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Abstract: This research paper delves into the ongoing discourse about the correlation in the structural
and dynamic attributes of hydrogen bond (HB) networks within alcohol-water binary mixtures.
Employing Terahertz time-domain spectroscopy (TTDS) and Terahertz-Fourier transform infrared
(THz-FTIR) spectroscopy, we conduct an in-depth exploration of the intermolecular roto-vibrational
modes of water. Through this analysis, we extract relevant insights concerning the configuration of the
HB network. Our study reveals a comprehensive comprehension of the variances in structure and
dynamics within the HB network in response to alterations in solute concentration. We have considered
both micro-scale and macro-scale for partially water-soluble alcohol phases. Furthermore, we have
considered the influence of hydrophobicity and the macroscale self-aggregation tendencies of alcohols,
culminating in a holistic viewpoint of the intermolecular networks within these binary mixtures. We
found that the delicate equilibrium between local homo-molecular structures with the cross-molecular
solvation configurations leads to micro/macro scale self-aggregation that exerts significant influence
over the collective behavior of the mixture.
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1. Introduction

Water, an omnipresent and crucial solvent, exerts significant sway over the arrangement
and operations of dissolved particles due to its intermolecular hydrogen bond (HB) [1-2].
Despite extensive dedication to investigating the molecular arrangements and dynamic
reactions of substances within the aqueous medium, exploring this field remains an essential
realm of inquiry [1]. Alcohol-water mixtures are pivotal in various biological, chemical, and
engineering scenarios and have been the subject of thorough examination owing to their
intriguing physicochemical characteristics [3]. Alcohol molecules have captivated
considerable research attention due to their ability to extensively modulate physicochemical
attributes by selecting optimal alkyl chain lengths or exploiting diverse potential isomeric
configurations [4]. These molecules are inherently amphiphilic, encompassing both
hydrophilic and hydrophobic segments, and as a result, they elicit contrasting effects on water,
a phenomenon often termed 'The Janus Effect' [5]. The hydrophilic constituents have a robust
propensity to engage with water by forging HBs, while the hydrophobic components tend to
amass into aggregates via self-association, thereby prompting perturbations in the water's
https://biointerfaceresearch.com/ 10of 11



https://biointerfaceresearch.com/
https://biointerfaceresearch.com/
https://doi.org/10.33263/BRIAC144.080
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-2223-7095
https://orcid.org/0000-0002-6226-9545

https://doi.org/10.33263/BRIAC144.080

structure - an occurrence commonly recognized as ‘hydrophobic hydration' [6]. A multitude of
experimental methodologies has been employed to scrutinize aqueous alcohol solutions,
encompassing Raman spectroscopy [7], neutron diffraction [8], nuclear magnetic resonance
(NMR) [9], infrared spectroscopy [10-11], mass spectrometry [12], dielectric spectroscopy [11,
13-15], etc.

Additionally, numerous numerical and computational inquiries have contributed to a
holistic comprehension of the attributes exhibited by these solutions from a molecular
perspective [11, 16-18]. Despite a strenuous endeavor, establishing a definitive correlation
between these systems' HBonded structure and dynamics remains elusive, given that
measurements frequently yield seemingly contradictory outcomes. This circumstance
underscores the necessity to delve into alterations in the Kinetics of such blends as they adapt
their microstructures based on the composition of solutes.

Terahertz (THz) spectroscopy emerges as a powerful technique for investigating
molecular reorientation and related intermolecular vibrations - referring to the localized
fluctuations of dipoles - coexisting within this frequency range, thus contributing to the overall
dynamics of liquids [19-24]. These intermolecular movements are primarily influenced by the
HB network. Past studies utilizing dielectric relaxation (DR) measurements on alcohol-water
mixtures within the gigahertz (GHz) frequency range faced limitations in time scales, hindering
precise observation of the cooperative relaxation of water molecules around small solutes [25].
In contrast, DR measurements within the THz frequency realm offer an accurate perspective
on the picosecond (ps) to sub-ps collective behaviors of the HB network, spanning multiple
hydration layers around solute surfaces - a phenomenon often obscured in conventional
spectroscopic methods [14, 26-27].

