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Capturing the vibrational signatures of interfacial molecules is complicated by their low

abundance relative to bulk molecules. Molecules at extended flat liquid interfaces can be

elegantly singled out and probed by vibrational sum-frequency generation (SFG)

spectroscopy as this method is intrinsically surface-specific due to the requirement of

broken inversion symmetry. Interfacial molecules in solvation shells at molecular interfaces,

on the other hand, exhibit inversion symmetry and vanish in SFG spectroscopy. However, in

several cases, the fraction of solvent molecules at such molecular interfaces can be several

percent of the total and can be isolated using advanced subtraction methods. Raman-MCR

spectroscopy was first developed as a general and accurate method for extracting the

Raman spectrum of this fraction of solvent molecules in the solvation shells of solutes. We

later adapted the technique to FTIR spectroscopy in the form of ATR spectroscopy. The

method is, in essence, a difference spectroscopy, wherein the vibrational spectrum of

a solution is considered to be composed of two contributions: (i) that of the bulk solvent,

which can be either a pure liquid or a mixture itself, and (ii) that of the solute with its

solvation shell, defined as the part of the solvent that is perturbed by the interactions with

the solute. In solvation shell spectroscopy, the bulk solvent contribution is removed from

the solution spectrum, and the solute-correlated spectrum is then obtained. This solute-

correlated spectrum contains the vibrational modes of the solute itself and those of

perturbed molecules at the solute–solvent interface, which can reveal information such as

the strength and extent of solute–solvent interactions. Here, we discuss advantages and

complications of the method in detail using tert-butyl alcohol, a small amphiphilic molecule,

as an example, starting in pure water and moving to more complex systems including ionic

additives and mixed solvents. We furthermore illustrate how changes in the hydrogen-bond

strength in the solvent shell can be quantified. Lastly, we push the spectroscopy to the

detection limit and show that solvent interactions can be probed at not only molecular

interfaces, but also meso- and even macroscopic interfaces. When done correctly, solvation
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shell spectroscopy holds great promise to bewidely implemented to study solvent interactions

in a wealth of different simple and complex systems.
Introduction

Interfaces are omnipresent. Here, molecules come together and react. In prin-
ciple, all chemical reactions take place at an interface. Interfaces come in many
chemical and physical forms, ranging from at macroscopic interfaces between
different phases, such as solid–air, liquid–air, solid–liquid, etc.; to the surfaces of
meso-scaled objects, such as nanometer- to micron-sized bubbles, droplets, and
beads; and to molecular interfaces ranging from large biomolecules to small
solutes. All of these interfaces have in common that the solvent is perturbed due
to the different interactions between the chemical nature of the interface and the
solvent molecules compared with solvent–solvent interactions. For the most part
in this discussion, we consider the solvent to be pure water, aqueous solutions
(buffers), or water–alcohol mixtures. In such aqueous solvents, the hydrogen-
bonding interactions between the interfacial molecules and the water mole-
cules dominate the interaction. Since the hydrogen-bond interactions with the
interface are different than the hydrogen-bond interactions between solvent water
molecules, the structure of the interfacial solvent is different than that of the bulk
solvent, and this structural difference directly reects the solvent–interface
interaction. Vibrational spectroscopy is an excellent probe of the aqueous solvent
structure due to the close relationship between the frequency of the OH stretch
and the strength of the hydrogen bond.1–3 However, capturing the vibrational
spectrum of the interfacial solvent molecules is notoriously difficult given the low
number of molecules present in interfacial layers relative to the bulk.

For at macroscopic interfaces, nonlinear spectroscopy in the form of sum-
frequency generation (SFG) has, over the last three decades, become a powerful
method for capturing the vibrational spectrum of interfacial molecules.4–9 Here,
the requirement of broken inversion symmetry within the dipole approximation
ensures that the signal measured comes only from the interfacial molecules.
Consequently, SFG is a background-free method – any photons generated at the
sum of the incident photon energies come from the interface. As a consequence,
SFG can be used to obtain the vibrational spectrum of macroscopic at interfaces
and chiral structures, as chirality also breaks inversion symmetry.10,11 For meso-
scale objects such as micron-sized droplets or beads, the scattering version of
SFG, sum-frequency scattering (SFS), can be used to probe the vibrations at the
surfaces of the particles in solution.12,13 However, as nonlinear optical methods,
SFG and SFS require advanced laser systems and typically result in weak signals
with a corresponding relatively small signal-to-noise ratio (S/N). Experimental
setups for these nonlinear experiments are typically home-built with varying
degrees of user-friendliness, although commercial spectrometers have entered
the market.

