)H
e e.

4tie0 il R -  r + r,
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where ea is the charge of particle a which is at position relative to the centre of

molecule A at A. R is the vector from the centre of A to the centre of B.

From this simple expression it is possible to obtain expressions for the 

interaction between the molecular multipole moments (dipole-dipole, quadrupole- 

quadrupole interactions etc.). By choosing a coordinate system so that the z axis is 

along R and the origin is at A, then the direction of 0 ^  etc. (the dipole and

quadrupole moments) are specified by polar angles 0a and (pA etc. and the directional 

nature of the interactions becomes clear. The dipole-dipole interaction can then be 

expressed as:

(2cos0j cosBg -  sinB^ sinB^ coscp) 

and the quadrupole-quadrupole interaction (for a linear molecule) can be expressed as:

-^ [l-S cos^B ^ -5cos"B g -  15cos'B^ cos'B^l7l£o/?- 4*- ® A B

-1 -2 (4 COSB  ̂cosBg -sinB ^ sinBg cos(p)

where 9  = cpA - 9b-

However, this conventional molecular multipole expansion converges only if 

the charge distributions are far enough apart. The condition for convergence is that in 

the expansion of

1

in (7.1) it is necessary that I  I  -h I  I  < R, i.e. convergence is guaranteed only if the 

charge distributions do not overlap. This formal definition applies only to point 

charges, i.e. the nuclei, and not to the electronic charge distribution. However, it is 

still possible for small molecules to approach closely enough that their charges overlap. 

Even if they do not overlap, convergence may be slow. These problems can be 

overcome by dividing the molecule up into regions each enclosing a single atom or 

functional group and by using a separate multipole expansion for each region. This 

leads to a distributed multipole description, and the method for determining the 

multipoles from an ab initio wavefunction is called distributed multipole analysis 

(DMA).“-̂
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7.2.2 Distributed Multipole Analysis

The Schrodinger equation can be expressed as

H\\f = E\\f (7.4)

where H  is an operator which operates on the wavefunction \|/, and E  is the energy of 

the system. In the case of hydrogen, the equation may be solved exactly, subject to 

conditions placed on the behaviour of \\f. The wavefunctions which satisfy the 

Schrodinger equation for hydrogen can be called orbitals. For polyelectronic atoms an 

orbital approximation is made in which each electron is treated separately, and each is 

given its own one-electron wavefunction or orbital. For carbon, this can be written in 

the commonly used shorthand notation of It is implicitly understood that

this is an even shorter form of \s ^ \s^ 2 s^2 s^2 p ^ 2 p^ where a  and p are the two 

opposite directions of electron spin. It is then possible to generate an expression for 

the wavefunction for an «-electron atom as a product of one-electron atomic wave

functions, one for each electron. The atomic orbitals, %/, are known for all atoms.

V = (7-5)

A similar treatment can be used in determining the wavefunction for a 

molecule, Y, which can be approximated as:

(7-6)

where each function (])/ is a three-dimensional function which determines the properties 

of an individual electron in the molecule. If spin is included, then the wavefunction is a

product of spin orbitals. The solution of the molecular wavefunction Y can be found if

all of the constituent molecular orbitals (j)/ are known. Each of these molecular orbitals 

can be expanded as a linear combination of known atomic orbital functions:

4), (7.7)
k

Each Xk is a function of form

= constant x (function of r)

X (spherical harmonic function in terms of 0 and ())) 

and c/yt is a molecular orbital expansion coefficient.
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The set of atomic orbital functions employed in calculations of the molecular 

wavefunction is known as a basis set. The choice of basis set depends directly on the 

problem being investigated - the bigger the basis set the more accurate the calculation 

but this gain in accuracy has to be balanced by the computational time. Calculations 

involving bigger basis sets take up much more computer time.

Having obtained an expression for the molecular orbitals in terms of atomic 

basis functions, the electron density of a molecule takes the form of a sum of products 

of the basis functions:

P(r) = Ẑ /%,(r)%,(r)

where Pij is an element of the density matrix. Each of the products can then

be described by a multipole expansion at a suitable origin, about which the expansion 

will terminate (a distributed multipole analysis).

7.2.3 The Buckingham-Fowler Model

Once a realistic model for the dominant contribution to the intermolecular 

potential energy has been calculated, optimum hydrogen bonding configurations can be 

found by minimisation of the electrostatic energy. This is equivalent to using the 

Buckingham-Fowler model^ which has been used successfully to predict the structures 

of a wide range of hydrogen bonded complexes -  the success of the electrostatic 

model in predicting the orientation dependence of hydrogen bonding has been shown 

to arise from the approximate cancellation of the orientation dependence of the other 

contributions for many small polyatomic s y s t e m s . I n  this approach, the electrostatic 

interaction is described by an accurate DMA and the repulsion by a hard-sphere using 

standard van der Waals’ radii for the heavy atoms and ignoring any repulsion involving 

the hydrogen atom. This approach has since been applied successfully to predict 

hydrogen bonding arrangements in a variety of situations, giving good agreement 

between theory and experiment for cases in which the hydrogen bonding arrangement 

is known experimentally.

