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Hydration free energies are dictated by a subtle balance of hydrophobic and hydrophilic interactions. which
is crucial for many biological processes and technological applications, such as protein folding and molecular
recognition. Whereas so far the overall entropy and enthalpy are experimentally determined based on equi-
librium measurements using a calorimeter, we present here a pure spectroscopic access to these important
observables, which give direct access to the underlying molecular mechanism that determines these driving
forces. Using THz calorimetry the contributions due to cavity formation and hydrophilic interactions can be
traced back to changes in the intermolecular hydrogen bond stretching region around 150-200 cm ™~ and spec-
troscopic changes due to strong solute-water interactions in the frequency range of the librational modes, i.e.
between 540 and 600 cm~!. Thus, we are able to link the thermodynamic model of the Lum-Chandler-Weeks
theory, which was a pure ” Gedankenexperiment”, directly to experimental observables. We show that alcohol
hydration can be described by a sum of a free energy cost of forming and wrapping a cavity around the solute
(which is entropic for small alcohols) and an enthalpic gain due to the hydrogen bonds formed between the
alcohol OH group and bound water molecules around it. In the future, our approach will allow to quantify

entropic cost and enthalpic gain not only in equilibrium but also in non-equilibrium processes.

Hydrophobic hydration is important to understand
and predict fundamental biological processes, such as
protein folding and aggregation' 3, molecular recogni-
tion? ® and liquid-liquid phase separation,”® as well as
in many other fields, e.g. water-mediated catalysis!® 12
and electro-catalysis'*1°.  Going from small solutes
all the way up to large biomolecules, a subtle balance
between hydrophilic and hydrophobic interactions is
what dictates hydration free energies.'®2?* Evaluating
such balance requires a local mapping of hydrophilic and
hydrophobic contributions, which remains a challenge
for both theory and experiments.'®1%:2529 From the
experimental side, these contributions are notoriously
difficult to probe and cannot be dissected by standard
calorimetry approaches. Nevertheless, several attempts
have been undertaken since the ability to characterize
hydration thermodynamic properties would guarantee
major economic advantages for e.g. drug discovery.3?
In the present work, we seek for a pathway to exper-
imentally access both hydrophilic and hydrophobic
contributions via THz-calorimentry®! (i.e. via cor-
relating THz vibrational fingerprints with entropy
and enthalpy) and evaluate their synergy in dictating
hydration free energies within a simple thermodynamic
model.

A step-wise way to separate hydrophobic and hy-
drophilic contributions is to look at the hydration of a
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generic solute by adopting a thermodynamic cycle as
illustrated in fig.1.32 It consists of a two-step process
where (1) the water hydrogen bond (HB)-network is per-
turbed in order to create a cavity that can accommodate
the solute; (2) the solute is inserted at the centre of the
cavity, switching on attractive solute-water interactions.
The total hydration energy is then given as the sum of
the free energy of these two steps:

A/’Lhyal = A,ucavity + A,ubound (1)

The key aspect of this cycle is that Appouna associated
with step (2) is zero for a purely hydrophobic solute,
which means that hydrophobic hydration is fully de-
scribed by step (1), only. This latter step, which is
associated to the free energy cost of cavity formation
Alicavity, has been rationalized by the Lum-Chandler-
Weeks theory:3? the hydration of small solutes forming
cavities of <1 nm radius requires a distortion of the water
HB-Network, with associated entropic cost that scales
with the cavity volume, while the solvation of larger so-
lutes induces formation of water dangling OH-groups, at
an enthalpic cost that scales with the cavity surface area.

