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ABSTRACT: Water is an extensively self-associated liquid due
to its extensive hydrogen bond (H-bond) forming ability. The
resulting H-bonded network fluid exhibits nearly continuous
absorption of light from the terahertz to the near-IR region. The
relatively weak bend+libration water combination band (centered
at 2130 cm−1) has been largely overlooked as a reporter of liquid
water’s structure and dynamics despite its location in a
convenient region of the IR for spectroscopic study. The
intermolecular nature of the combination band leads to a unique
absorption signal that reports collectively on the rigidity of the
H-bonding network in the presence of many different solutes.
This study reports comprehensively how the combination band
acts as an intrinsic and collective probe in various chemically and
biologically relevant solutions, including salts of varying character, denaturants, osmolytes, crowders, and surfactants that form
reverse micelles and micelles. While we remark on changes in the line width and intensity of this combination band, we mainly
focus on the frequency and how the frequency reports on the collective H-bonding network of liquid water. We also comment on
the “association band” moniker often applied to this band and how to evaluate discrete features in this spectral region that
sometimes appear in the IR spectra of specific kinds of aqueous samples of organic solutes, especially those with very high solute
concentrations, with the conclusion that most of these discrete spectral features come exclusively from the solutes and do not
report on the water. Contrasts are drawn throughout this work between the collective and delocalized reporting ability of the
combination band and the response of more site-specific vibrations like the much-investigated OD stretch of HDO in H2O: the
combination band is a unique reporter of H-bonding structure and dynamics and fundamentally different than any local mode
probe. Since this band appears as the spectroscopic “background” for many local-mode reporter groups, we note the possibility of
observing both local and collective solvent dynamics at the same time in this spectral region.

■ INTRODUCTION

Liquid water is the most important chemical solvent and is an
intrinsic participant in all biological and geological chemistry.
The infrared (IR) absorption spectrum of liquid water (see the
Table of Contents Figure for the IR spectrum of deionized
water) contains a broad, symmetric, and relatively weak band
centered near 2130 cm−1 that has been assigned to a
combination of the H−O−H bending molecular normal
mode and the “librational” motion associated with hindered
rotation of mutually H-bonded water molecules.1−3 This band
is thus simultaneously a molecular and collective reporter of the
intermolecular structure and dynamics of liquid water.4,5 It is
also called the “association band” due to features in this region
observed in aqueous minerals, glasses, carbohydrate materials
and water/cosolvent solutions. While various observations of
this band’s behavior in the presence of some solutes have been

published across many years,6,7 a comprehensive study and
physical explanation for this band’s behavior in the IR
absorption spectrum has not been published, and this work
intends to provide that comprehensive viewpoint via experi-
ments on a wide range of aqueous samples. A full character-
ization and understanding of this band is especially important
to IR spectra that include site-specific, normal mode “probe
groups” in this otherwise clear region of the IR spectrum. As a
collective reporter, the combination band might also be able to
provide its own different viewpoint on water in such probe-
labeled samples.
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The physical origin of this band and its ability to absorb
infrared light has been most clearly explained by McCoy,
Johnson, and co-workers,8 who noted the appearance of similar
spectroscopic features in gas-phase spectra of small water
clusters and subsequently provided a clear explanation for how
anharmonic coupling (through both the electrical and
mechanical parts of the anharmonicity) between the bending
vibration and librational motions can lead to this band’s
absorption intensity.1 The observed frequency of this band
should thus depend on the frequencies of both the molecular
HOH bending mode and the intermolecular librational motion.
The band’s intensity depends on the extent of anharmonic
coupling between those motions and on their own oscillator
strengths.
The ultrafast nonlinear response of this band was mentioned

by Kuo and Hochstrasser, for whom this feature was a
background signal under the more long-lived signal from
cyanide in water.9 A very similar ultrafast response was also
reported by Ziegler et al.10 In each ultrafast study, the observed
nonlinear response to multiple resonant IR pulses remained
closely tied to the instrumental response function and time-zero
for overlap of the pulses. Both the lifetime and dephasing time
of the signal in this frequency region of liquid water are very
fast, less than 200 fs, and the band’s inhomogeneous
distribution disappears or reaverages within most conventional
2D-IR instruments’ response times.
While the linear absorption band can be fitted reasonably

well to a single Gaussian distribution, it fits best to a single,
broad Lorentzian, which is consistent with a very short lifetime
(which broadens the Lorentzian line width) and motional
narrowing (which removes most other line shape components).
For this reason, the combination band is not expected to report
on the shape of the low-frequency librational band, but rather
to provide a dynamic average of the broad librational frequency
manifold.
For a vibrational signal from liquid water, this particular

dynamic behavior is not particularly surprising, given many
other observations of short lifetimes and rapid signal loss due to
excitonic energy transfer from normal modes of nonisotopically
dilute samples.11−14 In isotopically homogeneous samples like
pure H2O, the high local density of OH stretching vibrations,
for example, and the strong coupling between neighboring OH
stretches leads to delocalized and excitonic OH excitations that
no longer reside on one molecule, and very efficient energy
transfer between excitonic states that leads to very rapid signal
loss, dephasing, and observed spectral diffusion in 2D-IR
experiments.
We expect that something similar will happen for the

combination band of liquid H2O, where not only is the
excitation itself a combination of a molecular normal mode and
a collective intermolecular motion, but each of these motions is
also strongly anharmonically coupled to other excitations with
similar resonant frequencies throughout the local water
network. Theoretical expectations predict especially rapid
energy transfer both from intermolecular normal modes to
the intermolecular librational band and within the librational
band.15 The combination bend+libration excitation is already
multimolecular, even in a localized basis. Since normal modes
on water molecules are so strongly delocalized and coupled to
each other in natural-abundance liquid water, the combination
absorption band might be viewed as a collective reporter of the
dynamics of the entire network of water molecules in the liquid,

as opposed to an isolated local mode like the OD stretching
vibration of dilute HDO in H2O.

