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ABSTRACT

Recently various of applications of clathrates, such as the concentration of juices, water
desalination and wastewater treatment have gained the attention in industry and research alike.
In this paper we present a novel method based on photoacoustic spectroscopy for the analysis of
clathrates in agueous environments.

The herein proposed self-referencing method poses a simple and robust approach identifying and
determining the formation of clathrates via the measurement of the Griineisen coefficient using a
PVDF-based photoacoustic spectroscope.

This research holds high potential for industrial applications of clathrates helping to save time,
energy and resources during the clathrate forming process by indicating clathrate formation.

Keywords: Photoacoustic spectroscopy; PVDF ultrasound transducer; Grineisen coefficient;
Clathrates; Liquid phase photoacoustic spectroscopy

1. INTRODUCTION

Due to their structure and composition, clathrates have found numerous of potential industrial applications
and have been employed for the selective separation of compounds from mixtures of gases, liquids and
solids. Today clathrate technology is being employed in a variety of industrial applications in fields such
as food processing (Li, Shen, Liu, Fan, & Tan, 2015; Seidl et al., 2019), energy storage (Veluswamy,
Kumar, Seo, Lee, & Linga, 2018), wastewater treatment (Song et al., 2016) and drinking water
preparation (Babu et al., 2018). Another application of synthetic clathrates that has been proposed is the
purification and separation of the components of air (Kang & Lee, 2000). The formation of synthetic
clathrates requires elevated pressures and decreased temperatures, which are energy demanding.
However, if analyzed in situ the energy consumption for the phase transition step has potential for
optimization.

In the past, clathrates have been analyzed by means of gas chromatography (Bhattacharyya &
Bhattacharjee, 1969), Raman spectroscopy (Uchida et al., 2003), X-ray diffractometry (Takeya et al.,
2001), particle size analysers (Clarke & Bishnoi, 2005), nuclear magnetic resonance (Gao, House, &
Chapman, 2005) and infrared spectroscopy (Dartois, Deboffle, & Bouzit, 2010). Spectroscopic
technologies enable measuring the physical properties of the clathrates, such as their crystal structure,
gas composition and analyze the clathrate composition in situ, without decomposing the sample.

Based on the photoacoustic (PA) effect, PA spectroscopy is a spectroscopy modality which has been
employed for the analysis of gaseous, liquid and solid samples. The PA effect denotes the generation of
acoustic pressure waves in matter (solids, liquids and gases) upon the exposure to modulated light or
short light pulses. The pressure waves generated via the PA effect can be detected by means of an
acoustic transducer. Monitoring the pressure waves at different wavelengths has been termed PA
spectroscopy. This measurement technique has been utilized previously in various fields of applications,
such as environmental monitoring (Tomberg, Vainio, Hieta, & Halonen, 2018), forensic sciences (El-
Sharkawy & Elbasuney, 2017), biological(Pontes et al., 2019) and biomedical (Dumitras et al., 2011)
analysis, as well as chemical reaction monitoring(Morales-Rodriguez, McFarlane, & Kidder, 2018).
Depending on the state of the sample the transduction method of PA spectroscopy differs. In the case of
a gaseous sample modulated continuous light sources are used routinely for the excitation and resonant
gas cells are utilized for sample containment. This technique relies on the indirect detection of heat
generated by nonradiative relaxations of an excited state of the absorbing molecules contained in the
sample. This causes a change of the gas pressure which can be detected by means of a microphone.



For the PA analysis of a liquid sample however, pulsed lasers are used as the excitation light source.
After excitation of the light by a sample an ultrasound is generated by the non-radiative relaxation of the
sample molecules and the generated ultrasound is detected by a microphone. PA spectroscopy shows
high potential as an analytical modality due to its high sensitivity (for gas analysis often quoted with a
detection limit as low as ppbV up to sub pptV (Tomberg et al., 2018)) within a large dynamic range,
robustness, ease of use, good temporal resolution, versatility, multicomponent capability and insensitivity
to light scattering. In addition to the identification and quantification of gases, PA spectroscopy has the
potential to identify and characterize clathrates due to their alternated capability of converting heat energy
to an acoustic pressure, also known as Griineisen efficiency (I'), compared to the pure components of
the clathrate. Since this has not been shown before, the present study details a polyvinylidene fluoride
(PVDF) based PA spectroscopy set up which allows for the estimation of the wavelength-specific
absorption coefficient, PA amplitude and I' of a liquid sample. After the description of the PA spectroscope
and its limitations, a method enabling the identification of clathrates in an aqueous system is presented
and verified. The method provided is self-referencing and offers a robust approach for the determination
of clathrate formation.

