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We have studied the complex dielectric properties of a series of alcohols in 0.5-10 THz frequency range
using THz time-domain spectroscopy. The dielectric response observed has contribution from a Debye
relaxation process and three damped harmonic oscillators. Combination of experimental observations,
all-atom molecular dynamics simulations and ab initio quantum calculations reveals that the complex
dielectric spectra of alcohols result from a complex dynamics involving vibrational motions of several
atoms across multiple interacting alcohol molecules. The major contribution comes from the fast
hydrogen-bond rupture and reformation dynamics, the motion of alkyl chains, and the motions of the

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen bond (H-bond) dynamics plays a pivotal role in vari-
ous chemical and biological phenomena. Water, the solvent of life,
is probably the most studied H-bonded liquid [1]. Alcohols are
another important class of H-bonded liquids, but are not studied
extensively. Unlike water, alcohol molecules can donate only one
hydrogen bond but can accept two [2] lacking the extensive H-
bond network that is present in water. Secondly, the amphiphilic
alcohol molecules have both polar hydroxyl hydrophilic part, cap-
able of forming H-bond, and non-polar alkyl hydrophobic part
engendering hydrophobic interaction between molecules in the
condensed phase. A change in the size and shape of the hydropho-
bic part can alter the hydrophobic interactions and may also affect
the H-bond network. Moreover, alcohols are miscible with myriads
of polar and non polar solvents. Studies on the molecular structure
of liquid alcohols using X ray scattering, MD simulations, etc.
reveal that alcohol molecules associate to form ring or chain like
structure [3]. However, the degree of association is still debatable.
Also, the relation between the structure and dynamics is not yet
well understood. NMR relaxation experiments suggest that with
increasing alkyl chain length the rotational correlation time of
the OH group slows down from methanol (~5 ps) to 1-hexanol
(~90 ps) [4]. Using OH stretching mode as an indicator, polariza-
tion sensitive pump probe and 2D IR spectroscopy have recently
been employed to understand H-bond dynamics in alcohols [5].
The study reveals that OH dynamics predominantly has two time-

* Corresponding authors.
E-mail addresses: arnab.mukherjee@iiserpune.ac.in (A. Mukherjee), pankaj@ii-
serpune.ac.in (P. Mandal).

http://dx.doi.org/10.1016/j.cplett.2017.04.026
0009-2614/© 2017 Elsevier B.V. All rights reserved.

scales; a fast component (~100 fs) assigned to librations and H-
Bond stretching, common for both water and alcohols, and a
slower component (a few picoseconds) arising from the
diffusion-dictated H-Bond exchange dynamics present only in
alcohols. In another recent study, Hunger et al. used polarization
resolved fs-IR spectroscopy to show that the OD stretch vibration
is faster for methanol (~0.75 ps) compared to ethanol (~0.9 ps)
and its higher homologues [6].

Dielectric spectroscopy provides further insights into the reori-
entation dynamics of the alcohols [7]. This method records the
response of polar molecules to an applied oscillating electric field
in the form of dielectric loss and dispersion functions which result
from the reorientation of molecular dipoles. Thus, the frequency
dependent complex permittivity, e(v) = €'(v) — i€”(v), can be mea-
sured. This, in turn, provides the relaxation time (7;) and dispersion
amplitudes (Ag) of the fundamental relaxation processes. Alcohols
show three distinct relaxation dynamics in the timescales of one to
hundreds of picoseconds depending on the size of the alcohol
molecule: (a) a slow relaxation process originating from the align-
ment of dipoles in the H-bonded network, (b) an intermediate
relaxation process stemming from the reorientation of alcohol
monomers, and (c) a very fast process related to the flipping or
rotation of the free OH group or breaking and reformation of H-
Bond in a translational motion [8].

At terahertz (THz) (1THz=33.33cm™'=4meV) frequency
range (0.1-15 THz), the molecular reorientation and several inter-
molecular vibrations (local oscillations of dipoles) may coexist con-
tributing to the overall liquid dynamics. Nevertheless, dielectric
properties in THz frequency regime remained unexplored for a
long time since this region of the electromagnetic spectrum could
not be accessed until recently [9]. Time domain THz spectroscopy
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(THz TDS) technique measures the electric field, rather than inten-
sity, and thus provides both the amplitude and phase of the spec-
tral components making up the THz pulse. From the amplitude and
phase, absorption coefficient and refractive index of the sample can
be calculated. This allows for the evaluation of the complex-valued
permittivity of the sample without involving Kramers-Kronig anal-
ysis [9b].