16−18

While variations in the combination band with temper-
ature6,19 and the concentration of some simple solutes20−22

have been documented, it is not systematically understood how
this band reports on the dynamic structure of liquid water as
influenced by salts, denaturants, osmolytes, interfaces, or
crowding or confinement. The combination band is also a
prominent part of the “solvent background” for increasingly
popular and diverse vibrational probe groups with unique
frequencies in the 1900−2500 cm−1 region.23−25 Clearly
documenting the spectroscopic changes for different kinds of
aqueous solutions in this frequency region is very important to
rigorous isolation of these “probe” signals from the solvent
background. While collective motions of water are more
typically observed using low-frequency Raman shifts or
absorption resonances in the far-IR or terahertz spectral
regions, the bend+libration combination band provides a
higher-frequency readout of the collective dynamics of water
in the same spectral region as site-specific normal mode signals
like nitriles, azides, C−D stretches, and the OD stretching band
of dilute HDO (which reports site-specifically on the solvated
structure of one water molecule). Observing the collective
water network (via the combination band) and a specific site
(via a probe vibration) at the same time in a single spectrum is
an intriguing possibility.
To better understand the reporting ability of this band and

its expected spectroscopic behavior in the presence of a range
of aqueous solutes, our goals in this work are (1) to
comprehensively document the dependence of the water
combination band on a wide variety of different solutes and
(2) to present a comprehensive physical picture for how this
band reports on the structure and dynamics of liquid water.
While this work does not attempt to further interrogate the
ultrafast response of this band, several comparisons are
presented to highlight the differences in reporting ability for
the combination band vs the OD stretching band of dilute
HDO, which is a single, local-mode reporter of the dynamic
liquid structure of water.

■ EXPERIMENTAL METHODS
Sample Preparation. Sodium carbonate, sodium sulfate,

sodium thiosulfate, sodium fluoride, sodium chloride, sodium
bromide, sodium perchlorate, sodium iodide, cesium chloride,
rubidium chloride, potassium chloride, lithium chloride,
calcium chloride, magnesium chloride, zinc chloride, guanidi-
nium chloride, urea, tetramethyl urea, sorbitol, trimethyl
glycine, glycine, poly(ethylene glycol) dimethyl ether (number
average molecular weight 1000), diethylene glycol dimethyl
ether, sodium bis(2-ethylhexyl) sulfosuccinate, dodecyltrime-
thylammonium bromide, sodium dodecylbenzenesulfonate,
sodium dodecyl sulfate, polyethylene glycol tert-octylphenyl
ether, isooctane, and deuterium oxide were purchased from
Sigma-Aldrich and were used as received. Water obtained from
Milli-Q Direct 16 treatment (18.2 MOhm-cm) was used in
preparation of all aqueous solutions. The concentration of
various aqueous solutions is presented either in molar (M =
moles per liter) or wt % (w/w) in this work. The concentration
of the salts varies from 1 M to 5M. In some cases, the salts such
as sodium fluoride (1M), sodium sulfate (2M), sodium
carbonate (3M) were not completely soluble in water, so the
supernatant solutions of those salt solutions were used for
FTIR measurements. Different wt % (w/w) of crowder

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.7b09641
J. Phys. Chem. B 2018, 122, 2587−2599

2588

http://dx.doi.org/10.1021/acs.jpcb.7b09641


solutions were prepared by mixing the appropriate weight of
crowder either with isotopically diluted water or pure deionized
water. The requisite amount of AOT (sodium bis(2-ethylhexyl)
sulfosuccinate) was dissolved in isooctane to prepare a stock
solution of 0.2 M AOT. Reverse micelles were prepared by
injecting the appropriate volume of water in stock AOT
solution. The concentration of surfactants were 0.3 M in all the
aqueous solutions of micelles. As needed, the aqueous solutions
were vortexed and sonicated to obtain a clear solution.
FTIR Spectroscopy. FTIR absorption spectra were

collected using a VERTEX 70 FTIR spectrometer (Bruker
Optics) with 1 cm−1 resolution. The measurements were
performed at room temperature unless otherwise reported. All
sample solutions except those in Figure 1 were housed in a
homemade cell with two CaF2 windows. The thickness of CaF2
windows were 2 mm in most cases. The cell path length was
varied using PTFE spacer (Harrick Scientific Products, Inc.) of
different thickness (6, 12, 25, and 56 μm). The data in Figure 1
were obtained using a fixed-path length 40 or 20 μm Bio-Cell
(BioTools, Jupiter, FL) housed in a BioJack circulating jacket.
While deionized water was used as temperature circulating fluid
for T-dependent measurements, the cell temperature was
measured with a thermocouple affixed to the brass BioJack cell
body. With CaF2 windows, a conventional mid-IR source, and
either DTGS or MCT detectors, the normal operating range of
the FTIR instrument is from 950 to 4500 cm−1.
Background subtraction was carried out for the HDO IR

band by collecting separate spectra of aqueous solution of
solutes without HDO. There is no suitable background
reference available for background subtraction in the region
of the water combination band, so the water combination bands
were scaled either to the left or right side of spectra in a
selected window depending on solutes. For all aqueous solution
of salts, the range was from 1900 to 2560 cm−1. For solutes
other than salts, the range was 1900 ± 20 to 2350 ± 10 cm−1.
The shorter range for the water combination band in case of
solutes other than salts was chosen to avoid solute absorption,
if any. The peak frequency (or the mode, the frequency at
maximum intensity) was determined by visual inspection. The
mean frequency (first moment frequency) was calculated using
the following equation:

∑ ∑ν ν ν ν= ⟨ ⟩̃ = ̃ × ̃ ̃
ν ν̃ ̃

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟I Imean ( ) / ( )

(1)

where ν̃ is the wavenumber and I(ν̃) is the absorbance intensity
at each wavenumber, and the sum is from 1900 to 2560 cm−1

for salts, and 1900 ± 20 to 2350 ± 10 cm−1 for solutes other
than salts, respectively. The mean frequency value of neat water
differed slightly if different frequency ranges (e.g., 1900 to 2560
and 1880 to 2340 cm−1) were selected during summation.