Building on our previous works,?”3! we aim for a
direct experimental characterization of the hydrophilic
and hydrophobic contributions described by each of
the two steps of fig.1 and their interplay to determine
the hydration free energy of molecules composed of
both polar and apolar groups. Our study focuses on
aqueous alcohol solutions as model systems, but the
developed methodology can be generalized to more
complex molecules and bio-interfaces, where the balance



and distribution of polar and apolar groups are crucial
parameters in determining hydration free energies and
biological function.!6:18:26

1. Create a cavity

2. Insert a solute

&

FIG. 1. The hydration free energy of a generic solute can be
modelled as a two-step process: (1) create a cavity in water
where the solute can be accommodated, with associated free
energy cost Apicavity; (2) insert a solute (tBuOH in the ex-
ample) at the center of the cavity, with associated free energy
gain Appound. Hydration water molecules are illustrated with
red orygen and white hydrogen, H-Bonds are in blue. The al-
cohol (tBuOH) solute in step 2 is depicted with red oxygen,
white hydrogen and cyan carbon atoms.

We have previously introduced THz absorption spec-
troscopy to characterize the water HB-network formed
around hydrated solutes.?'3* The THz spectrum of the
solute and its hydration shell is obtained by subtracting
the volume-scaled absorption spectrum of bulk water
from the absorption spectrum of a solution containing
the solute of interest.2”3! Hydration-shell vibrational
spectroscopies provide valuable information on the
intermolecular interactions involving the solute and its
hydration water molecules.?13%36 In our previous studies
we focused on the HB intermolecular stretching region
(100-300 cm™1), i.e. the low frequency region showing
the collective vibrations of the water HB-network, and
we were able to identify two characteristic bands of the
HB-network in the alcohol hydration layer. These were
associated to HBs that spectroscopically, structurally
and dynamically differ from the HBs formed in bulk
liquid water. We observed these two characteristic bands
for all alcohols from Methanol to Pentanol at varying
concentration and temperature?”3!, and similarly for
clathrate hydrates®* and for water interacting with
extended hydrophobic surfaces.?”

Specifically, water molecules in the closest proximity
of the alcohol create a network of HBs wrapped around
the whole solute (covering both hydrophilic OH and
hydrophobic CHy/CHj groups). This cavity forming
HB-wrap provides a specific THz contribution centred
at ~164 cm~!. A second population of HBs (HB-2bulk)
connects hydration water to the bulk, and provides
a specific THz contribution centred at ~195 cm™!,
which is almost bulk like, with a narrower linewidth
indicative of a reduced configurational space.!l"27 By
THz-calorimetry we could quantitatively correlate the

solvation entropy of all the alcohols to the amplitude
of the two identified THz fingerprints. We found, in
agreement with predictions from the LCW theory, that
the entropic cost of alcohol hydration is dominated by
the process of forming and wrapping a cavity.

While this provided an access to thermodynamic
quantities from spectroscopy, we will show here that we
are able to decompose hydration entropy, as obtained
experimentally from THz-calorimetry, into the individ-
ual contributions from the CHz, CHs and OH groups of
alcohol molecules. This approach is suitable to evaluate
how much the strong attractive interactions formed
between the alcohol OH group and water alter hydration
entropy with respect to the limit of only hydrophobic
groups being solvated. While the hydrogen bond stretch
region probes the strength of HBs, which is decreased
for the HB-wrap, we show that the sterical restrictions
for water molecules bound to the OH group (denoted
hereafter bound waters) can be sensitively probed by
the hindered reorientational motion of a single water
molecule, i.e. the librational mode. Putting these
results together makes it possible to experimentally
map both steps of the thermodynamic cycle of fig.1,
hence revealing the interplay between hydrophilic and
hydrophobic solvation mechanisms.

Building-blocks THz-calorimetry approach.
We consider alcohols to be composed of three building
blocks: CHjs, CHy; and OH groups (fig.2C). By using
a large set of alcohols as database (MeOH, EtOH,
PrOH, BuOH, tBuOH, PeOH), we derive group-specific
hydration entropies (ASh,q) adopting a global fitting
procedure detailed in section 4 of the SI. The idea is that
AShyq of each alcohol can be rewritten as the sum of
AS}yq contributions from the building blocks composing
it, i.e. ASpya = ZAS,{Z;‘;“’” . The approximation made
here is that each group provides the same partial contri-
bution (ASJI5") for different alcohols. The hydration
entropy values for all investigated alcohols have been
previously obtained from THz-calorimetry,?”3! and were
found in excellent agreement with values from standard
calorimetry. The working principles of THz-calorimetry
are described in details in the SI.