7.3 COMPUTATIONAL DETAILS

For calculations of the intermolecular potential energy of the methanol
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tetramer, only the electrostatic contribution was considered. The molecular charge 

distribution of the methanol molecule was represented by a set of multipoles, 

distributed on each atom, obtained from a distributed multipole analysis of the self 

consistent field (SCF) wavefunction for an isolated methanol molecule. In this work, 

the wavefunction was calculated using a 6-3IG** basis set'^ in the ab initio program 

suite CADPAC. The atomic dipoles, quadrupoles and higher order multipole 

moments represent explicitly the electrostatic potential arising from non-spherical 

features in the atomic charge distribution, such as lone pair density. All terms up to 

R in the perturbation theory expansion of the electrostatic energy ' were calculated; 

this required all multipoles up to rank four. The main errors in the calculation of the 

electrostatic energy are expected to arise from the limited accuracy of the SCF 

wavefunction and the neglect of penetration effects. The bond lengths and bond angles 

in the methanol molecule used in calculating the wavefunction were those determined 

from microwave spectroscopy of gaseous m e th a n o l,an d  the molecule was assumed 

to be in the staggered conformation [H -O -C -H  dihedral angles = 60° + n x  120° (/? = 

integer)].

The methanol tetramer was set up using the molecular geometry specified 

above, and the four molecules were arranged so that the oxygen atoms and carbon 

atoms were fixed in a tetrahedral arrangement with the C-O  bonds of the methanol 

molecules aligned along the 3-fold symmetry axes of the tetrahedron. The 0 . . . 0  

distances (the edges of the O4 tetrahedron) were taken as 2.8 Â, consistent with 0 . . . 0  

distances in hydrogen bonded alcohols. In all calculations, the methanol molecules 

were treated as rigid bodies and in the energy minimisation calculations each rigid 

methanol molecule was allowed only to reorient around the axis of its C -O  bond.

The hydrogen bonding configuration is defined by specifying the angles y i, 72, 

7 3  and 7 4 , representing the rotation angles about the C-O  bonds of methanol molecules 

1, 2, 3 and 4, respectively. These rotation angles are defined as positive for anti

clockwise rotations, when viewed in the direction of the C—>0 vector. The hydrogen 

bonding configuration { 7 1  = 0°; 72 = 0°; 7 3  = 0°; 7 4  = 0°) is shown in Fig. 7.2(a,b). In 

this configuration, the hydrogen atom of molecule i lies in the plane containing the 

oxygen atom of molecule i, the oxygen atom of molecule /4-I (mod 4), and the 

midpoint of the edge connecting the oxygen atoms of molecules i+2 (mod 4) and (4-3 

(mod 4). When 7  = 0°, the hydroxyl hydrogen atom of molecule i lies close to the
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Figure 7.2: (a) The  methanol te tram er in the coni'iguration {yi = 0°; 72 = 0°; 73 =

0°; 74 = 0°}. (b) Schem atic  rep resen ta tion  o f  the m ethanol te t ram er  in 

the configura tion  {71 = 0°; 7? = 0°; 73 = 0°; 74 = 0°}. This type of  

represen ta t ion  is used in all subsequen t  d iagram s o f  hydrogen  bonding  

configura tions o f  the methanol te tram er.  (c) Schem atic  rep resen ta t ion  

o f  the configura tion  A discussed in the text: e lec tros ta tic  energy  =  - 4 5  

k Jm o l ' ' ;  l7 i = 12.09°; yi = -12.09°; y, = 12.09°; y4 = -12.09°). (d) 

Schem atic  rep resenta tion  o f  configura tion  B discussed  in the text: 

e lec trosta tic  energy = - 3 9  k J m o f ' ;  {71 = 348 .70°;  72 = 1.76°; 73 = 

87.17°; 74 = 237.20°}.
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0 . . . 0  edge containing the oxygen atoms of molecules i and i+l (mod 4) -  for this 

geometrical arrangement, the 0 - H . . .0  angle is 128.5° and the 0 . . .0 - H  angle is 

36.2°.

To determine the optimum hydrogen bonding configuration, several different 

initial hydrogen bonding configurations were considered, encompassing a wide range 

of combinations of yi, 72, 73 and 74. Using the program O R IE N T ,th e  electrostatic 

energy was minimised by allowing 7 ], 72, 73 and 74 to vary.

The dynamic properties of the hydrogen bonding arrangement were 

investigated by varying systematically the rotation angle (71 ) of methanol molecule 1; 

for each value of 7 ] considered in this way, the value of 71 was fixed, and the rotation 

angles of the other methanol molecules were allowed to relax (via minimisation of the 

electrostatic energy). In this approach, the dynamic pathway of the system is probed 

as a function of the rotation angle of one specific methanol molecule.

7.4 RESULTS AND DISCUSSION

In energy minimisation calculations from over 30 different starting 

configurations, the electrostatic energy of the methanol tetramer always converged to 

one of two values: -45  kJmof' and -39  kJm of'. These correspond to two unique 

hydrogen bonding configurations. The configuration corresponding to electrostatic 

energy -45  kJmof' (denoted A) is { 7 ] = 12.09°; 72 = -12.09°; 73 = 12.09°; 74 = 

-12.09°), and the configuration corresponding to electrostatic energy -3 9  kJmof' 

(denoted B) is { 71 = 348.70°; 72 = 1.76°; 73 = 87.17°; 74= 237.20°). These 

configurations are represented in Fig. 7.2(c,d). It is believed that configuration A 

represents the global energy minimum (within the constraints imposed in the model). 

In configuration A, the values of 7  are close to 0°, implying that the hydroxyl 

hydrogen atoms lie close to the 0 . . . 0  edges of the tetrahedron. The small deviations 

in these values of 7  from 0° is noteworthy, although no attempt is made to suggest 

reasons for the preferred deviations of 12.09°. [It is relevant to note that the 0 -H . . .0  

hydrogen bond is closest to linearity when 7  is an integer multiple of 120°]. In 

configuration A, each oxygen atom receives one hydrogen bond. In configuration B, 

the hydroxyl hydrogen atoms for three methanol molecules (molecules 1, 2 and 4 in 

Fig. 7.2(d)) lie close to the 0 . . . 0  edges of the tetrahedron, with the oxygen atom of
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molecule 2 receiving two hydrogen bonds. The value of 73 differs significantly from an 

integer multiple of 120°, and corresponds to the hydroxyl hydrogen atom of molecule 

3 lying between the 0 . . . 0  edge connecting molecules 3 and 1 and the 0 . . . 0  edge 

connecting molecules 3 and 2.

