Chemical Physics Impact 7 (2023) 100332

ELSEVIER

Contents lists available at ScienceDirect
Chemical Physics Impact

journal homepage: www.sciencedirect.com/journal/chemical-physics-impact

QlMP‘ACT)

Impact of water addition on fluctuation dynamics in viscous solvents with
varied heterogeneity: A 2D IR spectroscopic study

Tubai Chowdhury *°, Sucheta Ghosh ¢, Akhil Pathania *", Shivshankar Kore ", Akhil B Mon ¢,

Srijan Chatterjee ", Samadhan H. Deshmukh *”, Sayan Bagchi

a,b,*

& Physical and Materials Chemistry Division, CSIR-National Chemical Laboratory, Pune 411008, India

Y Academy of Scientific and Innovative Research (AcSIR), Ghaziabad 201002, India

€ School of Chemical Sciences, Indian Association for the Cultivation of Science, 2A Raja SC Mullick Road, Kolkata, West Bengal 700032, India

4 Indian Institute of Science Education and Research (IISER), Mohali, Punjab 140306, India

ARTICLE INFO ABSTRACT

Keywords:

Solvation dynamics
Ultrafast dynamics
Deep eutectic solvent
Viscosity

2DIR spectroscopy

The addition of cosolvent, such as water, influences the overall fluctuation dynamics as sensed by the probe. It is
crucial to unravel the fluctuation dynamics when water is added, particularly in viscous solvents with varying
degrees of heterogeneity. In this study, we employed two-dimensional infrared spectroscopy to examine the
solvation dynamics of two viscous solvents: glycerol, a molecular solvent, and malicine, an acid-based deep
eutectic solvent. Additionally, we explored the relative changes in fluctuation dynamics upon water addition.

Our results indicate that water disrupts the hydrogen bond network in glycerol, but no significant effect is
observed in malicine. Our experimental findings align well with previously reported simulation studies.

1. Introduction

Cosolvency refers to the effects of adding one or more solvents
(cosolvents) that are different from the existing solvent in a solution on
the properties of the solution or the behavior of the solute. Aqueous
phase cosolvency, in particular, has found applications in numerous
scientific and engineering disciplines [1-4]. In this context, water is a
significant portion of the solvent mixture. One of the main advantages of
using water as a cosolvent is its ability to significantly reduce the vis-
cosity of the solution, even when the other component is highly viscous
[5-7]. For instance, mixing viscous molecular solvents like glycerol (n
~1 Pa s) with water has been widely utilized in various applications
[8-11]. An interesting property of these mixtures is their ability to
hinder crystallization, making them effective antifreeze components
[12-14].

Another application of water as a cosolvent can be found in deep
eutectic solvents (DESs), which have garnered attention as promising
green alternatives to conventional solvents due to their favorable
properties in a wide range of applications [3,15-17]. DESs are typically
prepared by mixing a hydrogen bond donor (HBD) and a hydrogen bond
acceptor (HBA), leading to an extensive hydrogen bond network as a
result of charge delocalization through hydrogen bonding [18,19].

DESs are inherently viscous liquids, and the addition of water re-
duces the viscosity to facilitate various applications. While acid-based
DESs are known to exhibit significantly higher viscosity (n > 1 Pa s)
[20] compared to urea/alcohol based-DESs, most of the previous
experimental studies have been limited to the urea/alcohol-based DESs
[5,21-24]. Furthermore, unlike molecular solvents like glycerol, DESs
are characterized by spatial heterogeneity, forming many domains with
different microenvironments [19,25-29]. When a cosolvent like water is
added to DESs, the dynamics experienced by solutes trapped in the
nanoscopic heterogeneous pockets of the DES can undergo significant
changes [5,21,30-32]. In comparison, molecular solvents like glycerol
provide a more uniform environment overall for the solute due to the
homogeneity of the system [33]. This leads to the question of whether
the transition from high to low viscosity upon water addition occurs
similarly in both heterogeneous DES systems and homogeneous, highly
viscous molecular solvents. As bulk viscosity is believed to manifest in
the fluctuation dynamics of the solvent system, it becomes essential to
understand the differences in the dynamical behavior between viscous
molecular solvents, viscous DESs, and their water-diluted versions [8,
10,25,34,35]. Previous studies have utilized two-dimensional infrared
(2D IR) spectroscopy to investigate solvent fluctuation dynamics in
viscous solvent systems and their aqueous mixtures [5,25,36-42].
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However, a systematic study to compare the solvation dynamics of
viscous molecular solvents, DESs, and their aqueous mixtures has been
lacking until now.

