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Introduction

Spectroscopic and complementary
thermodynamic study of liquid, supercooled,
and glassy state of ethylene glycol

Matthew Leonard and Bratoljub H. Milosavljevic 2 *

Raman and IR spectroscopy were employed to uncover coalesced/unresolved peaks in the liquid, glassy, and
crystalline phases of ethylene glycol (EG) in a temperature range of +24 to —160 °C. The temperature-
resolved O—-H stretching mode of supercooled EG exhibited continuous changes throughout the studied
temperature range, including below the glass transition temperature (Tq = —121 °C). Conversely, the C-H
stretching spectrum showed no significant variation within the same temperature range, indicating a complex
synchronous change in the C—H---O and O-H---O bonds. Low-frequency (=200 to +300 cm™Y Raman
spectra of glassy and crystalline EG were also reported and compared. The Raman spectrum of the C-C-O
bending mode of EG was measured with a high signal-to-noise ratio (SNR > 1000), and the temperature-
resolved intensity ratio of the trans/gauche bands was determined. This ratio decreased linearly down to the
glass transition temperature, after which it remained constant. The lack of known polarizabilities for these
conformers precludes direct thermodynamic determinations. Previous ab initio molecular dynamics simula-
tions indicated room temperature gauche to trans conformer concentrations of 80% and 20%, respectively.
Using this result as a benchmark, for the reaction G = T, the corresponding A/G = —RT In(K,q) was calculated
to be +3.44 kJ mol™L. Applying the van't Hoff equation in processing our temperature-resolved data yielded
the following thermodynamic parameters for the same reaction: AH = (+3.06 + 0.07) kJ mol™, AS =
(<114 £+ 0.31) I mol™ K™%, and A,G = (+3.40 + 0.12) kJ mol™. Another [TI/[G] ratio reported in an experi-
mental NMR study was also used in the thermodynamic calculations; the results obtained were compared to
the aforementioned data and discussed.

dynamics simulations. The corresponding research results may
be useful to better understand the temperature resolved molecular

Ethylene glycol (EG) is a hydrogen-bond-forming glass former
which has been used in various commercial and industrial appli-
cations since the early 20™ century. These include its use as a
component of antifreeze for engines and plumbing, and in sprays
applied to airplane wings to prevent ice formation at high alti-
tudes. EG also has cryobiological applications as an ingredient in
the mixtures used to cool biological tissues for cryopreservation,
whether for long-term storage or for transportation.””* Some of the
industrial applications of EG are related to its relatively high
viscosity compared to that of water. This difference in viscosity
can be explained by the EG molecule’s three-dimensional branch-
ing hydrogen bond network, which results in overall lower mole-
cular mobility. Due to it being a small molecule which can form
multiple hydrogen bonds at each of its two hydroxyl groups,
EG has been and continues to be studied in fundamental research
including various experimental techniques and molecular
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dynamics in larger hydrogen-bond-forming molecules such as
polysaccharides and sugars, as well as to provide insights into
the supercooled liquids phenomenon. In order to understand EG
liquid state properties (hydrogen bonding, structural dynamics,
molecular clustering, etc.), measurements of the density, viscosity,
melting point, heat capacity, enthalpy and entropy of fusion,
refractive index, surface tension, speed of sound, and various
other properties of pure EG have been performed, and the
corresponding data interpretation is extensive.>>* More specifi-
cally, Thomas et al. measured the temperature-resolved kinematic
viscosities of EG in the temperature range of +8.1 to +167.6 °C. By
taking the derivative of the Arrhenius plot and subsequently
plotting this against reciprocal temperature, it was found that
EG exhibits Arrhenius behavior only in the low temperature
region.'” Recently, a reference correlation for the experimentally
determined dynamic viscosities of EG (in the temperature range
263 to 465 K) was produced in order to resolve the apparent
discrepancies in the literature, the consideration of which
included 60 references; the uncertainty of the correlation was
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4.9% at the 95% confidence level. The correlation was produced
based upon a sum of theoretical contributions to the viscosity,
including the contribution to the viscosity due to two-body mole-
cular interactions that occur in dilute gases, a term which accounts
for the transport properties of moderately dense gases, a term for
the divergence of the viscosity near the critical point, and a
residual term that accounts for all other effects to the fluid
viscosity at high densities.'® The measurements of the EG viscosity
were expanded to the supercooled (248 K) temperature region in
our paper published recently.'® The EG molecular dynamics has
also been extensively investigated by a number of authors. Huot
et al. performed a thermodynamic study of EG-water mixtures,
before which the thermodynamic properties of pure EG were
determined and interpreted. These include the molar volume
(Vin = 55.92 cm® mol ), the cubic expansion coefficient (x =
6.36 x 10! K1), the isothermal compression coefficient (o =
3.72 x 107> bar™ '), and the constant pressure and constant volume
heat capacities (¢, = 2.69 J K ' em® and ¢, = 2.37 J K ' em ™,
respectively). The internal pressure (P; = 510 ] cm ) and the
cohesive energy density (D = 1006 J cm™*) were also deter-
mined according to the following equations:

T xo
i 1
10><KT ( )
AH,,, — RT
Dce:( dlp/ ) (2)

where AH,,, is the enthalpy of vaporization, R is the gas
constant, T is the temperature, and the other terms are as
previously defined. The authors compared the aforementioned
properties of EG to those of other pure liquids and found that
EG is a highly associated solvent, as evidenced by its large value
of D.. and small value of a. In addition, the authors found that
ethylene glycol appears intermediate between ethanol and water
in terms of the extent of hydrogen bonding that the molecules
experience in the pure liquid. By finding the difference D.. — P; for
water, EG, and ethanol (2248, 496, and 384 ] cm >, respectively), it
was concluded that EG is more closely related to ethanol (which is
also a glass former) in terms of the contribution of the hydrogen
bonding to the cohesion energy."” Gubskaya and Kusalik per-
formed a rigorous analysis of several molecular dynamics models
in order to specify the best model for EG. Upon choosing the
appropriate model, it was concluded that the EG molecule has a
tendency to participate in two weak (possibly bifurcated) hydrogen
bonds, in addition to four strong ones.'® Calorimetric studies of
the EG liquid have also been performed. Takeda et al. used an
adiabatic calorimeter to measure the heat capacities of pure EG
and 1,3-propanediol in the temperature range from 13 to 300 K.
The pure EG was doped with ~5 mol% glycerol in order to
suppress the crystallization and form the glass; the heat capacity
of glycerol was accounted for by assuming the additivity of
the heat capacities. The glass transition temperature was deter-
mined to be 152 K for the doped sample. From the data obtained,
the configurational entropy was calculated as a function of
temperature. The authors also reported the enthalpy (AHp,s =
11.86 k] mol ") and entropy (ASg,s = 45.54 J mol ™" K™ ') of fusion
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for pure EG, with a corresponding melting temperature T, =
260.47 K.*° Parks and Kelley measured the specific heat capacities
of crystalline and liquid EG from 88 to 293 K using a copper
calorimeter housed within a dewar, and the corresponding
enthalpy and entropy of fusion were determined. The noticeable
rise in the heat capacity as EG approached the melting point was
attributed to premature melting of the sample due to the presence
of impurities. The authors also reported the absolute entropy of
pure EG at 298 K; it was determined by using the following
equation in the range 0 to 90 K:

Gy =f(T"107) 3)

where C, is the constant volume heat capacity, fis a universal
function for any substance, T is the temperature, 6 is a
characteristic constant for each substance, and n is dependent
on the given substance. The entropy from 90 K to the melting
point (T, = 260.8 K) and from Tm to 298 K was obtained by
graphical integration. A comparison of the entropies of metha-
nol, ethylene glycol, and glycerol (32.6, 42.9, and 53.2 cal. K™,
respectively) reveals that there is a difference of 10.3 cal. K™ *
per addition of a CH(OH) group.”" The optical properties of
EG have also been characterized. Sani and Dell’Oro reported
the real () and imaginary (k) parts of the refractive index of
ethylene glycol in the range 181 to ~54000 cm ' (185 to
55000 nm). The values of k were found by collecting the
transmittance spectra of the sample at different path lengths,
from which the extinction coefficients (and subsequently values
of k) were determined. The values of 5 were found from the
k values by using the Kramers-Kronig relationship. Hence,
the relative errors of the values of n = 0.1 to 0.7%, and the
relative errors of the k values = ~3 to 20% cited appear to be
incorrect.>®> The previous temperature-resolved dielectric
spectroscopy study from Blochowicz et al. found that the
a-relaxation peak in the dielectric loss spectrum of EG does
not have a secondary relaxation peak, B; the o peak is accom-
panied on its high frequency side only by the excess wing,
which is characteristic of a type A glass former.”* The authors
found that the glass transition temperature (T,) was equal to
152.0 K, which was determined by interpolating the 7,(7T) at 7, =
100 s. The corresponding fragility index was found by evaluat-
ing the numerical temperature derivative of the relaxation time
data at Tg; its value was m = 50.0. Our recently published low-
temperature differential scanning calorimetry study produced
the same value of T, (152 K) but the fragility index determined
from our viscosity data® is 30% higher than that published in
ref. 24; there is no apparent reason for the discrepancy
observed. In addition, numerous studies were performed at
room temperature using IR and Raman spectroscopy,> >
because these experimental techniques can provide valuable
information on hydrogen bonding, structural dynamics, and
molecular clustering (see SI).