■ RESULTS AND DISCUSSION

Temperature and Salt Dependence. Figure 1 presents
the combination absorption band of liquid water as influenced
by temperature (Figure 1A) and increasing NaCl concentration
(Figure 1B). The frequency of the band decreases with
increasing temperature, and its intensity also decreases. An
increase of temperature loosens the H-bonding network in
liquid water. The HOH bending vibration does not show such a
strong temperature dependence [Figure S1], so the frequency
here likely reports a lower average librational frequency

consistent with a weakened H-bonding network at higher
temperatures.
The librational absorption band is very broad and appears

across some frequencies not accessible to typical FTIR
instrumentation with salt-based optics, so a direct comparison
to temperature-dependent librations is not possible in this
study’s context. Due to the fast vibrational dynamics mentioned
in the Introduction and the relative temperature invariance of
the bending frequency, we conclude that temperature-depend-
ent changes in the combination band report on the temper-
ature-dependent average of the librational frequency manifold.
Adding NaCl, a relatively innocent ionic solute, also leads to

a decrease in the band’s intensity and a similar red-shift to that
observed in the temperature-dependent spectra in Figure 1A.
The presence of the ionic solute leads to a new set of
interactions with water molecules that on average weakens the
H-bonding network in a way that is qualitatively similar to
increasing the temperature. The frequency of the combination
band appears to be a readout of the strength or rigidity of the
H-bonding network. The absorption intensity decreases with
both increasing temperature and increasing NaCl concen-
tration. These measurements were conducted using a fixed-path
length cell, and density-corrected spectra (details are provided
in the Supporting Information, and examples of this treatment
in Figures S2 and S3) indicate that the intensity decrease in the
case of NaCl is not due to excluded volume (despite the high
salt concentrations in some of the samples) but rather the
effects of NaCl on the water network. There appears to be an
isosbestic point in deionized water (Figure 1A) that disappears
in the NaCl solutions (Figure 1B), but this may not necessarily
be the case in NaCl because the salt solutions’ spectra in Figure
1 have not been corrected for excluded volume from the ions.
The physical significance of a possible isosbestic point in this
region is not clear.

Figure 1. Temperature dependent FTIR spectra of water combination
bands (A) at 20 um path length. FTIR spectra of water combination
band at 40 μm path length in aqueous solutions of sodium chloride at
23 C (B).
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The intensity of the combination band depends on the
oscillator strengths of the two contributing normal modes and
the anharmonic coupling between them. A loosening of the H-
bonding network, and a greater flexibility in the librational
motions, could result in an attenuated anharmonic coupling
between the bending and librational modes that, following
McCoy’s explanation for the absorption intensity of this band,
might explain the decreased intensity at increased temperature.
Again, due to dynamic constraints, the best that this
combination band can do is to report on changes in the
dynamic average of water librations rather than more subtle
changes associated with particular parts of the broad librational
frequency range. The rest of this article focuses mainly on
frequency changes in the combination band, with most
subsequent figures presented as intensity-normalized to the
peak to highlight frequency and line shape differences. Intensity
changes for all reported spectra may be viewed in the non-
normalized spectra included in the SI file.
The combination band broadens significantly with increasing

temperature (according to Lorentzian fits between 1900 and
2400 cm−1, see Figure S4). While a greater range of librational
frequencies at higher temperature could lead to this behavior,
the clearly motionally narrowed nature of this band suggests
rather that the increased width is due to faster dephasing and/
or energy transfer at higher temperature.
Temperature Dependence of OD Stretch vs Combi-

nation Band. Isotopically diluted water (a small population of
HDO in either H2O or D2O) provides a localized IR probe to
study water H-bonding network and dynamics.26,27 Isotopic
dilution effectively decouples the single OD oscillator in H2O
from the surrounding bath of local modes and provides an
energetic separation of the fundamental and overtone modes of
HDO. The OD stretching from HDO in H2O also provides a
local mode free of Fermi resonance-type interactions with
overtones of lower-frequency modes. The OD stretch band
position and shape report the energetic state of water in the
OD moiety’s immediate vicinity and the water H-bond energy
distribution, respectively.28 In contrast, the combination bend
+libration absorption band reports on different and less
localized/molecular quantities.
Figure 2 presents peak-normalized, temperature-dependent

FTIR spectra of the OD stretching from HDO in H2O, and the
water bend+libration combination band of pure H2O. The
temperature-induced weakening of H-bonds between water
molecules is clearly reflected in the shift to higher frequency of
the OD stretch (Figure 2A). The marginal increase in full width
half-maximum (fwhm) of the OD stretching band with
increasing temperature implies a wider distribution of H-bond
strengths. The combination band shifts in the opposite
direction with increasing temperature, and the line width also
increases as discussed above. To quantify the frequency shift of
the combination band, we focus on the mean frequency (first
moment frequency) and mode or peak frequency (see
Experimental Section for details) with no assumptions made
about symmetry or other line shape qualities (although in most
cases reported here, the combination band is quite symmetric
in line with its motionally narrowed character). Figure 2C−D
depict the frequency shifts of the OD stretch and combination
band with temperature. The shifts of the OD stretch and water
combination band frequencies are anticorrelated. Over the
same temperature range, the OD stretch band exhibits a
frequency shift of about +22 cm−1, compared to a larger shift of
about −36 cm−1 in the combination band.

Since the water combination band includes both HOH
bending and librational excitations of water molecules, we
compared the temperature dependent spectra of the HOH
bending and combination bands (in Figure S1). With
increasing temperature, the combination band frequency shifts
to lower frequency (red-shift) and decreases in intensity, while
the HOH bending band frequency slightly red-shifts but with
marginal increase in its intensity. The magnitude of red-shift
with increasing temperature is much larger for the combination
band (36 cm−1) compared to the HOH bending band (less
than 3 cm−1) over the same range of temperature. The
librational band of water is strongly dependent on temperature
and other factors, while the HOH bending band position is not
strongly affected by such changes.29 Shifts in the combination
band’s observed frequency are thus mainly influenced by the
librational modes of water, making the combination band
mainly a high-frequency readout of the (much lower) average
librational frequency of water molecules in the sample.

Anions. After beginning with NaCl as a simple preliminary
ionic solute, we explored the effects of changing the anion on
the water combination band. Figure 3 presents the intensity-
normalized IR combination bands of neat water and aqueous
solutions of the sodium salts of several mono- and bivalent
anions at their highest soluble concentrations. For I¯, ClO4¯,
Br¯, and Cl¯ anions, the combination band maximum is red-
shifted relative to neat water and the magnitude of red-shift
follows the order I¯ > ClO4¯ > Br¯ > Cl¯. Based on our
discussion of the temperature dependent spectra in Figure 1, a
red-shift of the combination band reports a weaker network of