The symmetry of the hydrogen bonding configuration for the methanol tetramer 

is considerably lower than the symmetry of a tetrahedron, and for arbitrary 

configurations the symmetry is E. Configuration A, however, possesses an S4  axis 

passing through the midpoints of the two 0 . . . 0  edges that are not “occupied” by 

hydrogen bonds. Although the methanol tetramer in configuration A is not chiral, the 

local environment of each methanol molecule in this configuration is chiral. For each 

methanol molecule, the three 0 . . . 0  edges involving its oxygen atom are all different, 

and are either: (a) “occupied” by donation of its hydrogen atom in hydrogen bonding; 

(b) “unoccupied” by hydrogen bonding; or (c) “occupied” by acceptance of a hydrogen 

atom in hydrogen bonding. This represents a chiral environment for each methanol 

oxygen atom, and we denote the chirality as (+) if the arrangement (a) (b) (c) is

anti-clockwise when viewed along the C ^ O  vector, and (-) if the arrangement (a) —> 

(b) (c) is clockwise when viewed along the C ^ O  vector. For configuration A

(shown in Fig. 7.2(c)), methanol molecules 1 and 3 are (+) whereas methanol 

molecules 2 and 4 are (-).

The dynamic properties of the hydrogen bonding in the methanol tetramer are 

now considered. Starting from configuration A (defined in Fig. 7.3 as configuration 

(i)), the rotation angle (yi) of methanol molecule 1 was changed by Ayi = 10° and 

fixed in this position, and the rotation angles of the other methanol molecules were 

allowed to relax (by minimisation of the electrostatic energy). Methanol molecule 1 

was then rotated by Ayi = 10° and fixed in this new position, and the rotation angles of 

the other methanol molecules, starting at the values found in the previous 

configuration, were allowed to relax. This approach probes the systematic rotation of 

one methanol molecule, and investigates the way in which the orientations of the other 

methanol molecules relax in response, thus mapping a dynamic pathway as a function 

of Yi. Fig. 7.4 shows the electrostatic energy as a function of yi, and Fig. 7.5 shows 

the changes in 7 2 , 7 3  and 7 4  as a function of 7 1 . In these graphs, clockwise rotation 

from the initial configuration is taken as a negative change in 7 ,, whereas anti

clockwise rotation from the initial configuration is taken as a positive change in 71.
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Figure 7.3: S chem atic  rep resen ta t ion  o f  the m in im u m  energy  con figura tions  genera ted  in p ro b in g  tlie d y n a m ic s  o f  the h y d ro g en  b o n d ing

a rran g em en t  in the m e thano l te t ram er  (see text for full details), the angles  ind ica ted  on the d iag ram  are the c h a n g e s  (Ay,) in 

the ro ta tion  angle  fo r  m e thano l m o lecu le  1 required  to in terconvert  the c o n f ig u ra t io n s  show n. T h e  ro ta tion  ang les  for 

con f ig u ra t io n s  (i) - ( v i )  are: (i) {y, = 12.09°; y, = - 1 2 .0 9 ° ;  y, = 12.09°; y_, = - 1 2 .0 9 ° } ;  (ii) |y , = 132.09°; y, = 107.91°; y, =  -  

12.09°; y, = - 1 0 7 . 1 0 ° ) ;  (iii) {y, =  252 .09° ;  y , =  12.09°; y , =  107.91°; y, = - 1 3 2 . 0 9 ° ) ;  ( iv) {y, = - 1 3 2 . 0 9 ° ;  y, = - 2 2 7 .9 1 ° ;  y , =  

-1 3 2 .0 9 ° ;  y, = - 2 2 7 .9 1 ° ) ;  (v) {y, = - 2 5 2 .0 9 ° ;  y, = - 1 3 2 .0 9 ° ;  y, = - 1 0 7 .9 1 ° ;  y^ = - 3 4 7 . 9 1 ° ) ;  (vi) {y, =  - 3 7 2 .0 9 ° ;  y, =  -  

107.09°; y, =  - 2 8 7 .9 0 ° ;  y, = - 2 5 2 .0 9 ° ) .
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F ig u r e  7,4: G raph  o f  e lectrostatic  energy  r.v. ro ta tion  angle yi for the series of

configura tions genera ted  in p robing  the dynam ics  o f  the hydrogen  

bond ing  a r rangem ent in the m ethanol te tram er. T he  poin ts  on the graph 

co rrespond ing  to the configura t ions  ( i ) - (v i)  in Fig. 7.3 are indicated.
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F ig u r e  7.5: G raph  o f  72 (g reen), 73 (red) and 74 (blue) (in deg)  as a function o f  71

for the series o f  configura tions  genera ted  in the p rob ing  the dynam ics  of  

the hydrogen  bond ing  a rrangm en t in the m ethano l te tram er.

214



Fig. 7.5 contains regions in which 7 2 , 7 3  and 7 4  vary in a gradual manner as a function 

of 7 i , whereas at certain values of 7 ] there are abrupt changes in 7 2 , 7 3  and 7 4  [close to 

these abrupt changes, 7 1  was varied in smaller steps, down to A7 1  = 0.01°]. Apart 

from the change at 7 1  = -58° (discussed in more detail below), these abrupt changes 

involve a change by ca. 1 2 0 ° in two of the angles 7 2 , 7 3  and 7 4 , corresponding to two 

of the hydroxyl groups jumping, essentially simultaneously, between positions close to 

different 0 . . .0  edges of the tetrahedron. These jumps of the hydroxyl groups are also 

reflected in abrupt changes in the electrostatic energy (see Fig. 7.4). It is clear that the 

motions of the different methanol molecules in the system are highly correlated.