Kindt and Schmuttenmaer initiated the study of dielectric prop-
erties of methanol, ethanol, 1-propanol utilizing THz-TDS in the
narrow frequency range of 0.06-1.0 THz [10]. They found a good
agreement between their data and multiple relaxation models up
to 1 THz. At higher frequencies, there is an onset of oscillatory
motions, which cannot be fitted using relaxation models. Kindt
et al.,, however, did not observe the onset of resonant absorption till
1 THz, necessitating the measurement of dielectric properties at
higher frequencies. Fukasawa et al. analyzed the complex dielectric
and Raman spectra of H-bond liquids from microwave to THz fre-
quency range combining microwave and far infrared (FIR) tech-
niques [11]. Their study reveals that the dielectric spectrum for
methanol deviates from the relaxation model at frequencies above
v ~ 290 GHz. Three Debye relaxation processes (t;=51.8 ps,
T, =8.04 ps, and 13 = 0.89 ps) combined with two damped oscilla-
tors with peaks at ~55 and 125 cm™! reproduced the dielectric
spectrum of methanol within 50 MHz-5THz frequency range
[11]. Yomogida et al. studied temperature dependent complex per-
mittivity of 14 monohydric alcohols in the frequency range of 0.2-
2.5 THz. According to their study, the complex permittivity of the
alcohols has contribution from three parts: the high frequency part
of the dielectric relaxation, a broad vibrational mode around
1.2 THz, and a low frequency tail of another high frequency oscilla-
tory motion located above 2.5 THz [12]. However, the precise nat-
ure of this high frequency mode and its effect to the dynamics
could not be ascertained since the study was limited to 2.5 THz.

In the present study, broadband THz-TDS (0.5-10 THz) has been
utilized to study the dielectric properties of methanol, ethanol,
1-propanol, 2-propanol, and 1-butanol. We have also performed
all-atom molecular dynamics (MD) simulations and ab initio quan-
tum calculations of the alcohols to gain the molecular level under-
standing of the vibrational modes responsible for the observed
absorption pattern in the THz region.

2. Methods and Materials

2.1. Terahertz time domain spectroscopy (THz-TDS)

In our laboratory, we generate pulsed THz waves from ambient
air plasma and detect them using air-biased coherent detection
(ABCD) technique [13]. ABCD enables detection of broadband
THz generated from air plasma since it is not limited by phonon
absorption, dispersion, or damage threshold that otherwise restrict
the THz bandwidth detection by other methods such as electro-
optic sampling and photo current measurement on a photo-
conductive switch [13]. The entire THz setup is purged with dry
nitrogen to remove water vapor, an aggressive absorber of THz
light. Relative humidity of <2% has been maintained during the
experiments. The details regarding our THz setup (Fig. S1) are
described in the Supporting Information (SI). The spectral band-
width detected in our lab is often more than 15 THz (see Fig. S2).
However, in the present study we have restricted all spectral anal-
yses to the frequency range of 0.5-10 THz because the amplitude
of THz field drops below 1/e of the maximum amplitude at fre-
quencies below 0.5 THz. Also, there is considerable absorption by
the alcohols above 10 THz, making the transmission very poor.
The sample cell comprising two high resistivity silicon windows
(2 mm thickness, 1in. diameter) separated by polytetrafluo-
roethylene (PTFE) spacer was placed at the focal point of two para-
bolic mirrors. First, the THz field transmitted through an empty cell

was recorded as the reference signal (E.(t)). Next, THz signal
transmitted through the sample cell filled with alcohol was mea-
sured (Esm(t)). To obtain a satisfactory signal-to-noise (S/N) ratio,
an average of several measurements (normally 30-50) was carried
out. The shape, amplitude, and the phase of Esn(t) differ from
Ecen(t) due to the reflection, absorption, and dispersion of THz light
by the sample. Exact Blackman windowing function was applied to
the time domain signal prior to the Fourier transformation. By tak-
ing the ratio of complex Fourier transformation of E,(t) and
Ecei(t), the complex refractive index of the sample can be obtained
as,

SEsam(t) _ Esam(®) _ )
Fon(®) ~ Fu(en) ¥ T eXPL0()) M

where T(w) is the power transmittance and ¢(w) is the relative
phase. The Fresnel reflection and transmission losses were consid-
ered while extracting the complex refractive index
(N(w) = Nye(w) + inim()) from T(w) and @(w) using an iterative
method following Nashima et al. [14]. An average spectrum for each
alcohol was obtained from measurements using three different path
lengths (100, 150, and 250 pm) at the room temperature.