In this work, in order to gain deeper/complementary insight
into the supercooled and glassy states of EG, low-temperature-
resolved Raman spectroscopy experiments were performed;
in particular, the O-H and C-H stretching modes were
scrutinized. Because only the gauche conformer exists in the
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crystalline state while both the trans (T) and gauche (G) con-
formers exist in the liquid state, it was of interest to obtain the
thermodynamic parameters of the G 2 T reaction. Hence, the
Raman spectrum of the C-C-O bending mode of EG was
measured with a high signal-to-noise ratio (SNR > 1000) in
the wavenumber region 425-575 cm ™', and the temperature-
resolved intensity ratio of the trans/gauche bands was deter-
mined, which was in turn used to obtain the corresponding
AH, AS, and AG.

Experimental methods

Anhydrous ethylene glycol (99.8%) was purchased from ACROS
Organics and used as received. Small EG sample sizes had to be
applied in order to avoid regular crystallization; therefore, a
Raman microscope had to be used instead of a typical Raman
spectrometer. Two Horiba LabRam HR Evolution Raman Vis-
NIR spectrometers were used in this work. The LabRam spec-
trometers include an Olympus BXFM-ILHS optical microscope
and IDS uEye 3 MPix video camera/software. A Diode Nd:YAG
532nm laser source with a laser power of 30 or 35 mW was
used. The spectra collected in the low frequency range (—300 to
+600 cm~ ') had a spectral resolution of ~0.7 cm™"; this was
achieved by setting the confocal pinhole aperture to 50 pm.
Spectra in the O-H and C-H stretching region were obtained
with an aperture size of 100 pm, resulting in a spectral resolu-
tion of ~9 cm™". BragGrate notch filters were used to allow the
collection of low frequency (5-10cm ™) signals. Spectra were
collected using a groove density of 1800 gratings mm™*; the
spectra collected in the O-H stretching region were obtained
using a groove density of 300 gratings mm ™. Calibration of the
Raman spectrometers was performed using a silicon standard
prior to each Raman experiment. For temperature-resolved
measurements, a Linkam Scientific Instruments heating and
freezing stage (model HFS600E-PB4—with four gold-tipped
tungsten probes and 4 BNC connectors) was used. The relevant
specifications are: Temperature range —196 to 600 °C, Heating/
cooling rate up to 150 °C min~ ', temperature stability <0.1 °C,
Silver heating block for high thermal conductivity, 100-ohm
platinum resistor sensor (1/10th Din Class A to 0.1 °C), Gas
tight chamber for atmospheric control, Single ultra-thin lid
window —0.17 mm. More data can be found at the following
website: https://www.linkam.co.uk/hfs600e-pb4. The Infrared
spectra of water and EG were collected using a Thermo-
Scientific Nicolet iS50 FTIR spectrometer equipped with a

diamond cell; the spectral resolution was better than 0.5 cm ™.