From Figs. 7.4 and 7.5, there is clearly a marked difference in behaviour 

depending upon the sense of rotation of 7 1 . A schematic representation of the 

structural changes occurring upon clockwise and anti-clockwise rotation of methanol 

molecule 1 is shown in Fig. 7.3; the minimum electrostatic energy configurations (i) -  

(vi) shown in Fig. 7.3 form the basis of the subsequent discussion. [Although the 

arrows representing O-^H vectors are located along the 0 . . . 0  edges of the 

tetrahedron, it is important to recall: (a) for the geometry of the methanol tetramer 

considered here, the O-H bonds cannot lie along the 0 . . . . 0  edges of the tetrahedron 

(the minimum possible value for the 0 . . .0 - H  angle is 36.2°); and (b) in the minimum 

energy configurations shown, the rotation angles for the methanol molecules take one 

of the values 7  = ± 12.09° + n x 120°, where = 0, 1 or 2].

Consider first an anti-clockwise rotation of methanol molecule 1 starting from 

configuration (i) in Fig. 7.3. As methanol molecule 1 in configuration (i) has chirality 

(+), an anti-clockwise rotation involves its hydrogen moving towards an edge that is 

“unoccupied” by hydrogen bonding. Anti-clockwise rotation by 120° leads to a 

configuration (configuration (ii)) of equal electrostatic energy to configuration (i) 

[configurations (i) and (ii) are equivalent, but differ in terms of the orientation in space 

of their hydrogen bonding arrangements]. Importantly, the chirality of methanol 

molecule 1 is preserved as (+) in converting configuration (i) to configuration (ii). If 

rotation of methanol molecule 1 is continued in the anti-clockwise direction, an 

equivalent energy minimum is reached for every 120° change in 7 1 . These minimum 

energy configurations are equivalent to configuration (i), but differ in terms of the 

orientation in space of their hydrogen bonding arrangements and they also differ in the 

chiralities of methanol molecules 2, 3 and 4 [the chiralities of methanol molecules 1 -  4
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in configurations (i), (ii) and (iii) are: {(+), (-), (+), (-)}, {(+), (+), (-), (-)}, {(+), (-), 

(-), (+)}]. After rotation of methanol molecule 1 anti-clockwise by 360°, a 

configuration identical to configuration (i) is generated. The electrostatic energy 

barrier for the dynamic pathway described above {i.e. anti-clockwise rotation of a 

reference methanol molecule with chirality (+)) is 5 kJmol ^ This comparatively low 

value implies that a substantial amount of hydrogen bonding is maintained throughout 

the dynamic process. It is noteworthy that, when the rotation angle of methanol 

molecule 1 is changed by 120° {e.g. converting configuration (i) to configuration (ii)), 

the rotation angles for two other methanol molecules change by ca. 120°. Thus, two 

hydroxyl groups jump to positions close to new 0 . . . 0  edges of the tetrahedron, 

whereas the other hydroxyl group (which receives a hydrogen bond from molecule 1 in 

the new configuration) remains close to its original 0 . . . 0  edge.

Next consider rotation of methanol molecule 1 in the clockwise direction 

starting from configuration (i) in Fig. 7.3. In this case, the initial rotation is such that 

the hydrogen atom of molecule 1 moves towards an edge that is already "occupied" by 

a hydrogen bond. After rotation by 144.18° {i.e. 120° 4- 2 x 12.09°), a minimum 

electrostatic energy (-45 kJmol’') configuration (configuration (iv)) is reached; 

configurations (i) and (iv) are equivalent, but differ in terms of the orientation in space 

of their hydrogen bonding arrangements. Importantly, in converting configuration (i) 

to configuration (iv), the chirality of methanol molecule 1 is changed from (4 -)  to (-), 

and the chiralities of all the other methanol molecules are also changed [the chiralities 

are { ( 4 - ) ,  ( - ) ,  ( 4 - ) ,  (-)) for configuration (i) and {(-), ( 4 - ) ,  (-), (+)} for configuration 

(iv)]. If rotation of methanol molecule 1 is continued in the clockwise direction, there 

is a minimum energy configuration for every 120° change in yj. These minimum 

energy configurations are equivalent to configuration (iv), but they differ in terms of 

the orientation in space of their hydrogen bonding arrangements. Importantly, in each 

of these configurations, the chirality of methanol molecule 1 is preserved as (-). The 

chiralities of methanol molecules 1 ,2 ,3  and 4 in configurations (iv), (v) and (vi) in Fig.

7.3 are: {(—), ( 4 - ) ,  (-), ( 4 - ) } ,  {(—), (—), (4-), (+)} ^od {(-), ( 4 - ) ,  ( 4 - ) ,  (-)}. A 

configuration identical to configuration (iv) is generated after clockwise rotation of 

methanol molecule 1 by 360°. The electrostatic energy barrier for the initial clockwise 

144.18° rotation, changing the chirality of methanol molecule 1 from (4 -)  to (-), is 24 

kJmol’  ̂ (the energy maximum occurs at yi ~ -58°). The electrostatic energy barrier
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for the subsequent process (i.e. clockwise rotation of a reference methanol molecule 

with chirality (-)) is 5 kJmol \

The behaviour of the electrostatic energy as a function of rotation of methanol 

molecule 1, keeping the positions of the other methanol molecules fixed at their 

positions in configuration (i) has also been investigated (Fig. 7.6). The electrostatic 

energy barrier for this dynamic pathway is 90 kJm of', with the energy maximum 

occurring (at yi = 240°) when two hydrogen atoms lie close to the same 0 . .  .0  edge of 

the tetrahedron. There is a significant difference between the energies of the 

configurations with yi = 12.09° (configuration (i)) and yi = 120° (corresponding to the 

hydroxyl hydrogen of methanol molecule 1 lying close to a previously “unoccupied” 

edge of the tetrahedron), although j] can be changed by a comparatively large amount 

(ca. 90°) from configuration (i) without a substantial increase in the electrostatic 

energy.