2.2. Materials

The alcohols studied in this work are methanol, ethanol,
1-propanol, 2-propanol, and 1-butanol. Methanol and 1-butanol
(purity 99.8%) were purchased from Sigma Aldrich. Ethanol (purity
> 99.9%) was purchased from Merck. 1-Propanol and 2-propanol
(HPLC grade, 99.8% purity) were procured from Rankem. All alcohol
samples were used without further purification.

2.3. Computational study

We used both classical and quantum approaches to understand
the interactions amongst alcohol molecules within the THz fre-
quency range in molecular detail. Classical molecular dynamics
simulations were used to generate vibrational density of states
(VDOSs) and normal modes. We also performed quantum calcula-
tions to compare the modes at different frequencies obtained from
classical simulations and also to calculate H-bond strengths of
alcohols. Details of the method are provided below.

2.3.1. Molecular dynamics (MD) simulation. MD simulations were
performed using OPLS (Optimized Potential for Liquid Simulations)
force field for all systems (methanol, ethanol, 1-propanol,
2-propanol and 1-butanol) [15]. For each system, a cubic box
was created and was filled with alcohol molecules for simulation.
The simulations were carried out by employing periodic boundary
condition in all directions to mimic the effect of the bulk. The num-
ber of molecules taken in the simulations were: 631 for methanol,
501 for ethanol, 501 for 1-propanol, 465 for 2-propanol and 424 for
1-butanol. Each system was energy minimized using steepest des-
cent method [16], followed by heating up to 300 K using Berendsen
thermostat [17] with a coupling constant of 0.2 ps. This was fol-
lowed by an equilibration run for 5 ns at constant temperature
(300K) and 1 bar pressure using Nosé-Hoover thermostat [18]
and Parrinello-Rahman barostat [19], respectively, with a coupling
constant of 0.2 ps for each. Particle Mesh Ewald (PME) method [20]
with 10 A cut-off was used for electrostatic interactions. Experi-
mental compressibility [21] was used to achieve the correct den-
sity. A cut-off of 10A was used for the van der Waals
interactions. All the simulations were carried out using GROMACS
[22] software package.

2.3.2. Vibrational density of states (VDOS) calculation. We have cal-
culated VDOS from both the velocity autocorrelation function
(VACF) and normal mode analyses (NMA). In the first approach,
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VDOS was calculated from the Fourier transformation of the veloc-
ity autocorrelation function (VACF) of all the atoms of the system
defined as,

MM:E%Z)WE%/mam—moquwmm,
j —00

where w;(t) is the velocity of the jth atom at time t. To calculate the
VACF, the equilibrated structure was simulated for 1 ns under the
same conditions as the equilibration run and the frames were saved
at every 5 fs. An initial 500 ps long trajectory was sufficient to get a
smooth VACF profile. For the calculation of VDOS using normal
mode analysis, 10 frames were extracted from the 1 ns trajectory
at 100 ps intervals and the Hessian matrix was generated for every
frame. Diagonalization of the Hessian matrix provided the normal
modes (vibrational spectrum) of different frequencies. The final
vibrational spectrum was obtained from the average of 10 different
vibrational spectra for each alcohol system. Both the VACF calcula-
tion and the normal mode analyses were carried out using GRO-
MACS [22] software package. The modes at the frequency range
obtained from fitting of the experimental data were plotted using
Gaussview software [23].

2.3.3. Ab-initio Calculations. Random configurations consisting of
four or five alcohol molecules were collected from MD simulations
and were optimized using density functional theory (DFT) with
B3LYP functional [24] and 6-31G(d,p) basis set. We used B3LYP
functional because it shows a good agreement with experimental
frequencies for several systems reported by Czarnecki et al. [25].
However, we used here a smaller basis set to reduce computational
cost. Frequency calculations were performed on the optimized
configurations to obtain the vibrational spectrum. Twenty configu-
rations were used to obtain an average spectrum for each system.
Similar approach has been used before for ion-water systems [26].
Moreover, we calculated H-bonding strength of different alcohols
by calculating the quantum mechanical energy as a function of
H-bond distance between the oxygen and hydrogen atoms of a
H-bonding pair using Second-order Mgller-Plesset (MP2) method
with aug-cc-pVDZ [27] basis set. All quantum calculations were
performed using Gaussian09 software package [28].