The obtained ASY %" values are reported in Fig.2A.
CHj3 groups provide the largest contribution to the
hydration entropy, followed by OH, while CHy groups
contribute much less (~40% of a CHgz). AS7 %" values
obtained from classical MD simulations by means of a
3D-2PT model?™3® (see SI, section 6 for details) are also
reported for comparison (green curve). 3D-2PT allows
to spatially resolve hydration entropy around hydrated
alcohols. Group specific values are obtained by direct
integration within the volume assigned to the hydration
shell of each group. The validity of the building-blocks
approximation used in the experimental procedure is
testified by the good theory-experiments comparison.
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FIG. 2. Group specific entropy contributions (at room tem-
perature) to alcohol hydration from THz-calorimetry. (A) in-
dividual contributions of CHs, CH> and OH groups to hydra-
tion entropy, AShyqa. The green curve shows AShyq values
predicted from classical MD simulations by means of a 3D-
2PT approach. (B) effective hydration numbers (nnya) derived
from THz experiments, compared to npyq values from MD sim-
ulations (green). The theoretical npyq values are arbitrarily
scaled by 0.3 to compare with experiments, as they are ob-
tained from direct counting of hydration water molecules while
experimental values depend on spectroscopic activity. (C) il-
lustration of the building blocks composing alcohols, i.e. CHs
(black), OH (red), CH> (cyan). (D) Ezperimental AShya val-
ues divided by npya and averaged separately over apolar (CHa
and CHs) and polar (only OH) groups.

The differences in hydration entropy for polar (OH)
and apolar (CHy, CHs) groups are attributed to (i) a
difference in the local water structure around the groups
or (ii) a difference in the number of water molecules
involved in the hydration of each group. Option (i) is
unlikely to be the major contribution based on analysis
of the structural, dynamical and vibrational properties
of hydrated alcohols from ab initio and classical MD
simulations. As shown in our previous work on hydrated
tert-butanol,?” the water molecules around apolar (CHs)
and polar (OH) groups all form on average 1.5 HB-wrap
and 1.5 HB-2bulk. They further have homogeneous
water-water HB-dynamics within the inner part of the
hydration layer. However, bound water molecules inter-
acting with the alcohol OH-group form an additional
HB with the alcohol. In fig.2D, we show experimentally-
deduced partial hydration numbers (1np,q) for each group
and we compare them with theoretical values obtained
from direct counting of the water molecules in the
hydration shell of each group (the values are averages
over tBuOH, BuOH and MeOH). The CHj groups,
which provide the largest contribution to hydration

entropy, also have the largest njyq, and the trend of nyyq
mirrors that observed for ASp,q. If we divide ASpyq by
np,q and average over apolar (CHy and CHjs) and polar
(only OH) groups separately, group-specific hydration
entropy values per hydration water molecule for polar
and apolar solvated moieties are obtained (fig.2D,
which show no differences). Interestingly, Beyond the
difference in the number of water molecules required
to hydrate each group, we find that polar and apolar
groups contribute equally to the hydration entropy of
alcohols solutes. Thus, we propose that the entropic
cost of alcohol hydration does not significantly depend
on the specific HB interactions formed by the polar OH
group with bound water molecules. The solute-bound
water HBs, which are associated to step (2) of the
thermodynamic cycle of fig.1, mostly contribute as an
enthalpic gain to alcohol hydration, due to the additional
HB that bound water molecules form with the alcohol
OH functional group. This is confirmed by adopting our
group-specific THz-calorimetry approach to decompose
alcohol hydration enthalpy (AHp,q) into CHy, CH; and
OH contributions (see SI, figure S2): we find that OH
groups provide the dominant contribution (-7.74+0.7
KJ/mol at room temperature) to AHpyq.

These results have important implications for the
thermodynamic cycle of fig.1: the entropic cost of alco-
hol hydration is to a good approximation independent
on step (2), i.e. independent on attractive alcohol-water
interactions. In other words, the process of cavity
formation, i.e step (1), dominates alcohol hydration
entropy. This explains why LCW theory has been highly
successful in predicting alcohol hydration entropy?
despite not directly accounting for the interactions
formed by the hydrated solute with water.