Figure 2. Temperature dependent FTIR spectra (peak normalized) of
OD stretch in H2O (A) and water combination (B) bands. The peak
and mean frequencies of the OD stretch (C) and the water
combination band (D) at different temperatures are shown in the
insets. The vertical dashed lines indicate the peak frequencies of the
OD (A) and water combination bands (B) at 10 and 60 °C,
respectively. The frequency shifts of the OD stretch (+22 cm−1

between 10 and 60 °C) and the water combination (−36 cm−1)
band are anticorrelated.
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water−water interactions, so a blue-shift means stronger
water−water H-bonding interactions. In the context of
electrolyte solutions, a red-shift of the combination band
implies that anion-water interactions with I¯, ClO4¯, Br¯, and
Cl¯ are weaker than bulk water−water interactions.
Previous experimental and theoretical work30 has indicated

that anion-water interactions are largely influenced by the
electric field in the immediate vicinity of the anion, leading to a
time-averaged preferential orientation of water near the surface
of the anion. Increasing the charge density of the anion brings
the water in the hydration shell closer to the anion, and thereby
the hydration water experiences a significant spatial patterning.
In addition to this electrostatically polarizing power, the
structural arrangements (geometries) of water relative to the
anion’s internal geometry also play an important role: water
molecules in the equatorial positions are strongly affected by
anions, while water in the axial positions more closely
resembles bulk water.31 The combination band frequency
appears to reflect these trends that were based on more
microscopic observables.
Among the studied anions, the perchlorate anion makes the

weakest interaction with water, and water-ClO4¯ complexes and
water H-bonded to other water molecules become spectro-
scopically well separated [leading to two spectral features in the
blue trace (curve b) in Figure 3A] due to weaker dispersive
forces between water and perchlorate than those between water
molecules. The double bond between the chlorine and oxygen
atoms localizes the negative charge on the central chlorine atom
and reduces availability for H-bonding, as explained by
Nightingale in 1960.32

Among the anions in the present study, carbonate anions
have the largest polarizing power (Figure 4) and lead to the
largest blue-shift of the combination band. For other bivalent
anions and F¯ in Figure 4, the mean frequency is either blue-
shifted or undergoes a negligible shift with increasing salt
concentration. Like carbonate, both acetate and fluoride
interact with water more strongly than water with water:
both fluoride and carbonate are classified as water “structure
makers” in the sense of stronger H-bonds between water and
anion than between the first hydration sphere and the bulk
phase.33 However, the other two bivalent anions, thiosulfate
and sulfate, seem to form water−anion H-bonds which are
more or less comparable in strength to water−water bonds as
indicated by the combination band frequency’s negligible
concentration dependence in the presence of these bivalent
anions (Figure 4).

Figure 4 plots the concentration-dependent mean frequency
for solutions of both the sodium salts of selected anions and the
chloride salts of selected cations. The concentration of these
salts was varied from 1 M to 5M. The anions in Figure 4A are
sequenced according to their efficiency at precipitating proteins
as originally proposed by Hofmeister in 1888.34 In the
Hofmeister sequence, carbonate is the most “kosmotropic”
(water structure maker), or the most effective in the
precipitation of proteins, whereas perchlorate is the most
“chaotropic” (water structure breaker) or least effective in the
precipitation of proteins. The mean frequencies of Hofmeister
chaotrope-affected combination bands are lower than for

Figure 3. FTIR spectra of the water combination band in aqueous
solutions of sodium salts of several anions. The FTIR spectrum of
deionized water is shaded in cyan. The vertical dash line indicates the
peak frequency of neat water combination band. Concentration-
dependent FTIR spectra of the combination band for solutions of
sodium salts of nine different anions are shown in Figure S5
(normalized) and S6 (non-normalized).

Figure 4. Mean frequency of the water IR combination band for
sodium salts of anions (A) and chloride salts of cations (B). The
horizontal dash lines indicate the mean frequency of the combination
band for deionized water. Anions and cations are ordered according to
their appearance in the Hofmeister series. Chaotopic ions induce a
red-shift relative to neat water, while kosmotropic ions either cause a
blue-shift or a negligible shift with increasing solute concentration.
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deionized water (red-shifted), implying a weakening of the
water H-bonding network. In contrast, Hofmeister kosmotropic
anions induce either blue-shifts (carbonate, acetate and
fluoride) or no shift (thiosulfate and sulfate) in the
combination band.
These results show that changes in the water network’s

structure and dynamics due to Hofmeister anions are
manifested clearly in the changing mean frequency of the
water combination band. A similar study of sodium salt
solutions of Hofmeister anions using the OD stretching band
from HDO in water as an IR probe of the water dynamics did
not find any clear correlation between the frequency of the OD
stretching mode and the Hofmeister anions.35 Ultrafast mid-
infrared pump probe experiments on ionic salt solutions have
revealed that there is indeed slowing down of H-bond dynamics
of water molecules connected to anions; however, the H-bond
dynamics of water molecules connected to other water
molecules remain unaffected even in the presence of high
concentrations of salts.36,37 That water dynamics would be
affected more by the change in the ion−water interaction than
by the change in water−water interactions induced by ions has
also been suggested by molecular dynamics (MD) simula-
tions,38 which concluded that ion-induced structural ordering
between water molecules does not affect the dynamical
properties of water as much as the strength of the ion−water
interactions.
The concept of water structure making (kosmotropes) or

breaking (chaotropes) is based originally on macroscopic
properties such as viscosity, entropy of solvation, etc. rather
than the more microscopic observables reported in recent
spectroscopic experiments.33,39 The combination band reports
on the entire H-bonding network of the binary salt water
solutions, unlike the OD stretch of HDO that reports locally on
specific water molecules in its immediate vicinity. So at least for
Hofmeister anions, it is clear that changes to the overall water
network strength due to salts are directly reported by the
combination band in a way that is not so obvious to other
spectroscopic observables, including ultrafast quantities of more
recent interest that have complicated older ideas about
“kosmotropes” and “chaotropes”.
Cations. The water combination band spectra of solutions

of chloride salts of eight different cations are presented in
Figure S7 (normalized) and S8 (non-normalized), with the
mean frequencies plotted in Figure 4B. Hofmeister chaotropic
cations induce a red-shift of the combination band relative to
neat water, and the shift magnitude increases with solute
concentration. On the other hand, kosmotropic cations either
cause a blue-shift of the mean frequency (magnesium and zinc)
or a negligible shift (lithium and calcium) of the mean
frequency with increasing concentration. The magnitudes of the
mean frequency shifts (relative to deionized water) in the case
of Hofmeister series cations (−29 to +38 cm−1) are much
smaller than those induced by Hofmeister anions (−56 to +92
cm−1). This clearly highlights the stronger polarizing power of
anions (which can be electrostatically quantified by the charge
divided by the ionic radius) in modulating the properties of the
H-bonding network of liquid water.
A closer comparison of the mean frequencies of combination

bands (Figure 4) in the presence of kosmotropic cations and
anions shows that the frequency shift is continuous for
kosmotropic anions but slightly less so for kosmotropic cations
(more clearly seen in Figure 5). The anions’ larger ionic radii
more effectively change the ion−water interaction angle than

can cation-water interactions. Anions provide less hindered
rotation around the anion-water interaction axis40 and hence
are more perturbative to the water H-bonding network
structure. In some cases (perchlorate and tetrafluoroborate),
anions have been observed to split the OD stretching band of
water, which is further evidence of clearly different geometric
distributions in water due to the solute’s presence.41