In this work, we employed FTIR and 2D IR spectroscopy on glycerol
(n = ~1 Pa s), malicine (an acid-based DES (n > 1 Pa s), and their
aqueous solutions to address the aforementioned knowledge gap. The
experimental investigation of the impact of water addition on a highly
viscous acid-based DES is compared to the effects of adding an equal
amount of water to a similarly highly viscous molecular solvent.
Ammonium thiocyanate was used as the vibrational probe to study
solvent dynamics as SCN™ has a high transition dipole (stronger signal)
and long vibrational lifetime, which are needed for enquiring the fluc-
tuation dynamics of viscous liquids at higher waiting times [43-46].

Furthermore, SCN™ is widely used as a vibrational probe to under-
stand different systems like ionic liquids, DES, and electrolytes [5,40,
47]. The combination of FTIR and 2D IR results provided insights into
the behavior of these viscous solvents with water dilution. Our findings
revealed a distinct mechanism operating in the two different viscous
solvents upon the addition of water.

2. Materials and methods
2.1. Materials and synthesis

Choline chloride (ChCl, >98.9 %), ammonium thiocyanate
(NH4SCN, >99.9 %), and glycerol (>99.0 %) were all acquired from
Sigma-Aldrich. At the same time, DL-malic acid (>98 %) was procured
from Alfa Aesar. Except for ChCl, the compounds were used without
additional purification steps. ChCl was subjected to vacuum oven drying
at 80 °C overnight to remove any trace amounts of water. The deep
eutectic solvent (DES) was prepared following a previously published
procedure [20,48]. In brief, a 1:1 molar ratio of ChCl and malic acid
were combined in a round-bottom flask. The mixture was stirred and
heated at approximately 50-60 °C until a clear and homogeneous so-
lution was achieved. Subsequently, the homogeneous solution was
allowed to cool to ambient temperature to facilitate further spectro-
scopic measurements. The Glycerol 10W and Malicine_10W mixtures
were prepared by adding 10 moles of water to one mole of glycerol and
malicine, respectively. Previous studies have suggested that nano-
structures in a different DES are somewhat retained with the addition of
up to 10-15 moles of water [5,21,24]. However, another simulation
report indicates that adding a similar molar ratio of water to glycerol
would disrupt the solvation structure of glycerol [33]. Therefore, we
chose to use a 10:1 water-to-solvent ratio (10W) to compare the effects
of water addition on glycerol and malicine in terms of solvent fluctua-
tion dynamics.

2.2. FTIR spectroscopy

FTIR spectra were acquired using a Bruker Vertex 70 FTIR spec-
trometer equipped with a demountable cell consisting of two CaFy
windows (3 mm thickness) separated by a 50 pm mylar spacer. NH4SCN
was added to glycerol, glycerol-water mixture (Glycerol 10W), mali-
cine, and malicine-water mixture (Malicine_10W) to achieve a final so-
lute concentration of approximately 50 mM. All FTIR experiments were
conducted at room temperature, utilizing ~80 pl of the sample solu-
tions. Subsequently, 2D IR experiments were performed on the same
sample solutions, employing the same sample cell used for the FTIR
measurements.

2.3. 2D IR spectroscopy

In this study, the setup used for 2D IR experiments has been
described previously [49]. In summary, an optical parametric amplifier
(OPA) was pumped by a Ti:Sapphire oscillator/regenerative amplifier,
producing mid-IR pulses at 2050 cm ™! (10 pJ) with a pulse width of
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~70 fs. These mid-IR pulses were split into a powerful pump beam (80
%) and a weak probe beam (20 %) using a beam splitter in the 2D IR
spectrometer. The excitation frequency axis of the 2D IR spectra was
obtained by scanning a collinear pair of compressed pump pulses with
varying time delays (z) through a germanium acousto-optic modulator
(AOM)-based pulse shaper. The pump and probe pulses, spatially over-
lapped, were focused onto the sample cell by off-axis parabolic re-
flectors. By keeping a fixed temporal delay (waiting time, T,) between
the pump and probe pulses, the scan of 7 produced the 2D IR signal. The
signal was dispersed onto a monochromator (Princeton Instruments)
and then detected using a liquid nitrogen-cooled 64-pixel mercury
cadmium telluride IR array detector (InfraRed Associates). A series of 2D
spectra were collected at various T, values.