THz fingerprint of bound water molecules.
While the THz-fingerprints in the HB-stretching region
probe cavity formation and associated entropic cost,
we were lacking so far a direct THz-fingerprint for the
second step of our thermodynamic cycle, i.e. for water
molecules H-Bonded to the alcohols OH group. To fill
this gap, we move our attention from the HB-stretching
region (100-300 cm™!) to the onset of the librational
band of water (300-600 cm™!). In this frequency
region we probe characteristic soft librations at lower
frequencies (<400 cm~!), and hard librations at higher
frequencies (400-600 cm™1!), indicative of less or more
hindered motions of the water molecules, respectively.
In fig.3A, we report the difference THz spectrum of
hydrated tBuOH with respect to bulk water for different
temperatures. We systematically observe an absorption
decrease below 400 cm ™!, followed by an increase in the
400-600 cm ™! region. Similar trends are obtained for all
the alcohols at various concentrations and temperatures
in an extended frequency range compared to earlier
measurements®! (see SI and figure S1 for details). Fig.3B
displays the theoretical THz spectrum calculated from



ab initio MD simulations by considering only the contri-
bution of bound water molecules around a single tBuOH
solute (including both the self and cross correlation
terms, see SI and ref.2”) for comparison. Based on the

Experiments Simulations
A 1207777 B —T—
[ 04F
801 water bonded to OH-group
401 =
= )
L 2
2] 37
RETS 8
a E.
80+
-120-
L L L L L L L L L L L L L L
100200 300° 400" 500 600 100200 300 400 500 600
Frequency (em™) Frequency (cm )
T T T T T T T T
0.8+ - ® tBuOH
Ea ] n
£ - tPeOH
© .
§ 06Lm | ¢ isoPrOH
= BuOH
i | v PrOH
£oalg e 3 ¥ *.:om
< |v v
L L L L L L L L L
02573 283 293 303 313

T (K)

FIG. 3. THz signature of the bound water population. (A)
Ezxperimental hydration-shell resolved THz spectra of hydrated
tBuOH at various temperatures, showing a characteristic in-
tensity increase in the 450-600 cm™" region. The black solid
lines are linear fits of the THz intensity in this region, from
which the slope plotted in panel C is obtained. (B) Theo-
retical THz spectrum calculated from DFT-MD (same as in
ref.2") considering only the contribution (both self and cross
correlation terms) of bound water molecules hydrating the po-
lar OH group of tBuOH. (C) Slope of the THz-intensity in the
450-600 cm™" region for various experimentally investigated
alcohols as a function of temperature.

theory-experiments comparison, we conclude that the
absorption increase in the 450-600 cm™! region is the
direct spectroscopic signature of bound water molecules.
These water molecules are indeed found from classical
MD to have more constrained orientational motions as
compared to the other water molecules in the hydration
layer or in the bulk, which is consistent with a blue shift
in the librational mode. In particular, we computed
orientational lifetimes of 4.4 ps for bound waters, 2.9
ps for the remaining water molecules in the hydration
layer, and 1.9 ps for bulk water. This trend is well
rationalized by the jump model of water reorientation:3’
Water orientational dynamics is expected to slow down
in the hydration layer*® due to an entropic excluded
volume effect.*! Moreover, an additional enthalpic effect
contributes to the slow down for bound water molecules
as they form a HB with the OH-group, further increasing