50 T
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270 360ucW

-25 --

-Yi/"

Figure 7.6: Graph of electrostatic energy v5. rotation angle yi for the series of

configurations generated by varying yi, with the rotation angles of the 

other methanol molecules fixed at yi = -12.09°, y? = 12.09° and J4 = -  

12.09°. The first point on the graph corresponds to configuration (i) in 

Fig. 7.3.
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7.5 CONCLUDING REMARKS

From the study of the dynamic behaviour it is clear that the motion of the four 

molecules in the methanol tetramer is highly correlated. Thus, when one methanol 

molecule is rotated, the rotation angles of the other methanol molecules change 

considerably in response to it. Any proposed dynamic model based on the independent 

rotation of the different methanol molecules is clearly incorrect. In general terms, it is 

probable that the change of configuration {yi, 72, 73, 74}, as a function of varying 71, is 

influenced more strongly by the avoidance of specific (unfavourable) H ...H  

interactions rather than the establishment of specific (favourable) H. . .0  interactions.

The dynamic information elucidated has been used in an attempt to understand 

the NMR results for deuterated triphenylmethanol (PhgCOD). In particular, in the 

set of minimum energy configurations, each hydroxyl hydrogen atom samples six 

different sites, corresponding to 7  = ± 12.09° + n x 120°, where n = integer. It is 

reasonable to propose that the dynamics of a given hydroxyl hydrogen atom (or 

deuteron) involves jumps between these positions. This dynamic model has been 

considered as the basis for the interpretation of the NMR results for 

triphenylmethanol with the predicted sites being used in three distinct ways.

The first model assumed that the probability of the hydroxyl deuteron Jumping 

between a given pair of sites is dictated by the correlated nature of the motions of the 

different hydroxyl hydrogen atoms derived above. The sites were also used in a 

nearest neighbour model {i.e. if the deuteron is in site 3 it can jump to site 2 or site 4 

etc.) and in a six site jump model with equal probability of jumping between all the 

sites. Full details of these dynamie models are given in Chapter Six.

Unfortunately, none of the models deduced from the results of this 

computational study fitted the experimental spectra. However, it must be remembered 

that the sites have been determined using a tetrahedral arrangement of methanol 

molecules in an idealised geometry. Other assumptions made in the calculations 

include the methanol molecules being treated as rigid bodies. Therefore, the hydrogen 

atoms of the methyl group were rotated together with the hydrogen atom of the 

hydroxyl group. The assumption of rigid methanol molecules is valid as the variations 

in the molecular wavefunction, and, hence, in the intermolecular electrostatic energies, 

associated with the positions of the methyl hydrogen atoms will be negligible. For 

future studies on triphenylmethanol, on the other hand, the assumption of a rigid
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molecule cannot be made, as it is implausible that the whole molecule will rotate as a 

rigid body within the crystal structure. For triphenylmethanol, the phenyl rings should 

be fixed in the crystallographic positions, and the hydroxyl groups allowed to rotate 

independently. This will clearly require consideration of the energy barrier for internal 

rotation in addition to intermolecular energy contributions of the type described here as 

well as an understanding of how the DMA description varies with rotation of the OH 

group about the C-O  bond.

Since this study was performed. Stone et al have conducted an investigation 

into the conformational dependence of charge distribution as described by atomic 

multipole m o m e n t s . T h e y  have clearly illustrated that conformational changes can 

alter the charge distribution quite significantly. This dependence has important 

consequences for the modelling of electrostatic interactions of flexible molecules. In 

the case of triphenylmethanol, it is extremely unlikely that the whole molecule is 

rotating as a rigid body (the assumption made for the methanol molecule). The 

requirement to incorporate the conformational dependence of the DMA into the model 

complicates the problem greatly. Where in this study only one DMA was calculated, 

to take conformational dependence of the charge distribution into account, a separate 

DMA would need to be calculated for each possible conformation. For the calculation 

of intermolecular electrostatic energies, the correct DMA for each of the relevant 

molecular conformations would be required.

For the purposes of this investigation of the methanol tetramer, it was not 

deemed necessary to go into such detail. Future computational studies of 

triphenylmethanol, considering the conformational dependence of the DMA 

description, are likely to yield new insights into the structural and dynamic properties 

of this solid.
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APPENDIX ONE  

SAM PLE CALCULATIO N OF K INETIC PARAM ETERS

A l l  INTRODUCTION

As we have seen in Chapter Three, during a kinetic investigation of the thermal 

decomposition of DPP-Boc (a  and p phases), a discrepancy between the data obtained 

using thermogravimetric analysis and solid state '^C NMR arose. It was postulated 

that the discrepancies arose because the temperature in the NMR experiments was 

lower than 120°C.

The proposed kinetic model for the decomposition is

k k
DPP - Boc-----  —> DPP - monoBoc----  —> DPP

i.e. consecutive elementary reactions. The TGA data has been converted to mole 

fraction of Boc groups present with neoc = 1 corresponding to pure DPP-Boc and ngnc 

= 0 corresponding to pure DPP. It is therefore possible to deduce an expression for 

the mole fraction of Boc present at time t on the basis of oa (mole fraction of DPP- 

Boc), ng (mole fraction of DPP-monoBoc) and nc (mole fraction of DPP).