The T,, dependent changes in the 2D spectral shape provided time-
dependent information, which was analyzed through the 2D line
shape. Rapid fluctuations cause a motionally narrowed homogeneous
contribution to the spectrum. On the other hand, slower-evolving mo-
lecular environments induce fluctuations in vibrational frequency,
leading to inhomogeneous broadening. The microscopic changes in the
structural environment result in sampling of the heterogeneous envi-
ronments and create time dependent stochastic fluctuations in the
vibrational frequency, known as spectral diffusion. This phenomenon
was characterized by the frequency-frequency correlation function
(FFCF).

To analyze the Ty, dependent evolution of the 2D IR lineshapes and
extract the FFCF, the nodal line slope (NLS) approach was employed [47,
50]. This method combined the series of 2D IR spectra into a single
decay curve, and the NLS decays were used to calculate the spectral
diffusion timescales. The NLS value at Ty, = O ps indicated the degree of
homogeneity in the broadening. The NLS decay curves were fitted with a
multi-exponential model to extract the time constants, represented by
the following equation.

Ct) = 2 ae <_>

3. Results and discussion
3.1. FTIR spectroscopy
The FTIR spectra of the SCN™ (CN stretch) dissolved in two highly

viscous solvents (glycerol and malicine) and their respective aqueous
mixtures are shown in Fig. 1. Notably, both glycerol and malicine show a
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Fig. 1. FTIR spectra of SCN (CN stretch) in solvent Glycerol (solid pink),

Glycerol_ 10W (dashed pink), Malicine (solid blue), and Malicine_10W
(dashed blue).



T. Chowdhury et al.

blue shift in the nitrile stretch upon the addition of water. The spectra
presented in Fig. 1 exhibit a subtle asymmetry, featuring a small wing on
the low-frequency side in each case. Previous studies have attributed
such asymmetry to the frequency-dependence of the transition dipole
moment in the nitrile stretch within hydrogen bonding environments
[47,51,52].

The observed asymmetric lineshapes in glycerol and malicine indi-
cate that the SCN™ anion is already engaged in hydrogen bonding, even
in the absence of water. Upon water addition, the extent and strength of
these hydrogen bonds increase, leading to the observed blue-shifts in
Glycerol 10W and Malicine_ 10W compared to glycerol and malicine,
respectively. The observed blue shift in glycerol (~5 cm ™) is larger than
that in malicine (1 cm ™). Moreover, the peaks appear slightly narrower
after water addition (Table 1). This phenomenon may arise from
motional narrowing, as non-viscous water molecules exhibit faster
fluctuations compared to their viscous counterparts in Malicine 10W
and Glycerol_10W.

In addition to motional narrowing, the relative changes in the pop-
ulations of hydrogen-bonded and non-hydrogen bonded SCN™ species
can also influence the full width at half maximum (FWHM) of the peaks.
The frequency dependence of the transition dipole moment introduces
further complexities to the system. Consequently, the differences in
FWHM might not provide highly valuable information. However, the
FTIR lineshapes, which are linked to the fluctuation dynamics of the
underlying sub-populations, offer the potential for deeper insights into
the systems.

3.2. 2D IR spectroscopy

2D IR spectroscopy was employed using the SCN™ (CN stretch) as a
vibrational probe to investigate the fluctuation dynamics of the solvent
systems. A typical 2D IR spectrum consists of a peak pair, where the
diagonal peak arises from the 0 — 1 transitions (ground state bleach and
stimulated emission), and the other peak, resulting from the 1 — 2
transitions (excited state absorption), is shifted along the detection
frequency due to the vibrational anharmonicity of the nitrile stretch.
Fig. 2 displays the 2D IR spectra of the nitrile stretch in glycerol and
malicine at four different waiting times (T),). At shorter T, values, the
spectra exhibit diagonal elongation as the excitation and detection fre-
quencies show a strong correlation. However, as the solvent structure
evolves over time, this correlation gradually diminishes, leading to peak
broadening. Notably, Fig. 2 shows that even at larger waiting times, the
excitation and detection frequencies remain correlated, indicating that
the conformational space is not fully sampled within the experimental
time window, constrained by the vibrational lifetime of the nitrile
stretch in a specific environment. Surprisingly, among the two viscous
solvents, 2D IR peaks in glycerol exhibit a larger elongation than in
malicine at any large T, implying slower inhomogeneous dynamics in
glycerol, despite malicine’s reported bulk viscosity being higher than
that of glycerol.