Combination Band and Ionic B Coefficients. The
Hofmeister series of ions was originally generated from the
ions’ effects on protein solubility. However, a similar ordering
of ions can be derived from many different physical
measurements of aqueous salt solutions, such as surface
potential difference, solution neutron diffraction with isotopic
substitution, Jones-Dole ionic viscosity B coefficients,
etc.39,42−44 Here we compare the frequency shifts of ion-
affected combination bands with reported ionic B coefficients,
which measure the relative strength of ion−water interactions
to the strength of water−water interactions in bulk solution. A
clear atomic-level physical explanation for the empirical B
coefficient scale has not been satisfactorily established.45,46 B
coefficients separate ions into two groups, one with positive B
coefficients for strongly hydrated ions (which then are water
“structure makers”) and another with negative B coefficients for
weakly hydrated ions (which are “structure breakers”). The B
coefficient changes sign when ion−water interactions have the
same strength as water−water interactions in the neat liquid.
Figure 5 compares the mean frequency of the combination

band of water in various sodium/anion solutions and cation/
chloride solutions to their respective ionic B coefficients. There
is a strong linear correlation between the mean frequency shift
of the combination band and the anionic B coefficient. This

Figure 5. Combination band mean frequency (1 M salt concentration
was chosen because at this concentration, all of the studied salts are
soluble in water) for sodium salts of anions (A) and chloride salts of
cations (B) arranged according to their increasing B coefficients
(values taken from reference 46; thiosulfate is not included in upper
panel because its B coefficient is not reported).
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strong correlation implies that the water combination band
frequency provides a clear measure of the relative strength of
anion-water interactions. The cations in Figure 5B do not
change the mean frequency of the combination band as
strongly as anions (the slope of the correlation line in Figure 5B
is much smaller than for the anions), but the cation-shifted
frequencies display a similar linear correlation with respect to B
coefficients. The stronger combination band frequency change
for anions can be explained by adaptation of water molecules
coordinated by an anion (but not by a cation) to the tetrahedral
network of bulk water. The deciding factors are the large anion-
water electrostatic interactions, the larger ionic radii of anions,
and less hindered rotation around the anion-water interaction
axis, as discussed above. The weaker effect on the combination
band observed for cations is likely due to the weaker orienting
power of cations as discussed earlier.
Figure 5 demonstrates clearly that the combination band

reports geometric and energetic changes in the H-bonded
network of liquid water due to the presence of a solute. When
the solute is ionic, the anions have a stronger influence on the
observed combination band frequency. Structure-making, or
Hofmeister kosmotropic, ions can be clearly distinguished from
structure-breaking, or Hofmeister chaotropic, ions simply by
observing the combination band frequency. After this extensive
and revealing analysis of ionic solutions, we moved to some
other solutes that have different effects on the properties of
aqueous solutions.
Denaturants. Both urea and guanidinium chloride

(GdnHCl) are well-known and widely used denaturants in
aqueous solutions. Several previous studies demonstrated that
urea−water interactions are very similar to those between water
molecules in neat water, including recent studies where the OD
stretching band maximum of HDO is insensitive to urea
concentrations up to 8M.17,47−49 However, addition of urea
causes a considerable blue-shift of the water combination band
(Figure 6A). This result suggests that although the distribution
of H-bond energies does not change (as reported by the
negligible OD shift) in the presence of urea, there is an increase
in the rigidity of the H-bonding network in urea−water
mixtures as urea replaces water as a hydrogen bonding partner.
However, the ionic denaturant GdnHCl induces a substantial

red-shift of the combination band position (Figure 6B). The
magnitude of the red-shift suggests that GdnHCl interacts only
very weakly with water and does not have strongly asserted
hydration shells around the solutes, so this denaturant’s
presence weakens the overall H-bonding network of water by
filling the liquid volume with more weakly interacting species. A
similar conclusion was drawn from the blue-shift of the OD
band on addition of GdnHCl,50 and 2D-IR experiments on
degenerate transitions from aqueous GdnH+ ions indicated
rapid (fs-ps) rotation and high spectroscopic symmetry of the
GdnH+ ion due to its very weak interactions with surrounding
water molecules.51,52

The different behaviors of the combination band in the
presence of these two denaturants agree with prior assertions
that urea and GdnHCl act very differently on water. While urea
joins and strengthens the water H-bonding network, the weak
hydration of GdnHCl ions indicated by the combination band
red-shift circumstantially suggests that GdnH’s denaturant
effect comes from preferential interactions of GdnHCl with
the protein surface and not with water.
While deionized water’s combination band is broad and

unstructured, a careful observation of the water combination

band in urea reveals multiple discrete signals, especially in
highly concentrated urea solutions. It has been suggested that
the origin of such features in the water combination band
region is due to coupling of the bending modes of water
molecules with intermolecular vibrational modes involving
nonwater OH groups.53−55 Careful analysis of the spectra in
Figure 6A, however, indicate that the discrete bands are due
completely to weak spectral features of the solute itself and not
due specifically to coupling or interactions between water and
urea (vide inf ra).
Substitution of the hydrogen atoms of urea by methyl groups

yields tetramethyl urea (TMU). TMU is a more effective
denaturant than urea at comparable concentrations.56 Con-
centrated TMU solutions also display multiple discrete features
in the water combination band region (Figure 7A). Unlike the
features in urea, the peak positions of the TMU discrete bands
in the combination band region change with the water
concentration at high TMU content. We also inspected the
OH stretching region of the FTIR spectrum of liquid TMU and
found absorbance bands due to residual water absorbance in
liquid TMU (Figure S10). Based on both the combination
band region’s concentration dependence and water features in
the OH region, we conclude that the discrete features in the
combination band region of TMU are partly due to water-
TMU interactions and partly due simply to TMU itself (vide
inf ra). The clearest indication that the narrow bands in the
combination band region are not simply from the solute is their
obvious concentration dependence.
As TMU concentration increases in Figure 7A, the water

combination band is mainly characterized by a loss of intensity
concomitant with the reduced density of water. Ignoring the
additional discrete features, the frequency of the water
combination band itself exhibits unusual behavior with