3. Results and discussion
3.1. THz-TDS

The time domain and Fourier transformed frequency domain
data of the empty sample cell, and that filled with methanol and
1-butanol are shown in Fig.1a and 1b, respectively. The time
domain and Fourier transformed frequency domain data of other
alcohols are shown in Figs. S3 and S4 in SI, respectively. From
the frequency domain data, we have extracted the frequency
dependent absorptions and refractive indices (Fig. 2a and b). The
errors associated with the refractive index values of the alcohols
studied are given in Table S1. In all cases, the error is between
2-6%.

The absorption spectrum of methanol (Fig. 2a) shows a promi-
nent absorption peak at ~3.8 THz (~127 cm~') and a broad peak
at ~8 THz (~266 cm™!). These two absorption features are clearly
visible in case of ethanol as well. However, for all other alcohols
studied here the absorption feature at about 4-5 THz is visible,
and seems to have shifted towards a higher frequency with the
increasing number of carbon atoms in the alcohol molecule. Note
that, methanol has a strikingly higher absorbance compared to
other alcohols almost throughout the entire frequency range.

The absorbance decreases in alcohols with increasing alkyl
chain length. It is interesting to note that the absorption spectra

of 1-propanol and 2-propanol are quite different even though the
numbers of carbon atoms are same in both molecules. This proba-
bly indicates that 2-propanol having a branched hydrophobic part
exhibits different structure and dynamics than its isomer 1-
propanol.

However, the absorption and refractive index data can only pro-
vide the information on the optical properties of the medium. A
better insight into the liquid dynamics can be obtained from the
frequency dependent complex dielectric function as defined below.

€(w) = €(w) — i€’ (w). (2)

The complex dielectric constant and the complex refractive index
are related as,

a(v) =n(v) - ik(v), 3)
€/(@) =n*(@) — (), 4)
€"(w) = 2n(w)k(w), (5)
where @ =27y and k(w) =42 = %) 4 js the absorption coeffi-

cient, A is the wavelength, and c is the speed of light in vacuum.
Fig. S5a and S5b in SI respectively show the frequency dependent
real and imaginary components of the dielectric functions of differ-
ent alcohols. The error in evaluating the real and imaginary dielec-
tric function values using three spacer sizes is 4-10% and 6-15%,
respectively. Details are provided in Tables S2 and S3 of SI. The
errors in our measurements are mainly due to the uncertainty in
the sample path length, and are similar to that reported by Kindt
et al. [10]. The real and imaginary values of dielectric function
obtained here are in good agreement (within error bars) with the
previous literature reports in the common frequency range (0.5-
2.5THz) [11,12].

An inflection point at ~4 THz is observed in the dielectric dis-
persion of methanol (Fig. S5a). Corresponding to this there is a
peak in the dielectric loss spectrum (Fig. S5b). To understand var-
ious relaxation processes contributing to the dielectric spectra of
the alcohols, we tried fitting the dielectric dispersion and dielectric
loss spectra using a Debye relaxation model. According to this
model, the complex permittivity is given by,

o) =6+ Y T, 6)
j7

where w is the angular frequency, €, is the static dielectric constant,
€'s are the strengths of dielectric relaxation processes, €, is the
dielectric constant at high frequency, n is the number of relaxation
processes, and 7;'s are the relaxation times. However, the Debye
relaxation model, even with the inclusion of multiple relaxation
times, failed to provide an acceptable fit (determined by ? and
correlation coefficient value) to the experimental data.