An investigation by Schmuttenmaer et al. demonstrated that straightforward DR
models could aptly elucidate experimentally derived intricate dielectric constants for water and
single alcohols, extending up to at least 1 THz (102 Hz) [28]. This elevated dielectric
parameters to a pivotal role as benchmarks for molecular dynamics (MD) simulations. Notably,
this research excluded the presence of mixed alcohols in water. In separate reports, Yomogida
et al. examined temperature-dependent dielectric attributes of monohydric alcohols using
TTDS. The expansive vibration mode displayed temperature independence and was ascribed
to the oscillation of alkyl groups within the interconnected HBonded chain-like arrangement.
However, existing literature lacks coverage of high-frequency modes and their associated
dynamics [29]. Sarkar et al. adopted a combined broadband TTDS approach spanning from
0.5-10 THz, coupled with simulations, to portray the dielectric characteristics of methanol,
ethanol, 1-propanol, 2-propanol, and 1-butanol [13]. However, this study primarily pertains to
alcohol in bulk and does not encompass the intermolecular interactions between the constituent
molecules present within binary mixtures. In recent times, we have utilized both experimental
(THz-TDS and THz-FTIR spectroscopy) as well as classical MD simulations to investigate the
shifts in local solvation structures during the occurrence of liquid-liquid phase separation
driven by solute aggregation within aqueous binary mixtures [19, 30-31].

In this present research, we've delved into the THz dielectric response exhibited by
water-alcohol binary mixtures, connecting this response to the structure and kinetics of the HB
network, especially in the context of the distinct phase behavior displayed by these solutions.
Our study encompasses a range of monohydric alcohols with varying hydrophobic chain
lengths and alcohols with diverse isomeric configurations and solubility characteristics. These
isomer variations result in distinct phase behaviors when these alcohols are introduced into
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aqueous solutions. For instance, methanol (MOH) and tert-butanol (TBA) are fully soluble in
water. Conversely, 1-butanol (1BA) is only partially soluble in water. Scheme 1 provides an
overview of the chemical structures of the alcohol molecules utilized in our study and
highlights the differing phase behaviors between fully soluble and partially water-soluble
alcohol mixtures. Notably, even with the same chemical formula, 1BA and TBA exhibit
distinct phase behaviors in their aqueous mixtures. TBA, for instance, is miscible in water
across all concentrations, whereas 1BA is only partially soluble in water under typical
conditions, leading to observable macroscopic phase separation due to the formation of
microscopic self-associated clusters [19, 30, 32].

Our investigation employs both THz-TDS and THz-FTIR spectroscopy, spanning a
broad frequency range from 0.3-18 THz. This extensive range captures various intermolecular
roto-vibrational modes within the HB-network of water in alcohol-water binary mixtures. It
effectively captures the rotational dynamics of the solutions, offering explicit insights into the
intermolecular translational and librational motions of HBs as water interacts with alcohol
molecules. Through this study, we've outlined the structure and Kinetics of the HB network
within alcohol-water binary mixtures, examining how it's influenced by the composition of
solutes, taking into account both the microscale (for fully soluble alcohols) and macroscale (for
partially water-soluble alcohols) phase behaviors. Additionally, our research encompasses the
effects of both hydrophobic chain lengths and macroscopic self-aggregation of alcohols, which,
individually or collectively, can perturb the structure of water. This comprehensive
investigation offers a collective perspective on the interplay between HB-networks of alcohol-
alcohol, alcohol-water, and water-water within these binary mixtures.