î Boc ~ ^A + 0.5 ng

where nA + ng -t- n^ = 1. Following the kinetic analysis performed in Chapter Three it 

is then possible to derive an expression for ngoc at time fas a function of ka and kf,.

(A TI)
Boc

05^
= (nA),

As % Boc and t are known, it is possible to solve for ka and k^.

A1.2 ESTIMATION OF TEMPERATURE OF NMR EXPERIMENTS

As we know, rate constants are implicitly dependent on the temperature at 

which the kinetic process is occurring. If the proposed kinetic model is correct, then a 

graph of In A; versus MT should be a straight line, i.e. classic Arrhenius behaviour. 

Hence, if In/: and 1/T are known for two or more temperatures then, for any value of 

]nk, the corresponding temperature can be determined. Solving equation (A T I) for
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the NMR data gives values of ka and and hence, in/ĉ  and In/c/,. TGAs were 

recorded for both a-DPP-Boc and p-DPP-Boc at 120°C and 140°C, values of ka and 

kh determined and graphs of In^  ̂ versus \/T  and \nkt, versus \/T  constructed. Using 

the following procedure, the temperature of the NMR experiments was estimated.

Data for a-DPP-Boc:

NMR:

ka] = 0.085 hr’’ = 0.0236 x 10'^ s‘' \nka] = -10.654

kb] =0.155 hr"' =0.0431 x 10'^ s ' \nkhi =-10.052

T] = 120“C = 293 K UT] = 2.545 x 10'" K'

ka2  = 0.660 hr ' = 0.1833 x 10"'’ s ' lnA:^2 = -8.604

kt,2  =1.061 hr ' = 0.2947 x 10'" s ' lnA:̂ 2 = -8.130

T2= 140°C = 313K I/T2 = 2.421 X 10 " K'

ka = 0.027 hr ' = 0.0075 x 10'" s'' \nka = -11.801

kb = 0.011 hr ' =0.0197 x 10'" s'' \nkb2 = -10.835

T2=140°C = 313K 1/72 = 2.421 X 10'" K

The construction of a straight line graph of \nk versus 1/7 gives a value of gradient (m) 

and intercept (c) for both ka and k^.

\wk^2 —8.604 + 10.654
1/7  ̂ -  1/7] "  (2.421-2.545)X 10“’

c = y - m x  = [nk^ -  m— = -10 .654+ 16532x 2.545x 10"  ̂ = 31.42

Using a similar treatment the values for kt> are: 

m = -15500 

c = 29.40

Hence, an estimate can be made of the temperature of the NMR experiment. 

ka'. y = mx + c
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, , m= — + c

1 InA: — c — 11.801 — 31.42 -,
-16532

.- .r=  382.5 K =  109.5°C

For kh, the temperature calculated is 112.2°C.

For p-DPP-Boc the temperatures calculated were 115.8°C for ka and 112.2°C 

for k(j. Hence, the temperature chosen for the final TGA experiments was 112°C, the 

average value of the calculations.
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APPENDIX TWO  

CRYSTAL STRUCTURE OF TRIPH ENYLM ETH ANO L-di

A2.1 INTRODUCTION

The crystal structure of triphenylmethanol has previously been determined 

using single crystal X-ray diffraction. ̂  The structure comprises of two intertwined 

tetramers of hydrogen bonded triphenylmethanol molecules in a ratio of 71:29. For the 

purposes of NMR simulations, it is important to ascertain whether the structure at 

low temperature is the same or different than the room temperature structure. Single 

crystals of the partially deuterated system, PhgCOD (see Chapter Six for experimental 

details) were obtained by slow evaporation of a saturated diethyl ether solution.

A2.2 EXPERIMENTAL DETAILS

Single crystal X-ray diffraction experiments were carried out on the same 

crystal of PhgCOD at 295(2)K and 113(2)K. Data were recorded on a Rigaku R-Axis 

II rotating anode/area detector diffractometer with graphite monochromatised Mo K a  

radiation. At each temperature, image plate scans were recorded covering 180° of 

crystal rotation in 5° frames about one axis. Crystal-detector distance was 80 mm and 

exposure time was 20 minutes per frame. Data were processed using TEXSAN^ 

before structure refinement using SHELXL.^

A2.3 RESULTS

Structure determination from the single crystal X-ray diffraction data collected 

at ambient temperature confirmed that the crystal of PhgCOD at ambient temperature 

is the same (within experimental errors) as that reported previously^ for PhgCOH. 

Structure determination from data collected at low temperature indicates that there is 

no significant structural change (apart from lattice contraction upon cooling) between 

ambient temperature and 113(2)K, with no evidence for any phase transition in this 

temperature range. The coordinates and anisotropic atomic displacement parameters 

were refined for non-hydrogen atoms of the major component (of the two tetramer 

orientations). For the minor site, idealised phenyl rings with isotropic displacement
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parameters were refined. All ring hydrogens were fixed geometrically.

For the major tetramer component (at both 295 and 113K), difference Fourier 

synthesis revealed peaks which, although weak (-0.3 eÂ^), were consistent with 

disordered deuteron sites. Three distinct sites were observed for the basal molecule 

sites (H2D, H3D and H4D) while for the apical molecule, one site was located (HID) 

with the other two being generated by the threefold symmetry. This suggests that the 

deuterons lie close to the 0 . . . 0  edges of the O4 tetrahedon. Due to the combined 

effect of the disordered tetramers and the disordered deuterons, the average occupancy 

of these sites is about 1/4. Therefore, it is not possible to extract reliable information 

about site population from this X-ray data. Neutron data are more suitable for this 

purpose.