While SFG and SFS are not sensitive to molecules at molecular interfaces, as
the net interactions remain isotropic, these can be probed by linear spectroscopy.
For solutions, bulk-allowed methods such as spontaneous Raman scattering and
IR absorption spectroscopy typically focus on vibrations of the solute molecules
since the contribution of surface-perturbed solvent molecules, including those in
Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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the solvation shells of the solute, is overwhelmed by the bulk solvent. However, in
some systems, the contribution from interfacial solvent molecules can be several
percent of the total signal and, through careful experimental design, this surface
contribution can be extracted. This relies on high data quality with good spectral
resolution and, more importantly, an excellent signal-to-noise ratio, which is
readily attainable with IR and Raman spectroscopy. There is a long history of so-
called difference spectroscopy, where a reference spectrum is carefully subtracted
from the spectrum of interest to reveal features that would otherwise not be
apparent. Multivariate curve resolution (MCR) is an alternative to weighted
subtraction that can have some performance advantages. The most common
utilization of difference spectroscopy is to remove the effects of water to better
observe, or to more quantitatively analyze, vibrational modes of other species.14–17

However, for our present interest, we focus on the subset of those methods that
seek to isolate interfacial water signals.18–21 As we will describe inmore detail here,
this requires an extremely careful control of the experimental geometry and a high
level of accuracy in the subtraction, as we seek to uncover oen subtle differences
between the hydrogen-bonding environments of bulk water and water at inter-
faces such as solvation shells. Solvation shell spectroscopy has been extensively
explored using Raman spectroscopy, including the use of MCR.18–30 When it
comes to IR absorption, attenuated internal reection (ATR-IR) offers the possi-
bility to limit the penetration depth of the light in the aqueous phase, which
limits distortions due to the high absorbance of water and, in some cases, can
assist in achieving better contrast in difference spectroscopy.

Surface-enhanced IR absorption spectroscopy (SEIRAS), including in an ATR
conguration, is another means by which the spectral features of surface water
can be enhanced relative to bulk water.31–35 A related technique that draws on
developments in the plasmonics community is shell-isolated nanoparticle-
enhanced Raman spectroscopy (SHINERS), where metal nanoparticles are
deposited onto planar metal interfaces for additional electric eld
localization.36–38 While those methods have demonstrated excellent results,
particularly for electrode surfaces, we are interested in techniques that can be
used to study dielectric surfaces and other non-metal interfaces in solution. In
theory, IR-based methods should offer a signal-to-noise advantage over Raman,
and that is critical to the delity of the difference spectroscopy. Inspired by this,
we applied the Raman-MCR approach originally proposed by Ben-Amotz to FTIR
spectroscopy utilizing attenuated total reectance (ATR).39 We have recently
extended the method to examine a number of different systems studying both the
molecules at the interface of the ATR crystal and the molecular interface in liquid
solutions.40–42 Here, we describe the method in detail taking the small amphi-
philic molecule tert-butyl alcohol as an illustrative example. We show how
solvation shell spectroscopy can not only be applied to pure solvents (water) but
also to quantify the amount of ions in the solvation shell in ionic solutions, to
characterize the solvent composition in mixed solvents, and furthermore to
quantify the hydrogen-bonding interactions in the solvation shell. We illustrate
that using a weighted subtraction provides the same results as using the MCR
method but has advantages at low concentrations, where the signal-to-noise ratio
(S/N) is worse. Given this, we show that, ultimately, solvation shell spectroscopy
can not only be applied to molecular interfaces, but also to mesoscopic objects in
the form of micron-sized beads, and even to macroscopically at interfaces.
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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Careful consideration of crystal elements, proper cleaning, and purging of the
setup are needed to perform solvation shell spectroscopy, but when done
meticulously, solvent interactions can be studied in practically any system,
including small molecules, biomolecules, solvent additives, solvent mixtures,
macroscopic beads, membrane surfaces, and other complex systems.
Methods
Solvation shell spectroscopy

In the dilute limit, a solution can be considered as a two-component system: (i)
the solute itself together with its solvation shell, dened as the part of the solvent
that is perturbed by the solute, and (ii) the bulk solvent. The fundamental prin-
ciple of solvation shell spectroscopy is to remove the bulk solvent contribution to
the total spectrum, leaving behind the solute-correlated spectrum, i.e., the part of
the spectrum that cannot be attributed to the bulk solvent, containing the spec-
trum of the solute itself and the perturbed solvent in the solvent shell. This is
achieved by measuring the spectrum of the solution and that of the pure solvent.
In the simplest case, this is the spectrum of the aqueous solution and that of pure
water, but the same method can be applied to more complex systems, as
described later. The solvation shell spectrum is obtained by simply subtracting
the bulk solvent component from the total spectrum aer scaling it with
a subtraction factor (a), as illustrated in Fig. 1, leaving only vibrations that are
different from those of the bulk solvent – those belonging to the solute with its
solvation shell. The subtraction factor accounts for the fact that the solute with
solvation shell occupies a fraction of the total sample volume. If the volume of the
solute and its solvation shell is 5%, then the subtraction factor would be 0.95,
corresponding to the reduced effective volume of the bulk solvent. The traditional
approach of measuring a pure solvent background spectrum would correspond to
having a subtraction factor of 1 and give rise to negative solvent peaks, since the
solution contains less solvent overall than in the pure solvent. The key is to nd
the correct subtraction factor – while the effective volume of the solute itself can
Fig. 1 Principle of solvation shell spectroscopy. IR solvation shell spectroscopy is, in
principle, a subtraction method, where the total spectrum of a solution is considered to
have two components: the solute with its solvation shell and the bulk solvent. The
spectrum of the solute with its solvation shell is obtained by subtracting the contribution
from the bulk solvent. This is obtained by scaling the spectrum of the bulk solvent with
a factor a to account for the volume occupied by the solute and solvation shell to obtain
the least non-negative spectrum, i.e., the solute-correlated spectrum or simply “the
solvation shell spectrum”.

Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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be determined experimentally, the volume including the solvation shell cannot be
determined independently. This is critical to separating the dominating bulk-like
solvent spectrum from the substantially smaller contributions of solvent mole-
cules perturbed by the solute, and relies on the fact that absorption spectra are
positive quantities. This means that the solvation shell spectrum is found using
the highest value of a without any part of the spectrum being negative – the least
non-negative spectrum. In other words, the coefficient is gradually increased until
any part of the subtracted spectrum becomes negative, thus removing all of the
bulk contribution from the total spectrum and leaving only the part of the
spectrum that is unique to the solute: the solute-correlated spectrum, which
contains the spectrum of the solute itself and that of the solvent, which is spec-
trally shied due to the solute–solvent interactions. The MCR routines nd the
mathematically rigorous least non-negative spectrum. However, due to experi-
mental noise and background uctuations, these are not necessarily the optimal
spectral results and require optimization of the subtraction constant, also
referred to as rotation of the basis set. This is discussed in further detail below.
ATR spectroscopy

Solvation shell spectroscopy relies on the additivity of spectral components and
thus requires that Beer's Law be obeyed. While this is not a problem in Raman
spectroscopy given the low cross-section of the Raman scattering probability, this
is a considerable limitation in IR spectroscopy. In a normal transmission exper-
iment, the OH-stretch band of water saturates for all but the very thinnest
transmission cells. Even in a 25 mm-thick cell, for example, the absorbance of the
OH stretch is more than 10. This limitation can be overcome using attenuated
total reectance (ATR), where the effective pathlength is typically on the order of 1
mm or less. The effective pathlength is dependent on both the penetration depth
of the eld into the liquid solution, on the local eld factors, and on the number
of bounces in the internal reecting element (IRE) of the ATR setup. The effective
pathlength in ATR-FTIR spectroscopy is wavelength-dependent and central to the
solvation shell method, and further depends on the choice of crystal and geom-
etry, which are important considerations and are discussed in detail in the SI.
Furthermore, as a subtraction method, solvation shell spectroscopy requires
a large signal-to-noise (S/N) ratio and is very sensitive to baseline uctuations,
contaminations, and interferences due to light absorption by atmospheric
molecules, most notably water and CO2. In its simplicity, solvation shell spec-
troscopy is deceptively straightforward, but when not applied with care, such
effects can lead to artifacts and misinterpretations. The SI also includes
a discussion of how to avoid artifacts and obtain high-quality solvation shell
spectra.
Results and discussion
Raman vs. IR-ATR solvation shell spectroscopy

Most systems that are considered are aqueous solutions. Water is a particularly
interesting system given the sensitivity of the OH stretch to the hydrogen-bond
strength.1–3 Here, an isolated non-hydrogen-bonded OH, also referred to as
a free OH, gives rise to a narrow band at around 3700 cm−1 in the spectrum. Upon
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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hydrogen bonding, the OH stretch shis to lower frequencies as a function of the
hydrogen-bond strength and broadens as the hydrogen-bond interactions weaken
the OH bond and widen the potential. This is a well-known correlation that can
shi the OH stretch all the way down to 1000 cm−1 for very strong hydrogen-
bonded systems.43 Since the OH stretch is particularly sensitive to hydrogen-
bond interactions, the water molecules in the solvation shell of the solute are
spectrally shied depending on the difference in the interactions between solute
and water compared with the interactions between bulk water molecules. This
shi can be to either higher or lower frequencies relative to bulk water, depending
on the relative hydrogen-bond interactions between solute and solvent compared
with those in bulk water.