As mentioned above, lower frequency limit of our experimental
data in this study is 0.5 THz which is much higher than the fre-
quency for which Debye relaxation models were used in earlier
reports [8b,c|. Furthermore, Fukasawa et al. reported that at
frequencies ~290 GHz, there is a significant discrepancy between
the experimental dielectric spectrum of methanol and its fit to
the Debye model [11]. Therefore, only Debye relaxation may not
be an appropriate model to describe the dielectric function of alco-
hols beyond 0.5 THz. At higher THz frequencies, resonant or oscil-
latory motions of a molecule or a group of molecules come into
play [10]. Such motions are apparent in the absorptions that are
associated with inflection points in the refractive index graph. In
such cases, Debye relaxation model may become inadequate;
instead damped harmonic oscillator model has to be used to
understand the oscillatory motions of the molecules. Accordingly,
we attempted fitting the dielectric spectra using different models
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Fig. 1. (a) Time domain THz waveforms and corresponding, (b) frequency domain amplitude spectra of empty sample cell and cells filled with methanol and 1-butanol (path
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Fig. 2. Frequency dependent (a) absorption and (b) real refractive indices of alcohols. Error bars for some selected frequency only are shown to preserve clarity. Note that, the

errors are large at the extremes of the frequency range.

that are combinations of Debye relaxation and damped harmonic
oscillator models. The complex dielectric spectrum in oscillator
model is given by,

. u A;
e(w) = Zm, (1)

i=1

where A; is the amplitude of the oscillatory motion, w; is the angular
frequency, and y; is the damping coefficient. Among all combina-
tions attempted, only the model with single Debye and three oscil-
lators could simultaneously fit the experimentally observed real
and imaginary dielectric functions. The %2 values of the fits were
less than 0.001 and correlation coefficient values were very close
to 1 (Table S4 in SI), ensuring good fit to the experimental data.
Fig. 3 shows the experimental real and imaginary dielectric func-
tions of the alcohols and their fits to single Debye and triple oscilla-
tor model. The complex equation combining single Debye and three
damped harmonic oscillator model is given by,

A Ae Aq A,
e(a)):eer] — +— st R
+iot = 0! -0 —iwy, ;- w? —iwy,
As

2 2 1 :
W} — w? —iwy,

Table 1 lists the relaxation time and oscillator frequencies obtained
on fitting the experimental dielectric functions to Eq. (8). There is a
relaxation process occurring at the time scale of 0.7-2 ps for all
alcohols studied. The timescales we obtain by fitting the dielectric
function of alcohols are also very similar to the timescale of rupture
and reformation of individual H-bonds in alcohols and water
reported earlier [29]. Hence, we assign the Debye relaxation process
contributing to our broadband THz data to the H-bond breaking and
reforming dynamics.

We obtain three peaks from fitting the experimental dielectrics
for all the alcohols studied here. The first peak is at a low frequency
of 1-2 THz. A major peak for all the alcohols is found in 4-6 THz
range. The third peak is obtained at a frequency above 8 THz. The
frequency range of our study is limited to 10 THz. Therefore, the
reliability associated with the high frequency peaks obtained from
the fits is expected to be less. Fig. S6 in SI shows the contributions
of the Debye relaxation and the three oscillators to the experimen-
tally observed dielectric loss spectrum for methanol. To under-
stand the origin of these peaks, we have used computational
methods to identify the modes corresponding to different
frequencies.



S. Sarkar et al. / Chemical Physics Letters 678 (2017) 65-71

(a) 3.5
1 Methanol
Ethanol
2.4
2.7
. 1-propanol
“w 2.4
2.1+
2.4 2-propanol
2.2
2.0
1¢
2.4—\ 1-butanol
224 %
1 M N
2.0 - "400 0000000000
T T T T T T T T T T
2 4 6 8 10

Frequency (THz)

69
(b) 1.8
12 Methanol
0.6
0.0
0.6-14 Ethanol
0.3 1
0.0
0.24 1-propanol
z, |
0.12 +
0.21
] 2-propanol
0.14
0.07
0.00
\ ® o 1-butanol
0.16 " o204
. X, o \\w\&\o\
0.08 M & SN
4 \v\%:}\*‘%
” T L T ¥ T i T L T
2 4 6 8 10

Frequency (THz)

Fig. 3. Experimental dielectric functions (symbols) of the alcohols and their fits (solid lines) to Debye-oscillator combined model (Eq. (8)). The left and right panels portray

the real (¢') and imaginary (¢') components of the dielectric functions, respectively.

Table 1

Debye and oscillator model parameters from fitting of the experimental data to the combined single Debye and triple damped harmonic oscillator model. The other parameters of

the fits are given in Table S4 in SI.