A2.3 ROOM  TEM PERATURE (295K) STRUCTURE

The lattice parameters for the room temperature phase were determined as a = 

h = 19.3311(11), c = 26.9244(11). a  = (3 = 90°, y = 120°. The space group was 

assigned as /?3 (148), i.e. trigonal rhombohedral. The volume of the unit cell is V = 

8713.4(9) with Z = 24.

Table A2.1: Atomic coordinates and equivalent isotropic displacement parameters

(Â^) for PhgCOD (295K). f/eq is defined as one third of the trace of the 

orthogonalized U\] tensor.

x/a y/b z/c C/eq

oi 0.00 0.00 0.3209(2) 0.125(2)

0 2 -0.0983(2) -0.0311(3) 0.2316(2) 0.127(2)

Cl 0.00 0.00 0.3741(3) 0.089(2)

C2 -0.1762(3) -0.531(3) 0.2128(2) 0.094(2)

C ll -0.0606(3) -0.0841(3) 0.3917(2) 0.093(2)

C12 -0.1306(4) -0.1282(4) 0.3656(2) 0.116(2)
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Table A2.1: cont

x/a y/b t/eq

C13 -0.1865(4) -0.2009(5) 0.3823(3) 0.143(3)

C14 -0.1747(5) -0.2330(4) 0.4259(4) 0.145(3)

C15 -0.1042(5) -0.1901(5) 0.4516(3) 0.133(2)

C16 -0.0484(4) -0.1162(4) 0.4347(2) 0 .122(2 )

C21 -0.2341(3) -0.1383(3) 0.2302(2) 0 .100(2 )

C22 -0.2100(4) -0.1944(5) 0.2339(2) 0.125(2)

C23 -0.2616(6) -0.2716(5) 0.2480(3) 0.145(3)

C24 -0.3407(5) -0.2954(5) 0.2559(3) 0.166(3)

C25 -0.3656(5) -0.2409(5) 0.2541(4) 0.176(4)

C26 -0.3128(4) -0.1632(4) 0.2400(3) 0.136(2)

C31 -0.1974(3) 0.0072(3) 0.2331(2) 0 .102(2 )

C32 -0.2353(4) 0.0380(4) 0.2056(2) 0.117(2)

C33 -0.2558(5) 0.0897(5) 0.2247(3) 0.156(3)

C34 -0.2402(6) 0.1130(6) 0.2736(4) 0.169(3)

C35 -0.2074(6) 0.0787(6) 0.3020(3) 0.170(3)

C36 -0.1847(5) 0.0283(4) 0.2820(2) 0.143(2)

C41 -0.1692(3) -0.0478(3) 0.1570(2) 0.094(2)

C42 -0.2301(3) -0.1013(4) 0.1271(2) 0.116(2)

C43 -0.2232(5) -0.0928(6) 0.0761(3) 0.191(4)

C44 -0.1606(5) -0.0269(5) 0.0545(3) 0.161(3)

C45 -0.0991(4) 0.0265(4) 0.0839(3) 0.127(2)

C46 -0.1057(4) 0.0161(4) 0.1344(3) 0.128(2)
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Table A l: cont.

x/a y/b t/eq

C51 -0.0786(3) -0.0156(3) 0.1228(2) 0.118(4)

C52 -0.1465(3) -0.0748(3) 0.1463(2) 0.118(4)

C53 -0.2196(3) -0.1105(3) 0.1218(2) 0.118(4)

C54 -0.2247(3) -0.0870(3) 0.0738(2) 0.118(4)

C55 -0.1568(3) -0.0278(3) 0.0503(2) 0.118(4)

C56 -0.0837(3) 0.0079(3) 0.0748(2) 0.118(4)

C61 -0.2169(3) -0.1973(3) 0.2714(2) OT280^

C62 -0.2304(3) -0.1334(3) 0.2756(2) 0.128(4)

C63 -0.3051(3) -0.1435(3) 0.2641(2) 0.128(4)

C64 -0.3661(3) -0.2176(3) 0.2484(2)

C65 -0.3525(3) -0.2815(3) 0.2441(2) a i2 8 ^ 0

C66 -0.2779(3) -0.2713(3) 0.2556(2) 01280%

C71 -0.1071(3) -0.2367(3) 0.2693(2) 0.118(3)

C72 -0.0953(3) -0.2321(3) 0.2182(2) 0.118(3)

C73 -0.0787(3) -0.2860(3) 0.1945(2) 0.118(3)

C74 -0.0739(3) -0.3444(3) 0.2218(2) 0.118(3)

C75 -0.0857(3) -0.3490(3) 0.2729(2) 0.118(3)

C76 -0.1023(3) -0.2951(3) 0.2967(2) 0.118(3)

C81 -0.1307(3) -0.1790(3) 0.3500(2) 0.104(3)

C82 -0.0602(3) -0.1286(3) 0.3750(2) 0.104(3)

C83 -0.0574(3) -0.1311(3) 0.4265(2) 0.104(3)

C84 -0.1252(3) -0.1839(3) 0.4531(2) 0.104(3)
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Table A2.1: cont.

x/a y/b z/b C/eq

C85 -0.1957(3) -0.2343(3) 0.4280(2) 0.104(3)

C86 -0.1984(3) -0.2319(3) 0.3765(2) 0.104(3)

03 0.00 0.00 0.1892(6) 0 .111(6 )

0 4 0.00 0.00 (11367(13) 0.106(9)

C3 -0.0727(8) -0.0966(7) 0.2767(5) 0.132(4)

C4 -0.1334(3) -0.1794(3) 0.2902(2) 0.108(5)
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A2.4 LOW  TEM PERATURE (113K) STRUCTURE

The lattice parameters for the low temperature (113K) phase were determined 

âs a = b = 19.065(2), c = 26.891(30). a  = p = 90°, y = 120°. The space group was 

assigned as R3 (148), i.e. trigonal rhombohedral. The volume of the unit cell is V = 

8418.6(12) Â ^w ithZ  = 24.