Fully water soluble alcohols Partially water soluble alcohol
,, 8 &
¢) \ Jo 4 5 “'0:
. oo ¥ 9®
Methanol 9 O tert-butanol < 1-butanol

]

Hydrophobicity

sl

Methanol-water tert-butanol-water 1-butanol-water

Scheme 1. The chemical structures of the alcohol molecules (methanol, tert-butanol, and 1-butanol)
used in this study. MD simulation snapshots of the heterogeneous and phase-separated alcohol-water
solutions.

2. Materials and Methods

Methanol (MOH), tert-butanol (TBA), and 1-butanol (1BA) were sourced from Sigma
Aldrich and utilized in their as-received state without additional purification. The binary
mixtures of alcohol and water were prepared using Milli-Q water, where the desired volume
https://biointerfaceresearch.com/ 30f 11
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fractions of alcohol(s) were achieved at ®ac = 10%, 30%, 50%, and 70%. All measurements
were conducted at room temperature.

2.1. THz-FTIR measurements.

THz-FTIR measurements were conducted within the far infrared (FIR) spectral range
of 50-600 cm ™ using a Vertex 70V Fourier transform infrared spectrometer (Bruker, Germany)
with an attached DTGS detector. The spectrometer was coupled with an attenuated total
reflection (ATR) configuration featuring a sample compartment housing a diamond crystal
(refractive index = 2.41). Measurements were executed in the ATR mode. Before each
measurement, a rigorous sample compartment was cleaned, followed by evacuation using a
vacuum pump. Each measurement cycle involved an average of 128 scans, utilizing a
resolution of 4 cm™L. The resulting spectral data acquired through the ATR unit were converted
into absorbance and the absorption coefficient. Spectral contribution arises explicitly from the
solvation shell has been calculated by subtracting the concentration-scaled absorption
coefficients of bulk water and bulk alcohol from the aqueous alcohol solutions [19, 30, 33]:

Xhya V) = Xsolution ) - Aalcaalc(v) —Ayay(v) 1)

Cx,s0l

where, Ax is a concentration correction factor: A, = , Cx,sol and Cxpui are the alcohol (alc)

Cx,bulk
and water (w) concentrations in the solutions and in its pure form at the same temperature,

respectively. Subsequently, we fit the obtained aj,q(v) profiles summing up two damped
harmonic oscillation models.

2.2. THz time-domain spectroscopy (TTDS).

THz time domain measurements were conducted using a commercially available THz
spectrophotometer, TeraSmart, provided by Menlo Systems. A laser with a wavelength of 1560
nm and Erbium-doped fiber (ELMO by Menlo Systems) was utilized in the setup. All
measurements were executed within a controlled nitrogen atmosphere with a humidity level
below 10% at room temperature to circumvent the effects of water vapor absorption. This
controlled environment was maintained using a liquid cell (Bruker, model A 145), equipped
with z-cut quartz windows and a 100 um thick Teflon spacer. The experimental process
entailed altering the time delay between the probe and pump beams to record the amplitude
and phase of the THz electric field as a function of time. Each experiment was replicated three
times for accuracy. By employing Fourier analysis on the measured electric field amplitude
(ETHz(t)), the frequency-dependent power and phase of the transmitted pulse were deduced.
TTDS leverages coherent detection, enabling simultaneous measurement of both amplitude
and phase in a single run. This method offers insights into the frequency-dependent optical
properties of the system under study. The frequency-dependent absorption coefficient,
ary,(v) and refractive index n(v) can be obtained by the following equations:

aTHz(V) _ lnlo(v);lnls(v) (2)
_ ¢s(M)—po(»)
n(v) = o c+1 (3)

where Io(v) and Is(v) are the intensity of the reference sample and alcohol-water solution
respectively, o(v) specifies phase, and d is the path length. The frequency-dependent real (&re)
and imaginary (em) dielectric constants of the samples are obtained by following relevant
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equations [34-36]. The water relaxation dynamics in the binary mixtures were extracted using
the frequency-dependent complex dielectric constant, é(v) = &..(v) — i€y, (v). The
hydration dynamics has been extracted by fitting the complex dielectric profiles using multiple
Debye relaxation models:

E(V) = £ + XN, LIt 4 _© (4)

j=1 1+i2mvt;  i2mveg

where 1; is the relaxation time associated with the j™ relaxation mode, j are the dielectric
constants, &1 represents the static dielectric constant, and &, is the dielectric constant
extrapolated to very high frequency. o is the solution conductivity (dc), and g is the
permittivity in free space.