Results and discussion

The Raman spectra corresponding to the C-H stretching mode
may provide deeper insight into the glass formation instead of
crystallization phenomenon. Indeed, it was found that there is
no significant change in the spectrum of the liquid to that of
the glassy state from +25 °C to —150 °C; however, the Raman
spectrum of the crystal at —150 °C differs drastically from that
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of the liquid (Fig. 1). The positions of the C-H stretching bands
corresponding to liquid and crystalline EG reported in this
work agree within 5 ecm™* to those reported previously.>”
Another study reported the Raman spectra of EG at room
temperature as a function of pressure; the solid EG was formed
at pressures higher than 5 GPa. It was found that there was a
shift of the peaks towards higher wavenumber as the pressure
exerted on the sample increased, as well as the appearance of
an additional peak in the C-H stretching region. These bands
are shifted by ~100 cm™" from the corresponding peaks of
crystalline EG in this work. The assignment of the C-H stretch-
ing peaks in the Raman spectrum of the pressurized solid were
ascribed to the CH, stretching mode but no symmetry analysis
of the mode was indicated.*>

The comparison of the Raman spectra of the glassy and the
liquid states in Fig. 1 shows only a small change in the peak
positions (~10 ecm™' at most); the peak narrowing corres-
ponding to the glassy state can be attributed to the weakened
vibrational intensities at low temperatures. As it will be
explained later in the text, we found that the three-fold decrease
in the EG trans conformation concentration accompanies the
glass formation at —121 °C. Apparently, no such change affects
the symmetric/asymmetric C-H stretching intensity ratio to the
same extent. However, the corresponding intensity ratio
changes dramatically for the crystalline EG (which has been
established to exist purely in the gauche form). Therefore, the
change in the C-H stretching intensity ratio from the liquid to
the crystalline state cannot be solely explained by the absence
of the trans conformer.

The results of recent ab initio molecular dynamics simula-
tions have indicated that intermolecular OH- - -O distances in
liquid EG are much shorter than the intramolecular OH: - -O
distances, indicating that (small) agglomerate geometries invol-
ving intermolecular OH- - -O interactions dominate over those
that involve only intramolecular interactions. In addition, the
average number of hydrogen bonds per EG molecule in
the liquid state was found to be 3.8.>° On the other hand, the
crystal structure of EG (including the hydrogen bonding

T T T T T T
1.04 liquid (20 °C)
glass (-150 °C)
’&; crystal (-150 °C)
= 0.84
c
]
-E 0.6
©
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é‘ 0.4
(2]
3
E 0.2
0.0
T T T T T
2600 2700 2800 2900 3000 3100

Raman shift (cm'1)

Fig.1 Raman spectra of the C-H stretching mode of EG in liquid at
+20 °C as well as crystalline and glassy state at —150 °C.
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Fig. 2 Raman spectra of the O-H stretching mode of EG in the liquid
state at +20 °C as well as the glassy and crystalline state at —150 °C.

between EG molecules) was determined based on a neutron
powder diffraction study;>® it was found that there are 8 total
hydrogen bonds in the EG unit cell (4 hydrogen bonds per
molecule). Consequently, one possible explanation for the EG glass
formation is that the energy of activation for the intramolecular to
intermolecular hydrogen bonds conversion is relatively high thus
preventing the nucleation center(s) formation.

Fig. 2 presents the Raman spectra in the O-H stretching
region for the liquid, crystal, and glassy EG. The spectrum of
the crystal agrees with the prior reports.””** There is a clear
shift in the O-H stretching mode to lower wavenumbers from
the liquid to the glassy phase of EG, however no fine structure
was noticeable. In order to make further comments on the O-H
stretching mode in EG, the temperature resolved Raman
experiment was performed.

Fig. 3 presents the Raman spectra in the O-H stretching
region corresponding to the temperature extremes applied in our
measurements. The O-H stretching band shifts to lower wave-
numbers with temperature and changes continuously, even after

0.8
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0.4

0.2

Intensity (arb. units)

Intensity (arb. urits)

0.0 oot . R A\WAN
.0 4 3100 3200 3300 2400
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T
3400
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3000 3100 3200 3300 3500 3600 3700

Raman shift (cm'1)

Fig. 3 Raman spectra of the O—H stretching mode in the liquid and glassy
state of EG. Insert shows the temperature-resolved Raman spectra near
the glass transition temperature (—121 °C).
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the sample forms a glass (—121 °C). There is the appearance of a
shoulder on the higher wavenumber side of the spectrum as the
sample approaches the glass transition temperature. However,
the difference spectral analysis of the Raman spectra in the same
wavenumber region shows that there is no isosbestic point in
the spectrum, indicating a complex synchronous change in the
C-H:--O and O-H-: - -O bonds.