2. MATERIALS AND METHODS

The experimental arrangement described in the following, termed PA spectroscope, was used
throughout this study for the measurement of the PA amplitude and ua spectra, allowing for the
determination of I' of the sample solutions. For the excitation of the samples and the subsequent
generation of the ultrasonic signals an Nd:YAG pumped optical parametric oscillator (OPO) laser
system (Spitlight 600, Innolas Laser GmbH, Germany) tunable from 420-2500 nm with a pulse length
of <8 ns was employed. For the measurement of the relative output power of the laser and the
emitted wavelength the laser system is equipped with a power meter and a spectrometer,
respectively. The optical output of the laser system was coupled via a fused silica optical fiber with
a diameter of 1.5 mm and guided towards the sample contained in a sample cuvette. The sample
cuvette consists of a block of Perspex with side length of 45 x 35 mm? and a height of 15 mm with a
drilled hole (20 mm in diameter) in the center of it. A polyethylene film with a thickness of 50 ym was
cemented to the bottom of the Perspex block sealing the drilled hole and allowing to introduce a
maximum sample volume of about 3 ml. For the measurements the sample cuvette is placed in the
laser light beam in a water tank, with the drilled hole centered above the ultrasound transducer. The
ultrasound transducer base consists of a Perspex block with a side length of 45 x 35 mm? and a
height of 10 mm, which is mounted to a window in the bottom of the water tank and seals the water
tank by means of a square rubber gasket. For the active material a PVDF film with a thickness of 52
um and a side length of 10 x 10 mm? was chosen. The ultrasound transducer demonstrated a noise
equivalent pressure of 1.9 kPa over a 20 MHz bandwidth and a -3 dB bandwidth of 18.5 MHz and is
electrically connected via a low noise voltage amplifier (HVA-200M-40-F, Femto, Germany) to a
data-acquisition card (PCle6323, National Instruments) for digitization of the analogue signal.

From each of the detected PA signals two parameters were extracted: i) the peak signal amplitude
(S(A)o,measurement) @nd ii) pa.In order to obtain ya, the analytical expression Eq. (1) was fitted to the initial
compressive part of the measured PA signal (for t<to).

So(t) =Py p, e Macs ) E K Eq. (1)

@ is the initial fluence, cs is the speed of sound in the medium, to is the time at which the signal amplitude
is at its maximum, E; is the thermalization efficiency of the chromophore and K is a scaling factor
accounting for the acoustic sensitivity of the set up.

The relative laser power, O(A)measurement, Was measured for each wavelength during signal acquisition in
order to correct the measured PA amplitude, S(A)o,measurement, fOr the wavelength dependence of the
fluence using Eq. (2).

S O\') 0,Measurement” 0) O\') Calibration
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O(N)caiibration is the light energy measured with the light energy measured with the laser onboard power
meter and M(A)caibraion IS the light energy measured using an external power meter (Fieldmax Il,
Coherent, CA, USA) mounted at the fiber tip, replacing the sample cuvette. Both parameters (O(A)caiibration
and M(A)caiibration) Were acquired in a separate calibration step.

So(\) =

Eq. (2)



For the determination of the I' of a sample solution, consisting of a sample chromophore and a solvent,
two PA signals are acquired. One signal is generated at a wavelength, As, at which the absorption of the
solvent is negligible, and the sample chromophore exhibits strong absorption and therefore solely
depends on the properties on the sample chromophore. The S of the signal generated in the sample at
to is given by Eq. (3).

SO,S = (DO Ma,s Et,s 1—‘s K Eq. (3)

Sos is the signal amplitude of the sample chromophore at to and As, [as is the absorption coefficient of the
sample chromophore, E;s is the thermalization efficiency of the sample chromophore and I's is the
Grineisen coefficient of the sample chromophore.

The second signal is generated at a wavelength, A, at which the absorption of the sample chromophore
is negligible, and the solvent exhibits strong absorption, here denoted as the reference signal. So at to
and A for the reference is given by Eq. (4).