3. Results and Discussion

We measure the frequency-dependent absorption coefficient a(v) of the aqueous
alcohol solutions in the FIR/THz frequency range (50-600 cm™) from the FTIR measurements.
An illustrative o(v) profile for TBA-water binary mixtures at varying alcohol volume fractions
(Darc) is depicted in Fig. la. Pure water displays a distinct absorption feature within this
frequency range owing to its coordinated movements and the intermolecular modes associated
with HB stretching (around 130 cm™) and a constrained rotational librational mode (around
550 cm™1). The a(v) profile decreases with the increase of alcohol content in the solution since
the water molecules, which are the strong absorbers of THz frequency, are replaced by
relatively less absorbing alcohol molecules. This phenomenon is commonly referred to as the
"THz defect”. This is a characteristic behavior observed with many hydrophobic solutes [19,
27, 34-36]. Notably, we have previously observed a distinctive bell-shaped non-ideality factor
representing the deviation of the real absorption coefficient from the ideal case, with this effect
becoming more pronounced in the higher frequency range and at higher alcohol?’. This non-
ideality might stem from creating defects within the HBond network of water, the aggregation
of alcohol molecules, leading to alcohol-alcohol interactions, and possibly the development of
clathrate-like structures. Alternatively, and more likely, it could result from a subtle interplay
between these factors — defects in the HB network and alcohol-alcohol aggregation. The
intricate nature of these interactions underscores the system's complexity under scrutiny.

To elucidate the role of pairwise intermolecular interactions contributing to this non-
ideal behavior, we perform calculations of anyd (v) as per Equ. 1. In Fig. 1b, we present an
illustrative anyg(v) plot for TBA. This parameter, by definition, is formulated by isolating the
bulk contributions of both water and alcohol from the solution spectra. Consequently, ohyd(V)
ultimately becomes zero for any ideally mixed (non-interacting) combination. A distinct non-
zero profile of anyd(v) robustly signifies the disruption of water's structure within the vicinity
(i.e., the solvation shell) of the alcohol molecules. As a result, this parameter imparts explicit
insights into the local solvation structural patterns.

As previously mentioned, specific isomers of butanol exhibit partial solubility in water,
and upon surpassing certain threshold concentrations, they initiate a liquid-liquid phase
separation phenomenon in binary aqueous mixtures [19, 30]. In instances where such phase-
separated mixtures are encountered, we withdraw samples from the alcohol-rich phase(s) and
proceed with measurements. When an amphiphilic molecule is dissolved in water, its
hydrophilic portions interact with water through HBs. This interaction is manifest through the
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onset of the librational mode in the spectra. Moreover, the water network arranges itself around
and encases the hydrophobic section of the solute molecule, producing a distinctive spectral
signature typically observed in the vicinity of ~190 cm™ [37]. For a more quantified
understanding, we subject the anya(v) spectra to deconvolution using a sum of two damped
harmonic oscillator (HO) models. This analytical approach enables us to extract detailed
information about the structural characteristics and interactions within the system.

The fitted peak frequencies (vie and viip) for these solutions, varying with @, are
visualized in Fig. 1c and d. Notably, vis undergoes a gradual blue shift as ®ac increases, while
vLib exhibits a moderate redshift. This blue shift in vy is attributed to the establishing of
stronger HBs among water molecules that envelop the hydrophobic segments of alcohol
molecules. This is also to note that an intriguing pattern exists in the observed increase of Vi
with ®@ac. While the change remains modest for water-soluble alcohols, it becomes
substantially larger for partially soluble alcohols.
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Figure 1. (a) THz absorption coefficients for TBA-water binary solutions. (b) Explicit contribution of solvation
water for TBA-water solution. Dependency of the (c) central peak frequencies for the HBond stretching mode
and (d) librational mode of the water in the aqueous-alcohol solutions with volume fractions.