The low frequency Raman spectra of the crystal and glassy
state of EG are presented and compared in Fig. 4. The crystal
spectrum includes multiple sharp peaks in the low frequency
region, which have previously been ascribed to the external
modes of the EG crystal.>® These external lattice vibrational
modes are due to quanta of energy (low-energy phonons) which
excite a given lattice mode within the crystalline structure. The
intensities and peak widths of these phonon modes are depen-
dent upon the intermolecular interactions in the crystal, the
temperature of the system, and the orientation of the crystalline
lattice with respect to the incident laser polarization.>* Raman
scattering due to low energy phonons can also occur in mole-
cular glasses, such as the case for amorphous EG. The Boson
peak in the EG glass appears at ~50 cm™'; in comparison to the
crystal peaks, the Boson peak of the glass is broad (peak width of
~100-200 cm ™). The differences between the Raman spectra
of the crystal and the glass can be explained by the distribution
of low-energy phonons which can excite the EG vibrational
modes. Since there are both short- and long-range orders of
molecules in the EG crystal, the quanta of energy which result in
excitation of the phonon modes are discrete. In the amorphous
EG, there is a random spatial distribution of the molecules, thus
resulting in a distribution of vibrational states. Consequently, the
corresponding Raman scattering spectra have no fine structure.

The conformational analysis of ethylene glycol has been the
focus of numerous studies for several decades. Namely, there
has been an interest in establishing the room temperature
equilibrium concentrations of the ¢trans and gauche conformers
of EG in the liquid phase. More specifically, there are two
equilibria in this system:
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200 \

100 1 )

/

0 ./ —f— e
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-200 -100 0 100 200
. -1

Raman shift (cm™)

——
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Fig. 4 The low frequency Raman spectra of glassy and crystalline EG at
—160 °C. The peak in the crystalline spectrum at —14 cm™~ is an artifact of
the instrument.
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G,=2T (4)
G_.=2T (5)

where G, and G_ are the ‘gauchet’ and ‘gauche—’ states of EG,
respectively. Recently, ref. 28 and 43 reported the gauche concen-
tration to be ~80% at room temperature. Their results were
obtained via molecular dynamics simulations with improved mole-
cular models and greater computational power than what was
previously achievable. If the concentration of the ¢rans conformer is
20%, then the concentrations of the G enantiomers are 40% each,
which adds to 100%. It is pertinent to note that the equilibria (4)
and (5) are identical from the kinetic and thermodynamic point of
view; therefore, when calculating the equilibrium constant, they
can be combined in the following way: (G, + G_) =2 T, ie.:

GarT (6)

where G is the gauche and T is the trans conformer of EG.
Consequently,

Keq = [TI(G+] + [G-]) = [TV[G] (7)

Using the conformer concentrations of 20% trans and 80%
gauche as a benchmark,”®** the corresponding A.G can be
calculated using:

AG = —RTIn(Ke,) 8)

with K.q = 20%/80% = 0.25; the corresponding calculated result
can be found in the second column of Table 1.

At equilibrium the corresponding reactivities must satisfy
the following relation:

[G] X kg7 =[T] X kr_g 9)

Apparently, the equilibrium constant for the process
described by eqn (6) can be calculated from both the concen-
tration and rate constant ratios:

Keq = [T]/[G] = kG%T/kTﬁG (10)

In addition to the data obtained from the molecular
dynamics simulations, it would be useful to consider a set of
experimentally determined equilibrium concentrations. An
"HNMR study reported the concentrations of [G] and [T] in
the room temperature liquid to be 86% and 14%, respectively.’”
For the sake of comparison, the corresponding A,G is also
presented in Table 1.

It would be of interest to determine the temperature
resolved [T]/[G] ratio, as these data would enable the

Table 1 Thermodynamic parameters corresponding to the G =2 T con-
former reaction, calculated from the room temperature [TI/[G] data®®>’
and our temperature resolved [T]/[G] measurements

AH i AS
RT R

A;G = —RT x In(K.q) In (Keq) =

AH AS AG
Keq T=298K(Kfmol™") (kfmol™) (Jmol " K™ (k] mol™")

—1.14 + 0.31 +3.40 £ 0.12
—4.71 £ 0.31 +4.46 £+ 0.12

20/80
14/86

+3.44
+4.50

+3.06 + 0.07
+3.06 + 0.07
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Fig. 5 Raman spectra (resolution = 0.7 cm™) normalized with respect to
the CH, rocking mode corresponding to the liquid, crystalline and glassy
state of EG.