Alcohols T (ps) o (THz) o, (THz) w3 (THz)

Methanol 0.78 £ 0.03 0.94 0.07 3.68 £ 0.05 7.9£0.2

Ethanol 0.82 +0.03 1.9+0.7 3.82 +0.09 9.54+2.1

1-Propanol 1.10£0.01 1.87 £0.05 438+0.02 95+1.1

2-Propanol 2.01+0.22 1.9+02 5.09 +0.14 13505

1-Butanol 1.120.06 2.4£09 491035 15.62.2
3.2. Vibrational spectra from classical simulation

Classical simulations enable us to obtain the vibrational spectra 35

for the entire system at a finite temperature using velocity auto- T
correlation function (VACF). The vibrational spectra calculated EteOH
using VACF is shown in Fig. 4. To compare with experimental 08 1-prOH
resglts, only the' rele\{ant frequency range (1.—10.TH.Z) of the spec- ——2.prOH
tra is shown. This region of the spectrum primarily involves inter- BuOH

molecular interactions among different molecules.

As observed from the experimental values, here also we find a
peak below 2 THz frequency region. However, the broad peak
observed at the low frequency region is known to correspond to
intermolecular collision modes, as seen for other systems [30].
Similar to experiment, methanol shows a peak close to 4 THz not
seen for other alcohols for which several different peaks are
observed in the region above 6 THz. The spectral feature within
2-6 THz region is similar. Note that, however, the VDOS calculated
using VACF as shown above involves all Raman and IR active
modes whereas the experimental data presented here have contri-
bution only from IR active modes.

To visualize the atomistic motions at a given frequency, we per-
formed normal mode analyses (NMA) of the system collected at

Intensity
N
|

T | T I T I T
2 4 6 8
Frequency (THz)

10

Fig. 4. A specific THz region of the spectra of different alcohols generated using
VACF.
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100 ps interval from the simulation and plotted in Fig. S7 in SL
Vibrational spectra from NMA are similar for all the alcohols.
Although the spectral features are similar, it does not show any
peak for methanol at 4 THz or at higher frequency for other alco-
hols. The difference between both approaches may be the reason
for this discrepancy. While VACF has dynamical information at a
finite temperature and therefore represent the quasi-harmonic
modes, NMA represents the result based on a given local minimum
with harmonic approximation.

NMA reveals that the modes at around 2 THz for different alco-
hols correspond to the collective motions of the whole molecule as
shown in Fig. S8 in SI. Woods et al. also observed an absorption
band around 30 cm™' (0.9 THz) in their FIR spectroscopic study
of liquid methanol [31]. However, they assigned the 30 cm™~! band
to the intermolecular bending. The other major peak in the exper-
iment was found at around 4-6 THz region. Modes at this fre-
quency range correspond to the vibration of the alkyl groups
with smaller movements of OH groups. These motions for metha-
nol, ethanol and 1-propanol are shown in Fig. 5, whereas those for
2-propanol and 1-butanol are given in Fig. S9 in SI. Note here that,
in our analysis we find the movements of the H-atoms more pre-
dominant compared to the motions of the heavier atoms. However
from the magnitude of these movements, as shown by the different
sized arrows in Fig. 5, we determine the motions of the atoms
responsible for peaks at different frequency ranges.

3.3. Frequencies from ab initio method

Since NMA suffers from the inaccuracies of classical force-field,
we performed ab initio calculations to verify and compare different
vibrational modes at the frequencies observed in experiment.
However, quantum calculations are extremely computationally
expensive. Therefore, only a subset of system representing the first
solvation shell of a particular alcohol molecule was considered for
the calculation. To capture the effect of temperature and various
configurational arrangements of molecules, we collected around
20 snapshots at around 100 ps interval. In case of methanol, five
molecules were selected. For the other alcohols, only four were
selected to reduce computational cost. Also, we did not consider
the configurations where there was no hydrogen bonding amongst
the small subset of molecules. We have performed optimization
and frequency calculation for all the snapshots for each system
to obtain the spectrum. Finally, we averaged the spectra from all
the different configurations to obtain the average spectrum for
each system as shown in Fig. S11 in SI.

Now we can compare the origin of different modes from both
classical normal mode analyses and quantum calculations. Both
NMA and ab initio calculations suggest that the motions below
2 THz region involve movement of the whole alcohol molecules
as shown in Fig. S8 in SI. This observation is consistent with all
the alcohol systems studied here.

(@
\

&

In the present study, we find that there is a strong absorption in
the range of 4-6 THz. The peak position is also found to shift
towards higher frequencies as we move from methanol to larger
alcohols. Note that the modes in this region (Fig. 5) do not involve
only hydrogen bond motion; rather the motion involves both OH
groups and the alkyl chain.