Fig. 3 shows the 2D IR spectra of Glycerol_10W and Malicine_10W at
three different waiting times. As the 2D IR signal is constrained by the
vibrational lifetimes (T;), we were unable to study the entire range of
waiting times for Glycerol 10W and Malicine_ 10W, as was done for
glycerol and malicine. The presence of water significantly decreases the
T1 due to the coupling of the CN vibration with the resonant water mode

Table 1
FTIR lineshape parameters for SCN- (CN stretch) in different solvents and their
respective 10W aqueous mixtures.

Sample Frequency (em™) FWHM (cm ™)
Glycerol 2059.6 + 0.2 48+1
Glycerol_ 10W 2064.9 + 0.2 42+1
Malicine 2061.1 £ 0.2 44+1
Malicine_10W 2062.1 £ 0.2 41+1
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(bending + libration) through hydrogen bonding interactions (Table 2)
[5,53]. A comparison between Figs. 2 and 3 reveals that solvent fluc-
tuations accelerate upon water addition. However, the correlation be-
tween excitation and detection frequencies is lost much faster in
Glycerol_ 10W than in Malicine_10W. Interestingly, considering that
glycerol exhibits slower dynamics than malicine, it is noteworthy that
the addition of water (in the same molar ratio) results in faster fluctu-
ations in the aqueous glycerol solution compared to the aqueous mali-
cine solution. By analyzing the peak shapes, we have quantitatively
extracted the wunderlying fluctuation timescales from the
frequency-frequency correlation function (FFCF), which is derived from
the 2D IR spectra using the nodal line slope (NLS) method (Table 2) [47,
50].

For all solvation environments, the FFCF could be fitted with bi-
exponential decay functions without any offset, indicating the contri-
bution of two distinctly different dynamical processes to the solvation
dynamics (Fig. 4). The fast time constants correspond to local solvent
fluctuations around the solute, likely arising from solute-solvent
hydrogen bond-making and breaking dynamics [36,49]. On the other
hand, the slow timescales correspond to the overall evolution of solvent
structures. While slow time constants usually follow the trend in bulk
viscosity for molecular solvents, DESs are known to form spatially het-
erogeneous nanodomains [27,28,35,54]. In malicine, due to various
types of hydrogen bonding and electrostatic interactions possible, dis-
tribution of fluctuation rates may exist, originating from different
hydrogen bond dynamics and electrostatic fluctuations. As the slow
timescale in malicine arises from the overall evolution of solvent
structures across various domains, the variations in dynamics within the
different heterogeneous domains may plausibly render the overall dy-
namics faster than that in a less viscous solvent like glycerol. Addi-
tionally, dynamical decoupling has been reported between the solvent
and solute motions, particularly in high viscosities [40,55]. A different
degree of coupling in the case of homogeneous and heterogeneous
viscous solvents may also contribute to slower dynamics in glycerol
compared to the DES. A comprehensive understanding can be obtained
through molecular dynamics simulations, but this falls outside the scope
of our current study.

Upon water addition, the slow time constant in Glycerol 10W de-
creases nearly threefold compared to Malicine_10W (18.8 ps vs. 58 ps).
This result can be understood in the context of spatially heterogeneous
domains present in malicine. Water molecules are likely to enter do-
mains where existing interactions can be easily disrupted. Consequently,
the stronger the pre-existing interactions, the less likely they are to be
disrupted. Malic acid contains two carboxylic acid groups and a hy-
droxyl moiety, capable of forming strong intermolecular hydrogen
bonding interactions with the chloride anion in the DES. A previous
NMR spectroscopy study reported that water addition leads to a phase-
separated system, with the DES structure preserved and new water-rich
domains (aggregates) formed [24]. However, a combined study
involving neutron diffraction and molecular dynamics simulations sug-
gested that water is sequestered into the malicine ion structure at a
sub-stoichiometric coordination [30]. The remaining water molecules
were found to fluxionally occupy interstitial sites that would otherwise
not be occupied by larger anions. Thus, the DES structure remains
largely intact despite the addition of water.