application of the van’t Hoff equation to determine the values
of A.G, A:H, and A.S, which may be useful for understanding
the EG thermodynamic behavior in the supercooled region.
Since our thermodynamic analysis of the temperature-resolved
EG conformers’ transformations relies on the accuracy of the
EG’s Raman spectra and the corresponding assignments of its
spectral peaks, we measured the room temperature IR and
Raman spectra of EG and compared our results to the pre-
viously published values, which is presented in Fig. S1 and S5
as well as in Tables S1 and S2 and is accompanied by the
relevant discussion. In addition, the Raman spectra of the EG’s
supercooled and glassy state were compared to the one corres-
ponding to the EG’s crystalline state. Only the spectra/modes
relevant to the thermodynamic analysis are shown in this
section; these are the C-O stretching, C-C-O bending, C-H
stretching, O-H stretching and the Boson peak. The entire
spectra ranging from —200 to 3800 cm ™' (Anti-Stokes and
Stokes) are presented/discussed in the SI. Fig. 5 shows the
high-resolution Raman spectra corresponding to the C-O

L L R A B S A R R R B R R R A
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glass (-150 °C)
crystal (-150 °C)

184
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Fig. 6 Raman spectra (resolution = 0.7 cm™3) normalized with respect to
the gauche conformation of the C-C-0O bending mode of EG in the liquid,
crystalline and glassy state.
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stretching mode of the liquid, crystalline and glassy states of
EG. In agreement with previous reports,>”*> one can see that
there is no trans conformation (v = 1062 cm ') of EG in its
crystalline state. However, in the EG glassy state at —150 °C, the
trans conformation still exists but its concentration is about
50% lower in comparison to that in the liquid state at room
temperature. Due to the overlap with the CH, rocking peak, the
C-O stretching mode is not convenient for the quantitative
temperature resolved study of the trans to gauche conforma-
tions’ concentration ratio.

Fig. 6 compares high-resolution (0.7 cm™') normalized
Raman spectra corresponding to the C-C-O bending mode of
EG in the liquid, crystalline and glassy state. In agreement with
previous reports,””*> one can see that there is no trans con-
formation (v = 481 cm™ ') of EG in its crystalline state while the
gauche band is split into two peaks; however, in the EG glassy
state at —150 °C the trans conformation still exists. Since there
is no overlap with other bands, it would be convenient to use
the C-C-O bending spectrum to study the temperature-resolved
trans to gauche conformation concentrations’ equilibrium.

Fig. 7 shows the temperature-resolved normalized Raman
spectra of supercooled liquid and glassy EG in the wavenumber
range that corresponds to the C-C-O bending mode. By inte-
grating the trans (T) and gauche (G) peaks, the corresponding
temperature resolved 7/G intensity ratios were obtained and are
shown in the insert of Fig. 7.

In order to obtain the temperature resolved concentration
ratios of the conformers from the Raman intensities, the
polarizabilities of the T and G conformations are needed.
Namely, the intensity of bands in the Raman spectrum of a
compound depends on the change in polarizability « that

T T T T T
AfMAA

— 1 &
[2]
=
c
=
o
e
&
- 7
=
(2]
c
[}
-—
£

T T T T T

450 475 500 525 550 575

Ramanshﬂ(cm4)

Fig. 7 Temperature-resolved normalized Raman spectra of supercooled
liquid and glassy EG in the wavenumber range that corresponds to the C—
C-0O bending mode; the trans and gauche conformer bands were labeled
as (T) and (G) respectively. Insert shows the intensity ratios of the (T)/(G)
band areas as a function of temperature. Black triangles and red squares
correspond to the 1st and 2nd sets of data, respectively.
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occurs during the vibration:
I o\ 2
[Raman = KIL(VO - Vi)4 (@) (11)
where I, is the power of the laser at the sample, 7, — 7; the
Ou