Figure 6. Water combination band FTIR spectra (peak normalized) in
solutions of urea and guanidinium chloride (GdnHCl). The FTIR
spectrum of deionized water is shown shaded in cyan. (The non-
normalized spectra are shown in Figure S9). The vertical dashed lines
indicate the mean frequency of water combination band in neat water.
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increasing concentration of TMU. The mean frequency shifts
to higher wavenumber (blue-shift) until 5 M TMU, then
further addition of TMU causes the combination band
frequency to shift back to lower wavenumber and closer to
the frequency of neat water (see the dash line and arrows in
Figure 7B). Such nonmonotonic shifting of the water
combination band with TMU concentration (unique among
all the solutes discussed so far) suggests an evolving
competitive balance between the hydrophilic and hydrophobic
factors that change the combination band frequency.
An earlier study using HDO in TMU/D2O solutions showed

that the average H-bond strength decreases with increasing
TMU concentration.57 The current work finds a blue-shift of
the combination band until 5 M TMU, suggesting that both
TMU-water and water−water interactions are dominant until 5
M TMU and that no strengthening of H-bonds takes place in
the vicinity of the TMU; rather water experiences a slightly
more rigid H-bonding network with other water molecules.
However, the methyl groups on the terminal nitrogen atoms of
TMU do not participate in water H-bonding, and the water
molecules around the hydrophobic groups thus assume a
strained configuration to compensate for the lack of H-bonds.
On further increase of TMU concentration beyond 5M, the
TMU molecules must contact each other to compensate for the
steric strain on the surrounding water H-bonding network, and
a more bulk water-like H-bonding network is then able to
reassert itself.
The entropic nature of hydrophobic hydration is well-

known.58 The additional hydrophobic hydration also explains

the more potent behavior of TMU as denaturant compared to
urea. Both urea and TMU are believed to prevent hydrophobic
hydration of proteins by water,59 and TMU, with its bulky
methyl groups on the terminal nitrogen atoms, is especially
well-suited to prevent the hydrophobic hydration of protein by
water.
The water combination band frequency shift provides a

direct picture of the collective reorganization of water-TMU
mixtures that the OD stretching band fails to sense. Among the
denaturants in the current work, GdnHCl interacts weakly with
water while both urea and TMU make H-bonds with water
molecules. Due to its methyl groups, TMU prefers to be in
contact with other TMU molecules in very highly concentrated
TMU solutions. The behavior of the water combination band
provides a unique and direct readout of how these practically
very important denaturants modulate the properties of their
surrounding solutions in different ways.

Osmolytes. Another practically important group of solutes
are osmolytes: naturally occurring small organic molecules that
nature uses to counter environmental stresses like fluctuations
in temperature, pressure, solution composition, etc. Here, we
have studied sorbitol and trimethylglycine (TMG), which are
each found in mammalian kidneys and used to counter high
urea and salt concentrations.60 These osmolytes both
strengthen the H-bonding network of water molecules as
reflected by a blue-shift of the average water combination band
frequency (see Figure 7B) and a red-shift of the OD band of
HDO (from previous work).17,47

5M Sorbitol shifts both the combination band and the OD
stretch band by about the same amount, about 16 cm−1 in
either direction. However, 5M TMG induces a large blue-shift
(approximately +42 cm−1) in the combination band relative to
deionized water, but only a small red-shift (−9 cm−1) of the
OD stretching band relative to neat water.
Sorbitol can participate in multiple H-bonds and has been

shown to influence water in its first hydration layer and beyond:
sorbitol increases both the first and second peaks of the Ow
Hw (water O atomwater H atom) rdf (radial distribution
function).47 On the contrary, TMG mainly enhances only the
first peak of the OwHw rdf, which implies that TMG has a
strong influence on water only in its immediate vicinity due to
its nature.47 The presence of a bulky nonpolar trimethyl group
on nitrogen also promotes local stiffening of the water H-
bonding network as reported by the combination band;
however, the average energy of water’s H-bonds does not
change considerably (according to the marginal change of the
OD stretching frequency).
To further confirm the importance of hydrophobic hydration

by TMG, we also measured the water combination band in
aqueous solutions of glycine (the molecular structures of TMG
and glycine are depicted in Figure 7B). Interestingly, for glycine
solutions, the blue-shift in the combination band frequency
relative to neat water shrinks to +6 cm−1 compared to +24
cm−1 for the same 3 M concentration of TMG (Figure 7B).
The hydrophobic group attached to a zwitterionic species
clearly plays a central role in orienting water molecules and
strengthening the local water H-bonding network. Hydration of
biomolecules is a complex phenomenon because it mixes
hydration of hydrophobic residues of alkyl groups with electro/
hydrophilic hydration of charged groups. The atomic-level
interplay between such interactions determines how biomo-
lecular solutes interface with their surrounding media. The

Figure 7. (A) Water combination band FTIR spectra in tetramethyl
urea (TMU). FTIR spectra of neat water and neat TMU are shaded in
cyan and yellow, respectively. The vertical dash lines indicate the peak
frequencies of the water combination band in neat water and “neat”
TMU. (B) Mean frequency of water combination band for aqueous
solutions of guanidinium chloride (GdnHCl), urea, TMU, sorbitol,
trimethylglycine (TMG), and glycine. Molecular structures of sorbitol,
TMG, and glycine are presented in the lower panel. The horizontal
dashed line indicates the mean frequency of the pure water
combination band. Concentration dependent spectra of sorbitol,
TMG, and glycine are shown in Figure S11 (normalized) and S12
(non-normalized) of SI.
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water combination band frequency reports directly on a specific
piece of these interactions.
Macromolecular and Molecular Crowders. Next, we

focused on the combination band influenced by macro-
molecular (PEGDME: poly(ethylene glycol) dimethyl ether)
and molecular crowding agents (DEGDME: diethylene glycol
dimethyl ether, structures shown in Figure 8). When contact

occurs between a macromolecular crowder and a biological or
chemical species, common hydration layers may be formed and
the shared interfacial water can play an important role in the
function and stability of biological species or polymers. Like
macromolecular crowder-water interactions, molecular crow-
der-water interactions are also important because the intra-
cellular environment is a highly crowded aqueous medium with
various finite-sized molecules, constituting 30−40% of the total
cell mass.61 Figure 8 shows two spectroscopically separated
bands at 50 wt % of crowder and above. This is evidence for at
least two distinctly different environments for water molecules;
one is a more strongly water−water H-bonded population at
2132 cm−1, and the other is a relatively weaker water-ether
(oxygen of crowder) H-bonded population at 1965 cm−1. The
intensity of the band at 2132 cm−1 decreases with decreasing
water concentration, while the intensity of the ether-water band
increases with increasing crowder concentration. At this
ensemble- and time-averaged level, there is no apparent
difference between molecular and macromolecular crowding
from the water combination band’s point of view; both
PEGDME and DEGDME induce a similar red-shift of the mean
combination band frequency (Figure S13) relative to deioinized
water.