The water OH stretch and bend vibrations, which are typically the focus of
solvation shell spectroscopy, are both IR and Raman allowed, making the two
approaches to solvation shell spectroscopy similar. However, there are other
noteworthy differences between IR and Raman given the differences in selection
rules of other vibrations. For instance, the CH-stretch vibrations of the solute are
typically much stronger, relative to the OH stretch, in Raman than in IR. This can
complicate the analysis of strongly hydrogen-bonded OH vibrations since they
can overlap with the CH-stretch vibrations. On the other hand, while the oscillator
strength of the OH stretch varies in the IR, the scattering probability in Raman is
fairly at across the spectrum.2,3 This means that the free OH is typically more
pronounced in Raman solvation shell spectroscopy than in the IR analogue.
Raman solvation shell spectroscopy thus has advantages when characterizing the
free-OH vibrations and quantifying the number of perturbed water molecules,
while IR solvation shell spectroscopy has advantages when characterizing strongly
hydrogen-bonded species. Depending on the specic sample, ATR spectroscopy
can exhibit a higher sensitivity, making it possible to operate at lower concen-
trations. However, the presence of the crystal in ATR spectroscopy can cause
problems with surface aggregation and care must be taken in cleaning the crystal,
as discussed in the SI. IR-ATR and Raman solvation shell spectroscopies thus
offer complementary strengths. In most cases, either IR-ATR or Raman solvation
shell spectroscopy is sufficient to characterize the system of interest, but given the
differences in selection rules, combining the methods can be advantageous, as
illustrated by combined IR and Raman solvation shell studies, combined with
theoretical calculations, that shed light on the intricate nature of the excess
proton and proton shuttling in water under acidic conditions,44 and on water–
hydroxide interactions and proton shuttling in basic solutions.45
Solvation shell spectroscopy via weighted subtraction

In the pioneering work by Ben-Amotz and coworkers, MCR routines were used to
extract the solute-correlated spectra from the Raman spectra of solutions.18–21 In
our earlier works on IR solvation shell spectroscopy, we also applied the same
routine, as provided by the Ben-Amotz group. Such MCR routines nd the
mathematically rigorous least-positive solute-correlated spectrum – that is, the
largest extraction coefficient without any part of the spectrum becoming negative.
However, this does not account for experimental noise and baseline dris. For
instance, the MCR routine nds the solution where the lowest noise spike in the
solvation shell spectrum is zero, and not the more experimentally reasonable
Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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solution, where the noise is centred around zero. Therefore, aer nding the
mathematically rigorous solution with MCR, the optimal solvation shell spectrum
is then ne-tuned by rotating the basis set.

More recently, we have instead applied a weighted subtraction method. Ben-
Amotz and co-workers previously compared these approaches and found that
the methods are equivalent in Raman spectroscopy for two-component systems.46

IR-ATR spectroscopy exhibits different imperfections, such as baseline dris and
atmospheric interferences, compared with Raman spectroscopy, which can
inuence the analysis. These imperfections are typically not signicant at higher
solute concentrations, but become important at lower concentrations or for
extensions to mesoscale andmacroscopic systems, which inherently have lower S/
N due to the smaller surface-to-bulk ratio. Below, we compare the methods and
provide several examples of IR solvation shell spectroscopy of increasingly
complex systems. These results demonstrate the usefulness of the method with
smaller signals, allowing extensions to increasingly complex systems as well as
mesoscale and macroscopic interfaces discussed below.

TBA: the fruit y of solvation shell spectroscopy. Tert-butyl alcohol (TBA) is
a convenient test molecule for solvation shell spectroscopy. This amphiphilic
molecule is particularly informative as it contains both a hydrogen-bond-breaking
hydrophobic region and a hydrogen-bond-forming OH group. The Ben-Amotz
group studied TBA with Raman-MCR spectroscopy to reveal information on its
solvation, aggregation, and interactions with other small solutes.19,47–50 Accord-
ingly, it was also an important demonstration in our rst application.39 Here, we
demonstrate solvation shell spectroscopy, including its applications and limita-
tions, rst on aqueous solutions of TBA at high and low concentrations and then
on increasingly complex multi-component systems.

Initial processing of the data. The raw IR-ATR spectrum is initially processed
to remove offsets and correct for the frequency-dependent penetration depth, as
described in the SI. In the multi-bounce germanium ATR, the effective pathlength
(l e) varies from 3.99 mm at 1000 cm−1 to 0.9 mm at 4000 cm−1. This results in an
exaggerated OH bend (l e z 2.3 mm) relative to the OH stretch (l e z 1.1 mm) in
aqueous samples, compared with a transmission experiment. Correcting for this
frequency-dependent pathlength normalizes the spectrum to absorbance per mm,
i.e., makes the absorbance equivalent to that measured in a transmission cell with
a thickness of 1 mm.