the activation barrier for a jump. This is consistent with
a population increase in the hard-librations and a loss in
population of soft-librations, as observed experimentally.
We want to mention that a similar absorption increase
in the THz spectra at frequencies >400 cm~! has been
previously reported for hydration water molecules as
a result of strong interactions with ions or with polar
groups of biomolecules.*>** In order to quantify this
effect, we take the slope of the absorption increase
in the 450-600 cm~! region and we compare it for
different alcohols in Fig.3C. Remarkably, a similar slope
is measured for EtOH, PrOH and BuOH, which are all
primary alcohols (i.e. the C atom carrying the OH group
is bonded to one C atom only). The slope is independent
on the number of apolar CHs and CHjs groups contained
in the alcohol under investigation. This confirms our
assignment of the band to the bound water population
at the alcohol OH-group. Accordingly, the slope changes
as soon as the environment of the OH groups is altered,
i.e. when going from primary to secondary (isoPrOH,
for which the C atom carrying the OH group is bonded
to two C atoms) and tertiary (tBuOH, tPeOH) alcohols.
This is attributed to increased steric hindrance for the
water molecules in the surrounding of the OH group,
as confirmed by classical MD simulations that predict a
slower orientational dynamics for bound waters around
tBuOH as compared to BuOH (4.4 vs 3.8 ps). This
result is expected due to the increase in volume excluded
effect around the OH-group of a tertiary vs primary
alcohol.3>*! As a final confirmation of our assignment,
we note that the two tertiary alcohols have a different
number of apolar groups, but the same slope.

In conclusion, alcohol hydration is well described
by a two-step thermodynamic cycle, where (1) a cavity
is formed in the liquid, and (2) a solute is inserted
at the center of the cavity, switching on attractive
solute-water interactions. The free energy cost of cavity
formation (i.e. the hydrophobic cost) can be quantified
experimentally via THz-calorimetry by a characteristic
HB-wrap mode at 164 cm~!, in the HB-stretching
region. The free energy gain from step (2) is dominated
by the H-Bonds formed between the alcohol OH group
and bound water molecules. The latter provide a THz
fingerprint in the 450-600 cm™! librational region. THz
spectroscopy hence allows directly probing indepen-
dently both hydrophobic and hydrophilic contributions
to hydration free energies, as summarized in Fig.4.
By using THz-calorimetry to relate spectroscopy to
thermodynamics, we have shown that small alcohol
hydration is a balance between entropic (hydrophobic)
cost of cavity formation and enthalpic (hydrophilic)
gain due to H-Bonds between the alcohol and bound
waters. The entropic cost is almost independent on
attractive solute-water interactions. Such behavior was
previously predicted from theory for alkanes,*> which do
not strongly interact with water. We show here that the
same conclusion holds true for solutes such as alcohols
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FIG. 4. Small alcohol hydration free energy is the sum of (A) an entropic cost of cavity formation, involving formation of a
HB-wrap over the whole hydration layer, and (B) an enthalpic gain due to the attractive interactions formed by the alcohol OH
group with bound water molecules. (C) THz-calorimetry quantifies both terms from THz translational (due to HB-stretching,
red) and librational (blue) fingerprints of the hydration layer. In the example, the THz spectrum at room T is decomposed into
the two terms for tBuOH. (D) The 164 cm™' THz fingerprint in the HB-stretching region probes the HB-wrap, while (E) the

librational band probes bound water molecules.

possessing a polar group that can H-Bond water. This
is possible because alcohol-water interactions do not
require significant restructuring of the water network in
the hydration layer (i.e. of the HB-wrap) with respect to
the empty cavity limit. We propose that solutes with the
described properties can be classified as ”wrappable”,
since alcohol-water interactions are well commensurate
to the HB-wrap formed in the hydration layer. Our
framework anticipates an effect of the topological and
morphological aspects of the solute (being it a small
molecule or an extended surface) on its hydration free
energy and solubility. Such effects were observed in pre-
vious theoretical studies'®:26:46:47 of biological interfaces,
and our approach offers a path for an experimental
confirmation of these important findings.

In future studies, the THz fingerprints of wrap and
bound hydration water populations can be used to ratio-
nalize and quantify local thermodynamic contributions
to more complex biomolecules hydration. It will allow
to experimentally dissect the role that hydrophobic
and hydrophilic interactions play in many biological
processes, such as biomolecular recognition, as well as
in non equilibrium processes, and thereby allow to tune
these properties separately for reaction steering.

SUPPLEMENTARY MATERIAL

See the supplementary material for experimental and
computational details, as wall as for additional plots of
the recorder THz spectra and the results of the THz-
calorimetry analysis.
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