Recent work on PEGDME using HDO as IR probe matches
the combination band results in Figure 8.18 Briefly, PEGDME
induces a blue-shift of the OD stretching band, and two
separate bands appear at ≥30 wt % PEGDME. The presence of
two distinct populations (water−water and water−ether) and
their relative amplitude was also confirmed by ultrafast mid-IR
pump−probe measurements in the same study.18 DEGDME
induces a blue-shift of the OD stretching band, but there was
no splitting or hump in the OD stretching band (Figure S14) at
any concentration of DEGDME. The water combination band
seems to be more potent in sensing the changes in water
hydration structure by spectrally separating the two distinct
populations (water−water and water-ether) for all crowding
agents. The OD stretching band reports a change in the average
H-bond energy with increasing concentration of crowders, but
it apparently overlooks the water-ether H-bonded population
for the molecular crowder because the O−H potential surface is
not strongly altered by H-bonding to ethers. This difference
reaffirms the unique ability of the combination band to report
on collective, network phenomena across an ensemble of water
molecules. H-bonds to ether moieties clearly change the
geometry and plasticity of the H-bonding network, but the O−
D stretch is not sensitive to those multimolecular geometrical
changes.
Neat DEGDME is a liquid, and its FTIR absorption

spectrum includes discrete bands in the water combination
band region (yellow shaded area in Figure 8b). Though the
narrow feature centered at 2130 cm−1 in liquid DEGDME
undergoes a small shift with decreasing DEGDME content, the
other narrow peak positions like 1955, 1986, 2051 cm−1 etc. do
not. In addition, these peaks at 1955, 1986, 2051, 2130 cm−1

are highly structured and not part of the broad and motionally
narrowed combination band. Hence we believe that these
bands (whose frequencies except one are not concentration
dependent) are likely due to overtones and/or combination
bands from DEGDME, which does not have normal modes in
this frequency region. The FTIR spectrum of liquid DEGDME
in the OH stretching band absorbance region presented in the
SI (Figure S10) has two very small bands at 3525 and 3575
cm−1: the very weak absorption of these two bands in the OH
stretching region rules out any considerable contamination with
residual water in liquid DEGDME. So the discrete bands that
appear on the top of the water combination band are due
mainly to DEGDME, especially at lower water concentrations,
and the shift in the 2130 cm−1 discrete band is mainly due to
the shift in the underlying broad water combination band.
Similar discrete structured bands are also weakly present in the
FTIR spectra of the water−PEGDME mixture.
As stated above for simpler solutes, one needs to be

extremely careful when interpreting any narrow, structured
features in the region of the water combination band region,
especially at low water concentration. Such discrete features in
this region have also been observed in various other systems
such as phospholipids and acylglycerols in liquid-crystalline
phases and in powders of disaccharides.53−55 Our conclusion,
and a generally useful assumption, is that most or all of these
features are not reporters of specific water/solute interactions,
but rather just weak absorptions of the solutes themselves.
Except for TMU solutions, none of the spectra presented here
exhibit convincing evidence of narrow or discrete features that
are directly attributable to either a narrowed version of the
water combination band or to a combination band from water/
solute librations. The picture remains that the combination

Figure 8. FTIR spectra of the water combination band in (A)
macromolecular (PEGDME) and (B) molecular (DEDGME)
crowders. The FTIR spectra of deioinized water, and neat DEGDME
(liquid) are shown in cyan and yellow shaded areas, respectively. The
vertical dashed lines signify water−water (2132 cm−1) and water−
ether (1965 cm−1) populations.
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band is a collective reporter on the H-bond network, and thus it
generally stays broad and featureless for physical reasons
associated with excitonic delocalization and fast energy
dissipation discussed in the introduction.
Confined Environments and Micelles. Water nanopools

(or reverse micelles, “RM”) of varying radii from 1 (50−100
waters) to 14 nm (approximately 400000 waters) can easily be
formed by changing the relative amount of water (w0=[water]/
[AOT]) in AOT (sodium bis(2-ethylhexyl) sulfosuccinate)
solution dissolved in isooctane.62−64 Figure 9 presents FTIR

spectra of the water combination band in AOT RMs of varying
w0. Combination band spectra at all w0 are contaminated with
discrete and structured bands on top of the water combination
band due to overtone/combination absorption features of
isooctane (the yellow shaded area of Figure 9A). We subtracted
the isooctane spectrum from the water combination band
spectrum of AOT RM and the resulting spectra are shown in
Figure 9B. The calculated mean frequency of the clarified water
combination band is shown in Figure 9C. The subtraction
introduces some error in the mean frequency values due to the
large signal from isooctane.
Nevertheless, a shift of the mean water combination band

frequency relative to neat water provides a clear picture of the
changes in the collective water H-bonding network inside the