Weighted subtraction. Obtaining the solvation shell spectrum of TBA via the
weighted subtraction method is demonstrated in Fig. 2, showing both gross and
ne adjustments of the scalar a. We nd it useful to initially purposely slightly
oversubtract the solvation shell spectrum to highlight the differences relative to
the bulk spectrum. The most extreme case, a = 1, shown in Fig. 2a, results in the
direct difference spectrum – the solution minus the solvent – with negative peaks
corresponding to the solvent peaks. This is equivalent to blanking the spec-
trometer with the pure solvent. As described above, this occurs because as the
solute occupies volume, the solvent volume is reduced and, in effect, over-
subtracted. In particular, this overwhelms the OH-stretch contributions of the
solute. By reducing a until there is no negative signal remaining, we remove only
the effective amount of bulk solvent in the solution, leaving behind the spectrum
of the solute and any solvent molecules that are no longer “bulk-like”.
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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Fig. 2 The solvation shell spectrum of TBA obtained via the weighted subtraction method
for (a–c) 2 M TBA and (e and f) 0.1 M TBA. (d) The corrected absorbance spectra of pure
water, 2 M TBA, and 0.1 M TBA.
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To optimize the subtraction factor, it is useful to look at a small peak. As such,
the free-OH stretch of non-hydrogen-bonded OH groups at∼3660 cm−1, shown in
Fig. 2c and f, is especially illustrative of the sensitivity of solvation shell spec-
troscopy. This peak originates from broken hydrogen bonds due to interactions
with the hydrophobic regions of the alcohol, and is typically obscured by the
much larger hydrogen-bonded OH stretch in the absorbance spectrum. At high
alcohol concentrations (Fig. 2c), this peak can be a few percent of the overall
absorbance and is easily observed in the solvation shell spectrum, despite noise
caused by atmospheric water lines in the same frequency range. As the alcohol
concentration is decreased (Fig. 2f), this peak becomes harder to distinguish and
truly emphasizes the power of solvation shell spectroscopy. In the corrected ATR
spectra (Fig. 2d), a 0.1 M solution of TBA is virtually indistinguishable from bulk
water, while the sharp peaks of TBA can be seen clearly at a higher concentration
(2 M) of the alcohol. Interestingly, solvation shell spectroscopy at high concen-
tration is further complicated by a change in the slope of the high-frequency edge
of the spectrum – at frequencies normally considered higher than the OH-stretch
range, the water has an absorbance that is distinctly different than the alcohol
solution and creates a slightly negative offset under the free-OH band.

MCR analysis and comparison with weighted subtraction. For comparison, the
two TBA data sets analysed above were also analysed using the MCR routine.
Fig. 3a shows the initial MCR result, as well as the ne-tuned rotation and the
weighted subtraction result for the high-concentration data. Due to the high-
frequency offset in this data, the initial result is undersubtracted, but by ne-
tuning the rotation in the MCR output based on the free OH, an identical
result to the weighted subtraction is obtained. The same is true for the solvation
shell spectrum of 0.1 M TBA shown in Fig. 3b, which is still rather high quality
despite the low concentration. While MCR is a powerful method and capable of
more complex analyses, the weighted subtraction method can be applied equiv-
alently in a wide range of applications of interest across broad elds. In the two-
component limit, the twomethods are equivalent. Furthermore, the MCRmethod
Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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Fig. 3 The solvation shell spectrum of TBA obtained as the initial and optimized outputs
from the MCR routine, as well as the direct subtraction result for (a) 2 M TBA and (b) 0.1 M
TBA. After optimization, the two methods are fully equivalent for two-component
systems.
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can give misleading results if the initial MCR result is used as is without further
renement of the basis-set rotation, based on chemical and experimental
considerations, as shown in Fig. 3. Therefore, while our initial studies used the
MCRmethod, we now use the weighted subtractionmethod for its ease of use and
transparent, exible application.

Both the weighted subtraction and the MCR approach are affected by the data
quality, particularly baseline offsets and interfering atmospheric absorbances,
which are increasingly problematic as the solute concentration decreases. Inter-
ferences from atmospheric absorbances can cause artifacts, particularly in the
OH-stretch region, and false identication of free-OH peaks, as discussed further
in the SI, together with further discussion of analysing noisy data. For both
methods, appropriate analysis of the solvation shell spectrum requires chemical
and spectroscopic insight, and familiarity with common issues, as the rigorous
mathematical application does not consider experimental noise and artifacts that
are generally well-understood and can be avoided with careful application of the
procedures. In all cases, reproducibility is a key factor in condently obtaining the
solvation shell spectrum. Careful analysis allows the extension of the method to
increasingly complex systems and surfaces, as discussed below, starting with
additives to aqueous solutions of the well-understood probe molecule TBA.
Solvation structure of TBA: from pure water to complex systems