Table 2 shows that while the amplitude of the faster timescale in-
creases and that of the slower time constant decreases from malicine to
Malicine_10W, the slower component still contributes the most to the
fluctuation dynamics. This observation further supports the notion that
the DES structure is not significantly disrupted by the addition of water.

In contrast, in Glycerol_10W, the amplitude of the faster time con-
stant dominates the dynamics, indicating substantial perturbation of the
glycerol hydrogen-bond network by the addition of water. In fact, a
recent simulation study on water-glycerol mixtures predicted that water
preferentially donates a hydrogen bond to glycerol rather than to
another water molecule [33]. On the other hand, glycerol has an equal
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Fig. 3. Waiting time (Tw) dependent 2D IR spectra for (a) Glycerol 10W and (b) Malicine_10W.

Table 2

NLS decay fitting parameters, anharmonicity, and vibrational lifetime parameters.
Sample A 71 (ps) A, T2 (ps) Anharmonicity (em™ ) T1 (ps)
Glycerol 0.12 3.33+£0.62 0.77 334.00+40.09 24.48 11.20+0.31
Glycerol_10W 0.44 1.00+0.15 0.31 18.80+4.33 32.99 2.32£0.03
Malicine 0.14 1.62+0.26 0.76 180.00+8.7 27.67 2.00+0.09, 12.4 + 0.47
Malicine_10W 0.21 2.80+0.83 0.54 58.00+20.1 30.63 2.45+0.05

probability of donating a hydrogen bond to either another glycerol
molecule or water. As the water content increases, it disrupts the glyc-
erol hydrogen bond network. Our experimental results align with these
recently reported simulation findings. Furthermore, previous studies on
SCN™ have indicated that hydrogen bonding leads to an increase in the
vibrational anharmonicity of the nitrile stretch [5]. The anharmonicity
values presented in Table 2 also show that anharmonicity increases upon
the addition of water to both glycerol and malicine. Our experimental
results show that the anharmonicity increases more drastically upon
water addition to glycerol than malicine. It has been previously reported
that marked differences in the immediate surroundings of the solute
result in different vibrational anharmonicities of SCN™ indicating a more
pronounced disruption of the solvation structure [5] when water is
added to glycerol compared to malicine. Water disrupts the homoge-
neous glycerol hydrogen bond network predominantly, while the

malicine structure is less affected due to the presence of the spatial
heterogeneous network, with water molecules predominantly interact-
ing with the ionic components of the DES or occupying smaller inter-
stitial sites that were previously vacant in the DES. Consequently, the
extent of homogeneous and inhomogeneous contributions to the FTIR
lineshape is expected to vary to different degrees upon water addition to
glycerol and malicine. For a more comprehensive understanding, a
detailed study of the inter-component hydrogen bond dynamics in these
systems, both with and without the addition of water, would provide
valuable molecular insights. However, such an investigation falls
beyond the scope of this current work.

4. Conclusion

In this study, we have utilized FTIR and 2D IR spectroscopy to gain
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Fig. 4. NLS decays measured for SCN™ in Glycerol (solid pink), Malicine (solid
blue), Malcine_10W (hollow blue), and Glycerol 10W (hollow pink).

comprehensive insights into the impact of water addition on viscous
solvents with varying heterogeneity. Specifically, we investigated two
viscous solvents: glycerol, a molecular solvent, and malicine, a DES. Our
findings revealed intriguing dynamics in these systems.

Interestingly, despite glycerol having a lower viscosity compared to
malicine, the solvent fluctuation dynamics were slower in the molecular
liquid. This discrepancy can be attributed to the formation of nanoscale
heterogeneous domains in DESs, leading to variations in dynamics
within these more or less distinct domains. Consequently, the overall
dynamics in DESs may be faster than in less viscous solvents like
glycerol.

Furthermore, we explored the effect of water addition to these
viscous solvents. The glycerol-water mixture exhibited significantly
faster dynamics compared to the malicine-water system. This accelera-
tion in glycerol-water dynamics can be attributed to the complete
disruption of the glycerol hydrogen bond network upon water addition.
In contrast, previous reports indicate that the DES structure remains
intact in the presence of water. This observation is further supported by
the relatively slower dynamics in Malicine 10W compared to Glycer-
0l_10W, corroborating previous theoretical findings.

In conclusion, our combined FTIR and 2D IR spectroscopic study
sheds light on the complex interplay between water addition and the
fluctuation dynamics of viscous solvents with varied heterogeneity,
providing valuable insights into the behavior of these systems.
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