wavenumber at which the band is measured, and

20
the change in polarizability with the normal coordinate of the
vibration.”® This parameter is the Raman analogy of absorptivity
and is sometimes called the Raman cross section. The constant of
proportionality, K, is dependent on the optical geometry, collec-
tion efficiency, detector sensitivity, and amplification.>® To the
best of our knowledge, the value (00/0Q) and its dependence on
temperature for EG are not known. Hence, the peak intensities
and the concentrations of the conformers cannot be directly
related. One way of solving this problem is to equate the ratio
of the areas under their corresponding peaks shown in Fig. 7 to
the previously reported [T]/[G] ratio at room temperature. Since
the spectral maxima of the gauche and trans conformers are
separated by only 45 cm™", it is reasonable to assume that the
other parameters (contained in constant K in eqn (11)) that affect
their Raman spectral intensities are the same in this narrow
wavenumber interval. The ratio of the conformers’ areas at room
temperature is 1.8 and that of their concentrations is 0.25. By
dividing the two, one finds that the polarizability derivative of the
trans conformer at room temperature is about 7 times larger than
that of the gauche one, which is a significant piece of information.

In general, the subject of temperature-resolved polarizability
has been very briefly studied both experimentally and theore-
tically. To get an idea how it depends on temperature, the
Clausius-Mossotti relation was employed to calculate the high
frequency single-molecule mean polarizability of EG in the
temperature range from —70 to +15 °C; the dielectric constants
needed were taken from ref. 34 and our extrapolated measured
densities were utilized.'® Due to difficulties in measuring
densities and dielectric constants in supercooled liquids at
low temperature, the data presented in Fig. S6 are rare in
literature and thus valuable for general understanding of the
polarizability vs. temperature relationship. Hence, it is worth
presenting and discussing them in the SI.

It would be interesting/important to see how the [T]/[G]
changes in the supercooled region down to the glass transition
temperature of EG. Then, another unknown to figure out is the
temperature dependence of polarizability of both the G and T
conformers separately. Since the peak positions of the C-C-O
bending modes corresponding to the trans and gauche confor-
mer are separated by only 45 cm™ ", it is reasonable to assume
that the parameters which are contained in constant K in
eqn (11) change in the same manner on changing temperature.
Under the aforementioned assumptions, the equilibrium
constant for the G 2 T reaction can be determined. Fig. 8
shows the temperature-resolved equilibrium constants when
the Keq25°c is 0.25 and 0.16. These K.q»s5-c correspond to the
equilibrium concentrations published in ref. 28 and 37,
respectively.
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Fig. 8 Temperature-resolved equilibrium constants for the G 2 T reac-
tion obtained from the data presented in the insert of Fig. 7 assuming that
the Keq25°c is 0.25 and 0.16, respectively. Triangles and circles correspond
to the 1st and 2nd sets of data from the temperature-resolved Raman
experiments, respectively.

For both values of K.q,s5-c, the temperature resolved equili-
brium constant was found to decrease in approximately linear
fashion down to the glass transition temperature (—121 °C),
after which it remained constant. Contrary to the crystalline
EG, it is apparent from Fig. 8 that the ratio [T]/[G] is not equal to
0 and is a constant value once the sample forms a glass. For the
case that K.q,5-c is equal to 0.25, the concentrations of the
conformers below T, are [T] = 6.5% and [G] = 93.5%. With
the temperature resolved equilibrium constant, it is possible to
determine the thermodynamic parameters of the conformer
reaction using the van’t Hoff equation; the corresponding
graphs are presented in Fig. 9 and the data obtained are
included in Table 1.

The first row of Table 1 corresponds to the equilibrium
constant calculated using the estimated concentration of the
trans conformer [T] = 20% reported in ref. 28, that is, K.y = 0.20/
0.80. The second row corresponds to the equilibrium constant

[T],, = 20%, [G],, = 80%
-1.5 8

»
o
!

T],, = 14%, [G],, = 86%

oa

In([TVIG])

-2.54

0.0635 0.0640 0.0645 0.0650
Reciprocal Temperature (K'1)