The distinctions are notably clear: the MOH-water mixture displays the smallest blue
shift in vug. This outcome can be reasonably anticipated due to the lowest hydrophobicity and
smallest size of methanol, enabling it to more seamlessly integrate into the water network and
thus minimally perturb the HB structure. Following this trend, we also observe that the extent
of the blue shift exhibits a linear escalation with the increased hydrophobicity of the alcohols.
For the partially soluble alcohols, the conspicuous blue shift suggests forming a more robustly
interconnected water network in the vicinity of the self-aggregated hydrophobic alcohols. An
important note is that all the alcohol molecules employed in this study are known to display
micro-heterogeneity and form self-associated molecular clusters of diverse dimensions in
aqueous solutions [16, 38-40]. However, for water-soluble alcohols, the coexistence of
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HBonded water clusters and self-assembled alcohol clusters is absent. This absence leads to
the disruption of the HB network intrinsic to pure water, as it is disintegrated to accommodate
the alcohol self-associated clusters. This particular phenomenon facilitates the mingling of the
two liquids even at higher ®aic, despite the presence of alcohol molecule micro-clusters. In the
context of aqueous binary mixtures involving 1BA, the observed phase separation can be
attributed to the coexistence of alcohol self-associated clusters and HBonded water clusters®®
3241 The branched molecular structure of this isomer prompts a preference for forming
elongated self-associations. This preference minimizes the contact area between these branched
molecules and the surrounding water networks.

As previously highlighted, TTDS measurements offer the capability to elucidate
diverse optical and dielectric properties inherent to water-alcohol mixtures, as summarized in
Fig. 2. The parameter a(vtHz) essentially signifies the combined dynamics of hydration
exhibited by water molecules. In this context, a representative a(v) profile for TBA-water
binary mixtures is depicted in Fig. 2a. The gradual decrease of a(v) with the augmentation of
alcohol content is readily comprehensible. This phenomenon can be attributed to the
replacement of water, with its higher THz absorption, by alcohol molecules exhibiting lower
absorption characteristics [19, 27, 30]. For enhanced clarity, the a values at 1 THz are plotted
against alcohol concentration in Fig. 2b. As anticipated, o decreases progressively in
accordance with the increased size and hydrophobicity of the alcohol(s). Notably, at higher
alcohol concentrations, the partially water-soluble alcohol (1BA) exhibits conspicuously lower
absorption levels. This observation aligns with the characteristic behavior of the alcohol-
enriched phase within liquid-liquid phase-separated water-alcohol binary mixtures. This trend
is in line with similar observations made within the far-IR region [19].

Frequency-dependent real and imaginary dielectric constants decay profiles of water-
TBA mixtures are presented in Fig. 2c. Pure water shows three distinct time constants of
approximately 8 ps, around 200 fs, and roughly 80 fs. These values align well with findings
from previous studies [19, 34-36]. The time constant of around 8 ps within the water is
indicative of the spontaneous restructuring occurring within the HB-network [34, 36, 42]. The
approximately 200 fs time likely arises from rapid jumps involving under-coordinated water or
small angular rotations that precede larger angular jumps*3#4. On the other hand, the ~80 fs
time constant can be attributed to the 60 cm™ vibrational band occurring due to the HB bending
and related transverse acoustic phonons that propagate in a direction perpendicular to the HBs
between adjacent water molecules [45]. Of note, previous reports have indicated that the
reorientation of an individual alcohol monomer situated at the end of an alcohol-alcohol chain
corresponds to a timescale of ~10 ps [46]. In alignment with these previous findings, we, too,
have extracted a single relaxation mode with a picosecond timescale for concentrated alcohol
solutions [20]. Our preceding study has already established that the behavior of (de)mixing
within alcohol-water binary mixtures is intricately governed by the interplay between
hydrophilic and hydrophobic hydration [19]. In light of this context, our study specifically
focuses on the slow relaxation timescale (t1). This timescale effectively encapsulates collective
information about alcohol solvation. As illustrated in Fig. 2d, t1 experiences a sharp increase
with ®aic, and the magnitude of this increase is contingent upon the carbon chain length of the
alcohol molecules. However, for partially water-soluble alcohol, particularly under phase-
separated conditions - the HB relaxation is notably subtle, as depicted in Fig. 2d.
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Figure 2. (a) THz absorption coefficient (o) of the water-TBA solutions. TBA content is indicated with a arrow.
(b) a measured at 1 THz as a function of ®q for different alcohols. (c) Real (gr) (in the inset) and imaginary
(eim) dielectric constant of aqueous alcohol mixtures at different volume fractions in the THz frequency region.
Solid lines indicate the multiple Debye relaxation fittings. (d) Dependency of the Debye relaxation time scale
(1) with @y