To probe further into strength of H-bond in different alcohols,
we calculated the variation of energy with respect to the H-bond
distance as shown in Fig. 6. We see that methanol requires highest
energy to break the H-bond and also it has higher frequency (from
the curvature at the minimum) compared to other alcohols. There-
fore, the peak due to H-bonded motion should appear at the high-
est frequency for methanol contrary to what is observed in the 4-
6 THz range. This ascertains that the frequencies observed in the
above region may appear due to the movement of alkyl chains
rather than hydrogen bond (O--H) stretching. Interestingly, studies
on ionic liquids show that a peak close to 6 THz (200 cm™!) is pre-
sent only when there is H-bonding present. Also, the frequency
above 6 THz has been found to originate from H bonding in differ-
ent other systems [32,33].

From the above observation and comparison with other sys-
tems we speculate that the H-bonded motions correspond to the
experimental peaks above 8 THz. The modes at frequencies above
8 THz obtained from NMA are shown in Fig. S10 in SL Thus, we
can characterize the experimental peaks into the following types:
the low frequency ones (below 2 THz) are likely to originate from
the overall motion of the alcohol molecules, while the motion of
the alkyl groups give rise to peaks in 4-6 THz range. Finally, the

—&— Methanol
—a&— Ethanol
—=&— 1{-propanol
—¥— 2-propanol

Energy (kcal/ mol)

1.5 1.8 2.1 2.4 2.7
Fou (A)

Fig. 6. The relative energy change as a function of H-bond distance for different
systems. The energy values were calculated using constrained optimization using
MP2/ aug-cc-pVDZ method.

(©)

Fig. 5. The modes of the alcohol molecules around 4-6 THz region for methanol (a), ethanol (b), 1-propanol (c) using normal mode analyses. The arrows here indicate the
movements of atoms in different directions. The larger arrows on H-atoms of the alkyl chains indicate larger movements of these compared to the hydroxyl hydrogen atoms.
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peaks at higher frequencies involve H-bond movements. However,
the reason behind the frequencies of all three oscillators to
increase with the size of the alcohols is not understood, and further
studies are required.

4. Conclusions

We have reported here experimental and theoretical investiga-
tions of dielectric response of five mono-hydroxy alcohols in broad
THz frequency range (0.5-10 THz). Earlier experimental reports of
similar systems were limited to 2.5 THz. Therefore, this study has
widened the scope and understanding of the complex motions
involved in these small molecules. We find that a model combining
single Debye and triple damped harmonic oscillators satisfactorily
reproduces the experimental complex dielectric spectra. With the
help of MD simulations and quantum calculations we are able to
evaluate the nature of dynamics that respond to our experimental
spectral window (0.5-10 THz). However, while classical simula-
tions are limited by the choice of the force-field, the quantum
calculations suffer from the system size effect. Although the qual-
itative feature of the frequency dependence of the spectrum
between 2-6 THz is similar between theory and experiment, a
quantitative comparison was not possible for all alcohols. We have
tried to identify the peaks observed in the dielectric loss spectra
and ascribed them to a combination of vibrational modes involving
motions of many atoms across several alcohol molecules in the
networked structure. Primarily three types of motions were identi-
fied: the overall motion of alcohol molecules give rise to peak close
to 2 THz, the peaks in intermediate frequency range (4-6 THz) are
due to alkyl group oscillations, and the peaks at higher frequency
range are probably the signatures of the movement of H-bonded
OH groups of the alcohol molecules. Finally, we believe that the
study carried out at a broad spectral range in THz frequency
domain will enable researcher to choose these alcohols as a solvent
prudently in THz experiments.
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Appendix A. Supplementary material

Figures showing THz setup, time and frequency domain tera-
hertz, contribution of Debye relaxation and three oscillators to
the experimentally observed dielectric loss spectrum for metha-
nol,VDOS from normal mode analysis, visual representations of
vibrational modes, and average ab initio vibrational spectra; and
tables containing errors in refractive index and dielectric constants
for both real and imaginary parts, table containing fitting parame-
ters with 2 and correlation coefficients. Supplementary data asso-
ciated with this article can be found, in the online version, at
http://dx.doi.org/10.1016/j.cplett.2017.04.026.
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