TBA in pure water. The amphiphilic TBA solute is an illustrative example of
solvation shell spectroscopy. As can be seen in the above gures, the hydrophobic
part of themolecule gives rise to a distinctive “free-OH” peak around 3660 cm−1. A
completely free OH as found at the air–water interface has a vibrational frequency
of 3700 cm−1. When interacting with the hydrophobic CH3 groups of TBA, the
non-hydrogen-bonded OH vibration of the surrounding water molecules in the
solvation shell is slightly shied to 3660 cm−1 due to the dispersion interactions.
Such free-OH peaks are a hallmark of, and a convenient marker for, normal
hydrophobic surfaces.18–21,51However, for positively charged hydrophobic surfaces
such as those found in the tetramethylammonium cation, the free OH disappears
since the OH group is rotated away from the interface due to charge repulsion.52
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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In both cases, the overall solvation shell spectrum is slightly shied to lower
frequencies compared to bulk water due to the overall strengthening of the
hydrogen-bonded network of water surrounding the hydrophobic residue. This
tetrahedral network of water around hydrophobic patches has also been observed
for at hydrophobic surfaces in SFG spectroscopy,53 and in THz spectroscopy of
TBA in solution.54–56 The well-studied amphiphilic TBA provides an interesting
starting point for exploring more complex systems, as demonstrated below.

Ions in the solvation shell of TBA. While most solvation shell studies have
focused on solutions in pure water, solutions in buffers can also be studied when
care is taken to ensure that the pure solvent (in this case, a buffer solution) is
identical in the solution and solvent. Whether the ion concentration in the
solvation shell is different than in the bulk solvent is an interesting question,
particularly relevant to the pharmaceutical industry and formulations where
excipients and additives in the solvent are included to stabilize the solvation of
bioactive molecules. Ben-Amotz and co-workers investigated the change in the
OH stretch in the solvation shell of TBA when introducing ions into the solvent.47

Here, we focus on the vibration of the ion itself and use solvation shell spec-
troscopy to quantify the amount of ions in the solvation shell compared with the
bulk ion concentration.

We investigate the solvation shell of TBA in NaN3 solutions. Fig. 4 shows the
solvation shell spectra of 1.0 M TBA solutions with varying azide concentrations.
Azide is a convenient ion to study because the strong vibration at 2042 cm−1, which
is usually clear of other interesting features in the vibrational spectrum, can be used
to quantify the amount of azide in the solvation shell. Fig. 4 shows how the solvation
shell spectrum changes with bulk azide concentration, and the magnitude of the
azide peak in the solvation shell as a function of the bulk azide concentration. This
behaviour closely resembles that of ions at the outermost layer of the air–water
interface studied by resonant second-harmonic generation (SHG) spectroscopy.57,58

Accordingly, we performed a similar Langmuir analysis of azide in the solvation shell
of TBA and obtained a Gibbs free energy of adsorption of −7.6 kJ mol−1. In
comparison, the value obtained for the adsorption of azide to the outermost layer of
the air–water interface was −10.0 kJ mol−1. However, care must be taken when
Fig. 4 Azide ions in the solvation shell of TBA: (a) the solvation shell spectra with changing
azide concentration, and (b) a Langmuir fit of the azide peak amplitude as a function of
azide concentration in the bulk solvent.
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comparing these two values: for the air–water interface, the net adsorption through
the entire interfacial layer is negative (i.e. an overall positive Gibbs free energy of
adsorption) and only at the outermost liquid layer is there a positive absorption
(negative Gibbs free energy), given the non-monotonic concentration proles at the
interface. In the present case, we are capturing the entire solvation shell, not only the
layer closest to TBA. This means that in this case, there is a true net accumulation of
azide ions at the TBA surface compared to the bulk.

TBA in mixed solvents. While most solvation shell studies have been per-
formed in pure water or in buffered solutions, we recently extended IR solvation
shell spectroscopy to mixed solvent systems of TBA in water/propanol solvent
mixtures, across the full range from pure propanol to pure water.41 By combining
solvation shell spectroscopy with simulations, we discovered that the solvation
shell of the amphiphilic TBA solute in the mixed solvent exhibits non-monotonic
dependences on the solvent composition and thus provides a molecular probe of
the non-ideal mixing behaviour of the solvents. Furthermore, we found that the
solvation shells of an amphiphilic solute display hydrophilic-hydrophobic bila-
yers and multilayers of the solvent molecules depending on the solvent mixture,
similar to electric double layers at at interfaces. This example illustrates that
solvation shell spectroscopy can be applied not only to pure water or salt solutions
but also to more complex solvent mixtures to probe their non-ideal mixing
behaviour at the molecular level. It also illustrates the power of combining
solvation shell spectroscopy with simulations to obtain a detailed molecular
picture of the local solvation structure.