Table A2.2: Atomic coordinates and equivalent isotropic displacement parameters

(Â^) for PhgCOD (295K). Ueq is defined as one third of the trace of the 

orthogonalized Ui] tensor.

x/a y/b f/eq

Ol 0.00 0.00 0.3208(2) 0.115(2)

0 2 -0.0977(2) -0.318(3) 0.2329(2) 0.126(2)

Cl 0.00 0.00 0.3735(3) 0.080(2)

C2 -0.1765(3) -0.0538(4) 0.2132(2) 0.091(2)

C ll -0.0612(3) -0.0844(3) 0.3916(2) 0.086(2)

C12 -0.1320(4) -0.1303(4) 0.3644(2) 0 .101(2 )

C13 -0.1896(4) -0.2048(4) 0.3817(3) 0.126(3)

C14 -0.1782(5) -0.2367(4) 0.4254(4) 0 .122(2 )

C15 -0.1086(4) -0.1923(4) 0.4530(3) 0.103(2)

C16 -0.0505(4) -0.1176(4) 0.4359(2) 0 .100(2 )

C21 -0.2349(3) -0.1404(4) 0.2301(2) 0.090(2)

C22 -0.2105(4) -0.1971(5) 0.2343(2) 0.115(2)

C23 -0.2654(6) -0.2767(5) 0.2473(3) 0.126(3)

C24 -0.3456(6) -0.3021(5) 0.2541(3) 0.139(3)

C25 -0.3710(5) -0.2466(5) 0.2515(3) 0.135(3)
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Table A2.2: cont.

x/a y/b t/eq

C26 -0.3162(4) -0.1663(4) 0.2394(3) 0 .112(2 )

C31 -0.1989(3) 0.0062(4) 0.2340(2) 0.094(2)

C32 -0.2346(3) 0.0395(3) 0.2056(2) 0.098(2)

C33 -0.2567(4) 0.0920(4) 0.2253(3) 0.125(2)

C34 -0.2412(5) 0.1146(6) 0.2747(3) 0.138(3)

C35 -0.2083(6) 0.0786(6) 0.3029(3) 0.143(3)

C36 -0.1865(5) 0.0257(5) 0.2835(3) 0.127(2)

C41 -0.1690(3) -0.0481(3) 0.1561(2) 0.088(2)

C42 -0.2298(3) -0.1036(4) 0.1262(2) 0.096(2)

C43 -0.2193(4) -0.0942(5) 0.0744(3) 0.131(3)

C44 -0.1572(4) -0.0269(4) 0.0526(3) 0.125(3)

C45 -0.0990(4) 0.0271(4) 0.0842(3) 0 .110(2 )

C46 -0.1041(4) 0.0193(4) 0.1349(3) 0.117(2)

C51 -0.0798(4) -0.0145(4) 0.1248(2) 0.152(6)

C52 -0.1487(4) -0.0746(4) 0.1484(2) 0.152(6)

C53 -0.2227(4) -0.1109(4) 0.1237(2) 0.152(6)

C54 -0.2278(4) -0.0872(4) 0.0753(2) 0.152(6)

C55 -0.1589(4) -0.0271(4) 0.0517(2) 0.152(6)

C56 -0.0849(4) 0.0092(4) 0.0764(2) 0.152(6)

C61 -0.2180(4) -0.1968(4) 0.2732(2) 0.134(4)

C62 -0.2318(4) -0.1320(4) 0.2775(2) 0.134(4)

C63 -0.3074(4) -0.1422(4) 0.2658(2) 0.134(4)

230



Table A2.2: cont.

x/a y/b z/c t/eq

C64 -0.3692(4) -0.2173(4) 0.2498(2) 0.134(4)

C65 -0.3555(4) -0.2821(4) 0.2456(2) 0.134(4)

C66 -0.2798(4) -0.2718(4) 0.2573(2) 0.134(4)

C71 -0.1095(4) -0.2355(4) 0.2712(2) 0.130(4)

C72 -0.0976(4) -0.2309(4) 0.2197(2) 0.130(4)

C73 -0.0807(4) -0.2856(4) 0.1958(2) 0.130(4)

C74 -0.0758(4) -0.3448(4) 0.2233(2) 0.130(4)

C75 -0.0877(4) -0.3493(4) 0.2748(2) 0.130(4)

C76 -0.1045(4) -0.2947(4) 0.2987(2) 0.130(4)

C81 -0.1328(4) -0.1786(4) 0.3513(2) 0.101(3)

C82 -0.0614(4) -0.1275(4) 0.3765(2) 0.101(3)

C83 -0.0586(4) -0.1299(4) 0.4284(2) 0.101(3)

C84 -0.1274(4) -0.1835(4) 0.4551(2) 0.101(3)

C85 -0.1989(4) -0.2346(4) 0.4299(2) 0.101(3)

C86 -0.2016(4) -0.2321(4) 0.3780(2) 0.101(3)

03 0.00 0.00 0.1924(7) 0.129(7)

04 0.00 0.00 0.1419(14) 0.114(10)

C3 -0.0764(8) -0.0955(7) 0.2763(5) 0.135(5)

C4 -0.1355(4) -0.1789(4) 0.2919(2) 0.114(5)

231
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