SO,r = (DO Ma,r Et,r 1—‘r K Eq. (4)

Here Sy, is the signal amplitude of the reference at to and A, yar is the absorption coefficient of the
reference, E;, is the thermalization efficiency of the reference and I'; is the Griineisen coefficient of the
reference. If I, and E;, = E¢s are known, I's can be calculated using Eq. (5).
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The ability of the method for determining " was tested using two sample chromophores, ethanol and
methanol. The sample solutions were made up from mixtures of the sample chromophores in water at
different concentrations. The two alcohols were chosen because their E; can reasonably be assumed to
be 1 and their s can be obtained using thermodynamic data found in literature using Eq. (6).
2
I= Pes Eq. (6)
%

I'y= Eq. (5)

Here B is the volume thermal expansion coefficient, cs is the sound speed and ¢, is the heat capacity at
constant pressure. [, = 0.12 for water as a reference chromophore was obtained literature (Yao, Zhang,
Maslov, & Wang, 2014). The results of the measurements (data not shown) display the expected
decrease of I" with increasing water content, following a linear trend with high correlation (R? =0.993 and
R? = 0.9865 for methanol and ethanol respectively) and low standard deviation (less than 5% throughout
the whole measurement range). Extending linear trend lines towards a water content of 100% shows that
both lines intercept roughly with the literature value of water at about 'y =0.12. The measured and
calculated values of I's for the pure alcohols are in close agreement with the values calculated using Eg.
(6) (0.47 (+/- 4%) and 0.48 for methanol and 0.60 (+/- 2%) and 0.61 for ethanol). These results
demonstrate that the method proposed allows for the accurate determination of I' of liquids such as
methanol and ethanol. Furthermore, if a linear trend of I" of mixtures of the alcohol with varying water
content can be assumed, the method enables the estimation of ' of mixtures of liquids. In order to further
demonstrate the method for the determination of I, solutions of various concentrations of either copper
chloride (CuCly; 70-430 gL?) or nickel chloride (NiClz; 250-480 gL?) were prepared and analyzed as
described above. CuCl, and NiCl, were chosen for these experiments due to their concentration
dependence of I', which follows a linear trend as demonstrated previously (Laufer, Zhang, & Beard, 2010).
The resulting " values (data not shown) follow the expected linear trend with increasing salt concentration.
The measured values align with the linear trend lines originating from ' = 0.12 with R? values of 0.9388
and 0.9778 for CuCl> and NiCly, respectively. The standard deviation of the values ranges from 2-11%
and are high for NiCl> due to its low extinction coefficient and therefore low signal to noise ratio of the PA
signal. The measurements at the concentrations >400 gL using CuCl, and NiCl, show increased
standard deviations and decreased accuracy, due to the limited bandwidth of the acoustic transducer.
The increased standard deviation in the lower concentration range for both salt’s solutions can be
assigned to low signal to noise ratio due to low absorption coefficients. The measurements indicate, that



I can be accurately (+/-3%) determined for chromophores with 0.5 mm™ < pa >10 mm using the PA
spectroscope.

3. RESULTS

After validating the method for the determination of I' of various sample solutions, it was investigated if a
mixture of chromophores with separate absorption bands may exhibit different efficiencies converting
heat to stress and therefore exhibit a wavelength dependence of I'. An example where this effect may be
observed are gold nanoparticles with varying coatings such as gold nanoparticles covered in a silica shell
compared to plain gold nanoparticles. It has been shown that the silica coating alters the thermal coupling
of the nanoparticles and therefore alters I (Y.-S. Chen, Frey, Aglyamov, & Emelianov, 2012). If the two
species of gold nanorods would exhibit separate absorption bands, the measurement of I' of a mixture of
the two nanoparticle species may demonstrate wavelength dependence. Another example where this
might be observed is a mixture of nanoparticles and organic dyes or other chromophores.

In order to analyze the wavelength dependence of I of a sample mixture, various solutions of
chromophores were studied. Initially, to investigate this, the I" spectrum of a solution of an organic dye
(IR 820) dissolved in water at a concentration of 400 uM was determined. In order to generate the I
spectrum, initially ' was determined at Amax Of IR 820 (820 nm) as described above. Next, the ratio of PA
amplitude to ya at each wavelength of the measured wavelength range was calculated, normalized to the
value at Amax and multiplied by I" calculated for Amax. The results are shown in Fig. 2.
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Figure 2: T (red stars), PA amplitude (black crosses) and pa (black line) spectra of IR 820 measured.
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Figure shows that in the wavelength range from 750-880 nm and 1390-1590 nm I is relatively constant.
The deviation from the value of ' of water (I'(H20) = 0.12) is no more that 7% over this wavelength range.
Strong deviations from this constant value of I' can be observed in the wavelength range from 880-
1390 nm. These values are measurement errors due to a low signal to noise ratio. A constant I for a
sample consisting of the sample mixture consisting of organic dye with water as solvent was expected
because the ability to convert the heat energy to an acoustic pressure of a dye molecule (as the light
absorbing species) in water is assumed to be identical compared to a water molecule (as the light
absorbing species).