0.0030

Fig. 9 Van't Hoff plots for the gauche to trans conformations’ reaction
obtained from the data presented in Fig. 8. See Table 1 for the corres-
ponding thermodynamic parameters.
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calculated using the estimated concentration of the ¢trans con-
former [T] = 14% reported in ref. 37, that is, K.q = 0.14/0.86. The
values of A.H were found to be equal for the two Keq »5 ¢ values
analyzed, which is not surprising when one realizes that the two
trends in Fig. 8 are simply the data in Fig. 7 scaled by two
different constants. It is pertinent to note that the van’t Hoff
plots are linear in the temperature range from +25 to —75 °C
indicating the reaction enthalpy is temperature independent in
that interval. The positive enthalpy of the reaction G = T
indicates that the intramolecular hydrogen bonds corres-
ponding to the gauche conformer in solution are stronger than
those corresponding to the ¢trans conformer. The value of A,S is
negative for the concentration ratios presented in Fig. 8 (0.25
and 0.16).2%3” The value of A,G is positive in both cases. Note
that the A,G calculated from the thermodynamic equilibrium
constant is the same as that calculated from the van’t Hoff
analysis (A,G = A;H — TA.S). This can be taken as a piece of
evidence that our assumption regarding the conformer polar-
izabilities (relationship between the Raman intensities and the
conformer concentrations) is reasonable. Gaur and Balasubra-
manian computed (using well-tempered metadynamics simula-
tions using the FF-v1 FF) the free energy difference between the
trans and gauche conformers in the liquid state at room
temperature to be 1.7 k] mol *.** Since there are two gauche
enantiomers, to get the overall free energy this value should be
multiplied by two which gives 3.4 k] mol . This value is in very
good agreement with the Gibbs free energy value calculated in
our work.

Summary and conclusions

Raman and IR spectroscopy were used to reveal coalesced/
unresolved peaks and to verify previously published spectra
in the liquid, glassy, and crystalline phases of ethylene glycol,
EG, in the temperature range from +24 to —160 °C. The
precision of our Raman spectral assignments was =1 cm ™. It
was found that the spectral assignments for the room tempera-
ture Raman and IR spectra agreed with the literature within
+10 em™". The assignments for the Raman spectrum of the
crystalline state were found to deviate from the data published
previously by as much as 60 cm™'; the C-H and O-H stretching
modes deviated by almost 100 cm™'. In addition, five new
Raman bands were reported for the crystalline phase; these
can likely be attributed to the C-O stretching and the CH,
scissoring modes. The low frequency (—200 to +300 cm ™)
Raman spectra of the glassy and crystalline EG were also
reported and compared. The lack of fine structure in the
Raman spectra of the glassy EG can be attributed to the random
spatial distribution of EG molecules in the glassy state.

We repeated the IR measurement using an anhydrous EG
sample and compared the spectrum obtained to that of water.
No band was found at 1653 cm ' in the EG spectrum, but a
band at 1637 ecm™ ' is observed in the IR spectrum of water,
possibly indicating an artefact in ref. 28 due to contamination
of EG with water.
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The Raman spectrum of the C-C-O bending mode of
ethylene glycol was measured in this work with a high signal-
to-noise ratio (SNR > 1000), and the corresponding temperature
resolved intensity ratio of the trans/gauche bands was determined.
It was found to decrease linearly down to the glass transition
temperature (—121 °C), after which it remained constant. The lack
of known polarizabilities for these conformers precludes direct
thermodynamic determinations. Previously, from ab initio mole-
cular dynamics simulations, the room temperature gauche to trans
conformer concentrations were reported to be 80% and 20%,
respectively. Using this result as a benchmark, for the reaction
G =2 T, the corresponding A,G = —RTIn(K,q) was found to be
+3.44 kJ mol ™. Using our temperature resolved data, van’t Hoff
analysis resulted in the following thermodynamic parameters for
the same reaction: A.H = (+3.06 & 0.07) k] mol %, A,S = (-1.14 +
0.31) Jmol ' K !, and A,G = (+3.40 + 0.12) k] mol ™ *. Another [T}/
[G] = 0.16 ratio reported in an experimental NMR study was also
used in the thermodynamic calculations; the following results
were obtained A.H = (+3.06 + 0.07) k] mol ", A,S = (—4.71 + 0.31)
Jmol ' K™%, and A,G = (+4.46 & 0.12) k] mol .

From the analysis of the spectral peak intensities, the
polarizability derivative of the trans conformer at room tem-
perature was found to be about 7 times larger than that of the
gauche one.

On cooling, the temperature resolved O-H stretching mode
of EG was found to change continuously across a temperature
range of +24 to —160 °C, even below the glass transition
temperature (-121 °C). On the other hand, we found no
significant change in the C-H stretching spectrum in the same
temperature range, indicating a complex synchronous change
in the C-H:- -0 and O-H- - -O bonds.
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