AOT RM. For all the RMs, the mean frequency of the water
combination band is red-shifted relative to deionized water
(Figure 9C). Even for RMs with w0 = 40 (with a very large
radius of water pool ≈80 Å in diameter), the mean frequency is
located at lower wavenumber (2127 cm−1) than deionized
water (2135 cm−1). Geometrical constraints due to confine-
ment strongly weaken the extensive water−water H-bond
network inside RMs of all w0. Because of weak interactions with
the RM interface, such confined water acquires greater
librational freedom than nonconfined, bulk water molecules.
The interiors of AOT RMs facing the water molecules are

negatively charged, and the surface charge could affect the
water H-bonding structure. To determine whether the changes
in the combination band frequency are due simply to
confinement or also the surface charge of the RM, we measured
FTIR spectra of the water around micelles (not RMs) formed
from four different surfactants: cationic dodecyltrimethylam-
monium bromide (DTAB), anionic sodium dodecylbenzene-
sulfonates (SDBS), anionic sodium dodecyl sulfate (SDS), and
nonionic polyethylene glycol tert-octylphenyl ether (TX-100).
For these micellar solutions, confinement plays no role in the
water combination band and any observed frequency changes
would be due to charge effects. The mean frequency of the
water combination band is almost the same in the presence of
all the differently charged micelles (Figure 9C); so confinement
plays the dominant role in weakening the water H-bonding
network in RMs, rather than the surface charge of the RMs.
Observing relatively large changes in the water combination

band for differently sized reverse micelles again emphasizes how
different a perspective this band provides on liquid water. The
OD stretch inside RMs displays an interesting range of size-
dependent dynamic behaviors that suggest a dynamic
partitioning between water molecules near the surface of the
RMs and more “bulk-like” water in the RM interior.65 The
combination band indicates that the entire H-bonding network
of the RM water pool has been altered by confinement inside
the RM, and reports on all of the water at once rather than on
specific water molecules in different microenvironments.

■ CONCLUSIONS
The bend+libration water combination band is exceptionally
useful for reporting the relative strength of the collective water
H-bonding network in a variety of chemically and biologically
relevant solute and cosolvent systems. This band is an intrinsic
IR reporter that appears in the absorption spectrum of all
aqueous samples and overlaps with many site-specific IR probe
groups. The combination band is always very broad due to
physical consequences of its collective nature, and its frequency
reports directly on the overall rigidity of the water network.
The combination band shifts to lower frequency relative to

deionized water for chaotropic ions from the Hofmeister series;
in contrast, Hofmeister kosmotropic ions either shift the
combination band to higher frequencies to water or do not shift
it much. We found a strong correlation between the induced
combination band shift and ionic B coefficients of anions, and a
similar correlation with the B coefficients for cations which shift
the combination band frequency more weakly in general due to
their smaller volumes.
Denaturants like urea and GdnHCl act differently on water,

and the combination band directly reports these differences.
Urea brings more order and rigidity to the water H-bonding
network by directly participating in H-bonds with water.
GdnHCl does not form a structured hydration shell due to its

Figure 9. (A) FTIR spectra of the water combination band in AOT
reverse micelles (RMs) of varying w0(=[water]/[AOT]). The FTIR
spectra of neat water and neat isooctane are shown in cyan and yellow
shaded areas, respectively. (B) Isooctane-subtracted FTIR spectra of
the confined combination band for w0 = 2.5, 10, 17, and 40. (C) Mean
frequency of the water combination band in AOT RMs of different w0
vs in contact with cationic DTAB (0.3M), anionic SDBS (0.3M),
anionic SDS (0.3M), and nonionic TX-100 (0.3M) micelles. The
horizontal dashed line indicates the mean frequency of the pure water
combination band. FTIR spectra of four different micelles are shown
in Figures S15 (normalized) and S16 (non-normalized).

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.7b09641
J. Phys. Chem. B 2018, 122, 2587−2599

2596

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.7b09641/suppl_file/jp7b09641_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.7b09641/suppl_file/jp7b09641_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.7b09641


weak interaction with water and thus does not substantially
perturb the water H-bonding network. Protecting osmolytes
strengthen the H-bonding network, and the extent of
enhancement depends on type and concentration of osmolyte.
Sorbitol, with multiple H-bond forming capability, marginally
strengthens the H-bonding network, but TMG shows a more
complicated concentration-dependent behavior due to its
hydrophobic trimethyl group. The N-based hydrophobic
group in TMG seems to promote ordering of local water,
and this effect disappears in results from glycine (with the
trimethyl group absent). Both the hydrophobic hydration of
alkyl groups and the hydrophilic hydration of charged and H-
bonding groups play central roles in water hydration and the
resulting network of water−water H-bonds. This interplay
between hydrophobic and hydrophilic hydration was also
observed in the presence of the denaturant TMU, which
strengthens the water−water H-bonding network in its vicinity
up to 5 M but above 5 M TMU, the enhanced water ordering is
partially broken due to overwhelming hydrophobic hydration.
Both macromolecular and molecular crowders lead to two

observable populations in the water combination band, which
we attribute to water molecules H-bonded to each other and to
the ether linkages in the crowders. These two populations are
not observable by other more molecular observables like the
OD stretching band of HDO. Confinement of water molecules
in reverses micelles weakens the confined water−water H-bond
network. Confinement seems to be the main driver of the
combination band frequency in RMs: the surface charge on the
micelles does not seem to affect the intermolecular vibration.
Finally, the presence of any discrete features in the region of

the water combination band should be treated extremely
carefully, as in most cases these are just weak bands from the
solute itself. This is especially important for more complicated
organic solutes and cosolvents, which can have overtones and
combination bands in this region that appear strongly at high
solute concentrations. Careful inspection of the water OH
stretching band between 3000 and 3700 cm−1 and any
concentration-dependent frequency shift of the discrete bands
are indicators that can help to differentiate contributions from
the solute, water−water interactions, and water−solute
interactions. Careful density-dependent spectral subtraction
(described in the SI file) can also clearly discriminate features
from water, water−solute interactions, and the solute.
The broad impact of this study is that the water combination

band provides an excellent, unique, and collective reporter of
water hydration behavior, and this band is present and easily
observable in literally any aqueous sample. The unique
collective origin of this spectroscopic features means that for
many solvation phenomena, its reporting ability exceeds or
complements the capability of single-mode chromophores like
the OD stretching band of HDO.
While this spectral feature is always broad and motionally

narrowed, some questions remain about the vibrational
dynamics that underpin the water combination band’s broad
band shape. The vibrational lifetime of the bend+libration
combination is extremely short (approximately 140 fs): this key
attribute explains the broad combination band absorption and
reflects the important connection of intermolecular coupling to
low frequency modes.10 A challenging future task might be to
study how the vibrational dynamics change in the presence of
some of the solutes documented here via nonlinear vibrational
time-resolved techniques. Recent experiments by Tokmakoff et
al., using an IR supercontinuum source,66,67 provide some hints

at the extensive and delocalized nature of most of the
vibrational features of liquid water, including the combination
band to some extent, but other experiments focused in this
spectral region might also provide new dynamic insight.
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