Next, in order to further analyze the possibility of a wavelength dependence of I', aqueous solutions of
CuCl; were employed because the salt is known to alter the value of ' of a solution as shown in Fig. 2.
Water was used as the second chromophore in the mixture, consistent with the previous experiment. I
spectra of the mixture were generated at room temperature and at 4 °C in order to evaluate the influence
of the reduced thermal expansion coefficient of water at this temperature on the measured I'. The PA
amplitude, pa and I spectra generated at the two temperatures are shown in Fig. 3.



+ Tat4’C
« [at20°C 17
025 Spat4°C
«  Spat20°C . 16
uy at4°C ey P
02 ¥ NI, | " L. f T
TR K ot Rt = ‘:E
L o5 L 4 2E
F KA
o &
t 3®
01 C, el . /
AR A K 3 p
005 [ el
41
oL i1
750 950 1150 1350

A [nm]
Figure 3: PA amplitude (red crosses), pta (red dashed line) and I (red stars) spectra of CuClz (200 gL %) in water at 20 °C
and PA amplitude (black crosses), pta (black line) and I' (black squares) spectra of CuClz (200 gL™) in water at 4 °C.

The resulting PA amplitude and the pa spectrum at 20 °C agree well with each other and the pa spectrum
at 4 °C. However, the PA amplitude at 4 °C is reduced by about 50% at the wavelength of peak absorption
of the salt (850 nm) and the solvent (1450 nm). Minor differences in amplitude and shape of the pa
spectrum can be attributed to low signal to noise ratio generated at the lower temperatures. The difference
in the PA amplitude at the two temperatures can be explained with the decreased I at the lower
temperatures - at 4 °C ['(CuCl,) = 0.08 compared to I'(CuCl;) = 0.17 at room temperature. However, the
calculated I" values show spectral features, especially near the absorption maxima of the solvent from
about 1380-1500 nm. Comparing I' in the spectral range of 750-1370 nm to I" in the spectral range from
1380-1500 nm shows a change in the amplitude of the values differing by 14% and 20% at room
temperature and at 4 °C, respectively. Additional to the feature at the peak absorption of the solvent, a
subtle dip around Amax of the metal ion (Cu?*) around 820 nm is apparent.

To further investigate these spectral features of I', CuCl, was dissolved in the organic solvents water and
isopropanol, in order to exploit the different values of I' of the solutions produced. Subsequently, PA
amplitude, ya and I spectra of the different samples were generated and the resulting spectra were
overlaid as shown in Fig. 3. In addition to this the PA amplitude spectra of the pure solvent were generated
for comparison. The results are shown in Fig 4.
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Figure 4: T (red stars), PA amplitude (black crosses) and pa (black line) spectra of the CuCl2 solutions using various
solvents and PA amplitude spectra of the pure solvents (water (H20) and isopropanol (IPA) ; blue squares).

The change in the wavelength of maximum absorption of CuCl, is due to the variable electronic
environment provided by the solvents of Cu?*. The trend of the spectral features of I', such as the
increased I" with increased influence of the solvent (for the aqueous sample at A>1400 nm and for the
sample using isopropanol as a solvent at A>1300 nm) compare well to the features indicated in Fig.
3Figure. Particularly striking is the increased I at wavelength between 1300 and 1600 nm in the measured



range. [ of the isopropanol/CuCl; mixture changes by about 50% from the minimum (I'(820 nm) = 0.27)
to the maximum (I(1550 nm) = 0.53) value. Another feature of the isopropanol/CuCl, I' spectrum is the
dip around Amax Of the metal ion at 820 nm, which also can be made out for the I spectrum of copper ions
at 4 °C in the range between about 750-950 nm shown in Fig. 3.