Hydration energies – hydrogen-bond strength. The qualitative interpretation
of aqueous solvation shell spectra relies on the correlation between the OH-
stretch frequency and the hydrogen-bond strength. As such, this correlation
offers a straightforward qualitative interpretation of the spectra. If the solvation
shell spectra are shied to higher frequencies than bulk water, it means that the
hydrogen-bonding interactions in the solvation shell are weaker than in bulk
water, and if the solvation shell spectrum is shied to lower frequencies, then the
hydrogen-bonding interactions are stronger than in bulk water. Of particular note
is the free OH, found as a relatively sharp peak around 3650–3700 cm−1,
depending on the van der Waals interactions, which is a hallmark of water in
hydrophobic environments that is unable to form all of its hydrogen bonds. Given
the unique assignment and identication of this peak, it can be easily interpreted
and has been used to shed light on the nature of hydrophobic interactions.18–21

The straightforward qualitative interpretation of solvation shell spectra offers
great insight into the general intermolecular interactions between solute and
solvent. However, it can be advantageous to further quantify these interactions.
With increasing hydrogen-bond strength, the OH-stretch potential widens,
thereby shiing the vibration to lower frequencies. Theory offers a direct trans-
lation of the OH-stretch frequency to hydrogen-bond strength via a linear relation
over the typical water OH frequency range from 3000 to 3700 cm−1:1

HB strength: DED/A (kJ mol−1) = 0.0392 × u (cm−1) − 150.6

Given that the peak width also broadens as a function of hydrogen-bond
strength, this direct linear relationship should be taken only as an approximation,
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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Fig. 5 Calculation of the average hydration energy in the solvation shell of 2 M TBA. (a)
The solvation shell spectrum as a function of frequency, which is then (b) converted to the
absolute hydrogen-bond strength, and (c) the relative hydrogen-bond strength compared
to the average of bulk water.
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but it works to quantify the average hydrogen-bond interactions. Using this direct
relationship, the OH-stretch spectrum can be converted into a distribution of
hydrogen-bond interactions, as illustrated in Fig. 5. What is relevant is how the
hydrogen-bond interactions in the solvation shell compare to those of bulk water.
This can be quantied by shiing the hydrogen-bond strength from the absolute
value to the change relative to the average of bulk water. Accordingly, OH-stretch
vibrations at higher frequencies contribute to a net weaker hydrogen-bond
network and OH vibrations at lower frequencies contribute to a net stronger
hydrogen-bond network in the solvation shell compared with that of bulk water. The
average hydrogen-bond interaction in the solvation shell is then simply found as the
average of the hydrogen-bond distribution relative to bulk water. If there is spectral
overlap of the OH-stretch band of water in the solvation shell with CH stretches,
these must be subtracted before the average is taken, as also illustrated in Fig. 5c.
For the example shown in Fig. 5 of 2 M TBA, the average hydrogen-bond strength in
the solvation shell is found to be 1.56 kJ mol−1 stronger than the average hydrogen-
bond interactions in bulk water when averaged from 2500 to 4000 cm−1. Here it
should be noted that the oscillator strength of the OH stretch in the IR also varies as
a function of the OH-stretch frequency. For small shis of the OH-stretch spectrum,
this effect is minor, but for larger shis this should be taken into account, which can
be done using another theory-derived average relationship between the transition
dipole moment and the OH-stretch frequency.1 While a lot of information can be
derived from the qualitative interpretation, this quantication is useful for
comparing to other measurements, such as atomic force measurements.42
Biomolecules

Solvation shell spectroscopy can provide insight not only into small organic or
inorganic compounds, but is also valuable for understanding the hydration of
biomolecules, such as proteins or lipids. In our rst publication introducing IR
solvation shell spectroscopy, we quantied the amount of water in the solvation shell
of an anti-freeze protein.39 In our experience, high-quality solvation shell spectra can
be obtained with protein concentrations of a few mg ml−1 and above. In a recent
investigation, we compared the solvation shell of halophilic proteins to mesophilic
(normal) proteins as a function of salt concentration, combined with molecular
dynamics simulations. As halophilic proteins typically contain a higher density of
acidic side chains compared tomesophilic proteins, it had been suggested that these
acidic side chains were necessary to keep the protein hydrated at high salt
concentrations. However, we found no distinguishable difference in the hydration of
Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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halophilic proteins and mesophilic proteins at high salt concentrations, suggesting
a different evolutionary drive for the increased amount of acidic side chains in
halophilic proteins. These studies were performed with a protein concentration of
0.5mgml−1, which is pushing the current noise limit of solvation shell spectroscopy
of proteins, and again highlight the power of combining solvation shell spectroscopy
with simulations to obtain a detailed molecular picture of solvation.40 This push to
lower concentration is critical for applying solvation shell spectroscopy to custom-
synthesized biomolecules that can only be made in limiting amounts. Further-
more, pushing the method to lower S/N systems allows for studying even large
objects, such as the meso- and macroscopic systems discussed below.