The observed relaxation dynamics can be understood within the framework of a "wait-
and-switch" model [47]. According to this model, the slow relaxation time constant (t1)
indicates the time required for the reorganization of the HB network. As alcohol concentration
in the mixtures increases, the available sites for new HBonding diminish, resulting in a
heightened potential energy barrier between the two dipolar orientations of water.
Consequently, the activation energy needed for molecular rotation becomes less likely to be
surmounted, leading to a slower relaxation time constant. Interestingly, partially soluble
butanol isomer 1BA displays an intriguingly faster relaxation despite having longer
hydrophobic moieties compared to water-soluble alcohols. This phenomenon can be attributed
to the relative dominance of molecular networks within the alcohol-water binary mixtures.
Such rapid relaxation times, almost reminiscent of bulk-like behavior, signify the presence of
a weak cross-molecular network within the alcohol-enriched portion of liquid-liquid phase-
separated solutions.

On the contrary, within water-soluble alcohol solutions, the extended HBonded
alcohol/water network contributes to an overall slowing-down of relaxation dynamics.
Furthermore, the increase in the relaxation time constant has also been found to be
accompanied by an enhanced radial distribution function (RDF). This characteristic has been
interpreted as a collective inter-species cross-correlation. This interpretation aligns with the
observations for water-soluble alcohols, and it has been confirmed through the HB stretching
mode in FIR spectra, as illustrated in Fig. 1. Within partially soluble alcohols, the robustly
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wrapped-around water networks originate from hydrophobic hydration and are notably
stronger compared to those found in water-soluble alcohols.

4. Conclusions

With a comprehensive amalgamation of THz-TDS and THz-FTIR spectroscopy, this
present contribution uncovers unique solvation behaviors within solute-solvated and solute-
separated (micro) phases. The orientational relaxation dynamics of water emerge as a
phenomenon intricately regulated by the relative prevalence of molecular networks within
alcohol-water binary mixtures. Notably, butanol isomers prefer hydrophobic interactions,
leading them to form self-aggregated molecular structures with relatively modest cross-
molecular interactions. These molecular associations are, in turn, surrounded by water
molecules engaged in water-water HB connectivity. Remarkably, relaxation dynamics akin to
those within the bulk are observed within water networks proximate to aggregated alcohols.
Conversely, alcohols with smaller hydrophobic chains engender solute-solvent extended
HBonded networks, producing slower orientational dynamics. This distinctive relaxation
dynamics in partially soluble alcohols is attributed to feeble cross-molecular HB interactions,
yielding solute-enriched phases. This contrast in solvation dynamics implies the existence of
self-aggregated and micro-heterogeneous phases within alcohol-water mixtures. Our study
confirms that the hydrogen-bonded structure and its dynamics in alcohol-water binary mixtures
governed by the fusion of hydrophobic chain length size and the solute aggregation-driven
phase behavior within these mixtures.
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