4. CONCLUSIONS

The change of I with wavelength and its spectral features can possibly be explained by considering the
behavior of ions in solution, such as copper, nickel or chlorine ions in aqueous solution or in an organic
solvent. For example, when dissolved in an aqueous solution, CuCl; is solvated by the water molecules
forming copper (Cu?*) and two chlorine ions (CI), which are solvated by several water molecules forming
clusters which are called clathrates. The influence of an ion in solution on the solvent depends on factors
such as size and charge of the ion (Bock, Markham, Katz, & Glusker, 2006). It has been proposed, that
an ion can influence solvent molecules in a range of up to several hundreds of nanometers, involving 103-
108 solvent molecules (Sedlak, 2006) in layers around the central ion, resulting in an increased local
density of solvent molecules around the ions compared to the rest of the bulk solution. The solvent
molecules are affected in various ways, such as induced charge transfer, changing of the dipole
orientation and distorting of the hydrogen-bond network in the bulk (Y. Chen et al., 2016). The effects of
these interactions are predominant in the first hydration shell and can be observed by the elongation of
the oxygen lone pair orbitals along the ion-oxygen direction and the influence on the hydrogen bonding
electrons, resulting in a strong polarization of the molecules (Krekeler & Delle Site, 2008). In addition,
Ahmed et al were able to show that the water molecules involved in formation of the hydration shell are
vibrationally decoupled from their neighboring bulk water molecules (Ahmed, Namboodiri, Singh, &
Mondal, 2014). These properties of clathrates may be the reason for the observed wavelength
dependency of I' of the solutions (Cu?* ions in various solvents). In particular the increased local density
of solvent molecules surrounding the central ion of a clathrate compared to the bulk solution might explain
the observed wavelength dependence of I, since the density has a direct influence on I via

P K,

Cp P

F:

Eq. (6)

where Ks is the adiabatic bulk modulus and p is the density. As a result of the changed local density due
to the formation of clathrates, the two absorbing species (Cu?* and the solvent) in the spectral region
measured (750-1500 nm), exhibit different efficiencies converting heat to stress as shown by plotting the
I" spectra. At about 4 °C the density of water is at its maximum and the thermal expansion at its minimum.
At this temperature (4 °C), Cu?* clathrates are more efficient converting the thermalized energy to stress
than the bulk water. The effect can be observed in Fig. 3, showing the increased I" values in the spectral
region around the clathrate absorption peak (750-1300 nm) compared to the spectral region around the
solvent absorption peak (1350-1500 nm) at 4 °C. However, at 20 °C the thermal expansion of water is
increased and thus the conversion from heat to stress is more efficient, shown by the values of I' in the
spectral region from 1350-1500 nm. Even though the spectral features of [ are in the same position, the
amplitude of the measurements of I at 4 °C differs significantly from the measured I' at 20 °C. At 20 °C
the average I of the aqueous Cu?* solution is increased due to the increased thermal expansion of water.
However, apart from the changing amplitude, a blue shift of the maximum I by more than 500 nm is
noticeable. In the case of the solution at 4 °C the efficiency of the bulk water to convert heat to stress is
lower compared to the ability of the clathrates. At increasing temperatures, the situation is reversed and
at 20 °C the amplitude is greater around the water absorption peak (1450 nm) than around the ion
absorption peak (850 nm). It can therefore be concluded that the conversion from heat to stress is more
efficient in the bulk water compared to the Cu?* clathrates at increased temperatures. The same holds
true for solutions of CuCl> in organic solvents. Fig. 4 shows the I' spectrum measured using CuCl; in
water and isopropanol. The spectral features of [ shown are comparable to those identified in Fig. 3 and
can also be explained by the formation of clathrate like structures. These structures and the bulk solvent
exhibit a different efficiency converting heat to stress likely to be caused by the increased local density of
solvent molecules surrounding the metal ions compared to the bulk solvent. Another feature presented
in Fig. 4 is the small intermediate peak in the I spectra of the isopropanol/CuCl; mixture at about 1200
nm, which is due to the increased influence on I of the solvent, caused by the absorption peak of
isopropanol in this spectral region. At wavelengths where both absorbing species pose significant
absorption, the values of ' depends on both species and thus introduces features such as the
intermediate peak at around 1200 nm in the I spectrum of Cu?* in isopropanol.



In conclusion, the present study describes a method based on time-resolved PA spectroscopy for the
identification of clathrates in liquid media. The method relies on the measurement of [ of the two species
within the sample - the solvent and the clathrate. The altered I" can be attributed to a different local density
of the molecules making up the clathrate cage compared to the bulk solvent molecules. This method
poses a robust and simple alternative to existing methods and has the potential to promote the industrial
use of hydrates via reducing the energy consumption for the hydrate formation.
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