Meso- and macroscopic surfaces

By far, most solvation shell studies have focused on solutions of small molecules
or biomolecules. However, the same principle can be applied to larger objects, as
recently demonstrated on 900 nm diameter polystyrene beads and membrane
surfaces.42 For these mesoscale objects, the surface-to-volume ratio is smaller
compared to molecules, giving rise to further challenges in the signal-to-noise
ratio, since the solvation shell spectrum is less than a percent of the total spec-
trum. However, when the measurements are taken with care, reliable spectra can
still be obtained. For the case of polystyrene beads, the solvation shell spectra are
of surprisingly good quality given the low concentration of the polystyrene beads
in the solution, 1 mg ml−1. However, comparing the magnitude of the CH-stretch
vibration of the polystyrene bead solution on the ATR crystal to a bulk lm of
polystyrene reveals that the beads accumulate on the ATR crystal to form a nearly
close-packed layer, as illustrated in Fig. 6. More specically, the absorption of the
2850 cm−1 CH vibration of a 40 mm-thick polystyrene lm is ∼1, while that of the
solution on the ATR crystal is 0.00042. Accounting for the effective penetration
depth of ∼188 nm of the ATR/solution interface, this corresponds to an effective
thickness of 44 nm of polystyrene on the ATR crystal. Assuming that the beads are
spheres lying on the ATR crystal, this in turn corresponds to roughly a third of
a full packed monolayer of beads on the ATR crystal. This up-concentration of
beads on the ATR crystal compared to the bulk solution explains the surprisingly
good quality of the obtained solvation shell spectra and opens up a multitude of
applications for studying solvation of functionalized mesoscale objects.
Fig. 6 Solvation shell spectroscopy of 900 nm polystyrene beads forming a packed
monolayer on the ATR crystal. (a) The absorption spectrum of a 40 mm-thick polystyrene
film, compared with (b) the solvation shell spectrum of 900 nm diameter polystyrene
beads. (c) A schematic showing the polystyrene beads forming a close-packed layer on the
ATR crystal.
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As a further extension of the method, we applied it to functionalized
membrane surfaces, where we observed that the solvation shell spectra of the
membranes indeed change with surface functionalization and buffer conditions,
which can be further quantied in terms of hydrogen-bond strength, as described
above, and compared to other experiments.42 Here we note that a similar
approach has been used recently to investigate solvent interactions with other at
surfaces, such as gold functionalized with self-assembled monolayers.59 That
solvation shell spectroscopy can be sensitive enough to measure the solvent
interacting with nominally at surfaces greatly broadens the applicability of the
method and could potentially complement truly surface-specic spectroscopies
such as SFG, given the differences in selection rules and sensitivities.
Conclusions

IR solvation shell spectroscopy is a powerful emerging method, providing direct
spectroscopic characterization of the interactions between solute and solvent. In
its simplicity, it can be widely used to study interactions at the solute–solvent
interface in a multitude of systems encompassing not only small molecules and
biomolecules, but also larger meso- and macroscopic objects, such as beads and
surfaces. Here we aim to give a comprehensive description of the method,
including common pitfalls and how to obtain reliable spectra to broaden the
usability of the method. When implemented with care, IR solvation shell spec-
troscopy can provide key molecular insight into solute–solvent interactions to
uncover the driving forces for solvation that are difficult to obtain by other
experimental means.

Specically, we used the well-studied TBA molecule to demonstrate several
advances in IR solvation shell spectroscopy. Reducing the necessary signal-to-
noise ratio allows the method to be applied to molecular interfaces at low
concentrations, such as those required for scarce samples, as well as at at or
complex surfaces where the number of surface molecules is low. Furthermore, the
solvation shell spectra of simple and complex systems can be carefully analyzed to
extract quantitative chemical information, such as adsorption and hydration
energies. As such, we determined the Gibbs free energy of adsorption of azide ions
to the solvation shell of TBA to be−7.6 kJ mol−1, in comparison to−10.0 kJ mol−1

obtained for the adsorption of azide to the outermost layer of the air–water
interface.57,58 Furthermore, we quantied the average hydrogen-bond strength in
the solvation shell of TBA in pure water to be 1.56 kJ mol−1 stronger than the
average hydrogen-bond interactions within bulk water.

Combined with theoretical simulations, solvation shell spectroscopy is
a particularly powerful combination to provide molecular insight into solute–
solvent interactions critical for a number of applications spanning fundamental
interactions behind the hydrophobic effect, non-ideal mixtures, biomolecular
solvation and interactions, and formulations. This breadth of examples demon-
strates the diverse potential of solvation shell spectroscopy – with careful
consideration, this powerful method can be applied to study solvent interactions
in practically any system, from small molecules, biomolecules, and complex
solvents, to even mesoscopic and macroscopic interfaces.
Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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