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Structural Correlations in Liquid Water: A New Interpretation of IR Spectroscopy
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We present a new and alternative interpretation of the structure of the IR vibrational n{Qdd) band) of

pure water. The re-interpretation is based on the influence of the cooperative hydrogen bonding arising from
a network of hydrogen bonds in the liquid. TR€OH) band has six components that are dominated by
differences in their ©H bond lengths but deviate from thermodynamically average values due to interactions
with the hydrogen bond network. The physical origin of the structure in¢@&1) band is directly related to

the O—H bond length, and variations in this bond length are caused by the influence of the surrounding
hydrogen-bonded network of water molecules.

Liquid water has been the focus of many experimental and a framework for describing the HB network of liquid water and
theoretical calculations. The unique physical, chemical, and its relation to IR spectra.
structural properties of liquid water have long been attributed The complex structure of the stretching modé€QH)) is
to hydrogen bonding (HB).Most of the structural models of  believed to be related to the structure of watét2° and
liquid water fall into either a continuum of geometries and although this mode is strictly probing vibrations along thetd
energies or a mixture of discrete species, with neither being bond, the influence of neighboring HBs alter the intramolecular
sufficient to fully explain the broad physical properties of water. O—H bond and thus the dipole moment and vibrational
However, there is both experimental and theoretical evidence spectr&?%-24 Thus, the structure of th(OH) band can provide
that it is the three-dimensional spatial network of hydrogen information about the HB network and how it is modified by
bonds that gives water its unique physical propeRiésThis defects. Here, we propose a new interpretation ofif@H)
view is often taken from the interpretation that, because HBs band of water that is based on cooperative hydrogen boriéing,
are formed and broken at subpicosecond time scales, HB@ two-state physical model of liquid watrand an ensemble
rearrangement occurs quickly and the interconnected networkSystem that is driven to thermodynamic equilibrium.

is well-defined a majority of the tim&; even under supercritical Water is a strong absorber in the 286700 cm* region,
conditionsl0 which can make transmission IR absorption experiments unreli-

able due to saturation effects from long path lengths. Total
internal reflection (TIR) spectroscopy (or attenuated total

tigate the structural properties of liquid water, with neutron . .

scattering, X-ray diffraction (XRD), and spectroscopic tech- reflecpon_ (ATR). '_spe_ctroscopy), on the other ha_nd, IS very
) - - . . . effective in obtaining information about molecular interactions

nigues preferred because of their ability to give either static .

(pair correlation functions) or dynamic structural information in aqueous solution. *2
P . y . . N IR spectra were obtained using a BOMEM FT-A2000 MB
Currently, there is not a consensus regarding the interpretation

of X-ray absorption and photoelectron spectra, but it is clear Fourier transform infrared (FTIR) spectrometer. The signal was

that a single water molecule is hydrogen bonded to at least twodetected with a liquid B cooled HgCdTe (MCT) detector.

. ; Liquid samples (20QuL) were contained in a Teflon cell
(2-coordinated) and at most four (4-coordinated) water mole- . : . o . .
cules!~13 However, beyond this first coordination shell, it is equipped with a Si(001) crystal prism in a TIR configuration.

| hat th ded dinati is ke, | The prisms were 0.5 10 x 30 mm with 45 bevels on the 10
uggle.ar Wlarl]t t ehexten ed coor |nat|onhstrutitureb IS TIKe. dn mm sides resulting in approximately 26 internal reflections. Each
addition, although Raman spectroscopy has also been use t%pectrum is averaged over 400 scans with a resolution of 2 or

investigate structural correlatiof8;1415there is an additional 4 cm L. Spectra were collected under a dry nitrogen flow to
complexity as this technique involves electronic transitions to emove residual water vapor and £@om the spectrometer.
avirtual state of the molecular spectrum. Infrared (IR) absorption a|| measurements used semiconductor-grade distilled water
spectroscopy is particularly well-suited for examining the (, > 18 MQ-cm) and were taken at 2%.

structural correlations in liquid water as it directly probes the Although TIR reduces the effective penetration depth and
interactions of the oscillators and couples to the ground state g|iminates saturation effects, the intensity of low-wavenumber
of the moleculed® However, there is debate as to how the locall absorptions is affected due to the wavelength dependence on
structure relates to the IR vibrational spectroscopy. Thus, 10 the penetration depff.To quantitatively analyze the structure
understand water’s unique properties, it is important to develop of the vibrational modes, as well as have a direct comparison
to transmission experiments, TIR data must be corrected by
* Corresponding author. E-mail: Schmidt.Diedrich@nmis.go.jp. dividing the intensity byl (Figure 1)26 The wavelength-

There are numerous experimental techniques used to inves
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Figure 1. Vibrational spectra of pure 40 showing the stretching band i
(3000-3700 cnt?), scissor £1650 cnT?), and the scissor and libration 0.0 = '
overtone £2100 cm?). Raw TIR data @), corrected TIR data®), 2800 3200 3600 4000
and transmission datal( &) from refs 33 and 34, respectively. Curves Wavenumber (cm'1}

ffset relative t h other by 0.05 units for clarity. . . .
are ofiset retative fo each ofher by units for clanty Figure 2. Deconvolution of the OH stretching band. Corrected TIR

corrected spectrun®) is in excellent agreement with previously —data €); band components (dashed linesyfacorresponding to free,
published transmission experimenis énd <)33:34 with only Moy = 0 and 1,233 and 4, respectively; total fitted curve (red).
L . . . . . Inset: plot ofy? and sum of fit residual vs number of Gaussian peaks
small deviations on e'lther side of the main C,)H vibration peak showing a minimum sum of the fit residual using six components.
(curves offset for clarity). These small deviations could be due
to dispersion in the index of refraction, as discussed in ref 26; water and how their respective contributions might be modified
specifically, when the incident angle is much greater than the by defects in the liquid (i.e., ions or molecules).
critical angle, this leads to small distortions in the absorption  The idea of a “structure factor” for water is supported by the
band compared to transmission measurements. However, it istwo-state physical model recently put forth by Tan&km this
also recognized that the dispersion in refractive index is not model, the free energy of the system contains additional terms
taken into account when simple transmission spectra arethat depend on a bond order parame$ethat is related to well-
recordec® In addition, recent work by others have shown that defined locally favored structures (short-range order). As the
“anomalous dispersion” does not influence the chemical analysis system (liquid water) tends to thermodynamic equilibrium, the
of water solution ATR spectra and has not affected the previous molecular structures associated with each componkfa (
study of the hydrogen-bonding structure of water in ionic value) are the locally favored ensemble structures. Thus, we
solutions?9:30:3235Thys, we do not consider the “anomalous anticipate a direct relationship between gy value and the
dispersion” to significantly deter from broader conclusions bond order parameter in Tanaka’s two-state model.
regarding the chemical analysis of water solutions. We have used this description as a basis for assigning the
To understand more clearly how defects modify the hydrogen components of the(OH) band using six Gaussian peaks (Figure
bond network, and thus the OH stretching band of water, it is 2). Both LorentziaP?4° and Gaussiat®>3’ line shapes have
necessary to deconvolute the spectrum and assign the vibrationabeen used to fit OH vibrational spectra, with Lorentzians used
components physical and molecular origins. Previous work on to describe frequency components that arise from individual

the deconvolution and assignment of the Raman ane( @) vibrational states and Gaussians describing thermally broadened
band has claimed that the structure comes from the formation states. In the present work, we use Gaussians for deconvolution
and breaking of donor and acceptor type hydrogen béhitie because the components contributing toitf@H) band consist

type of hydrogen bonéinumber of HBs'S or the bond bending  of groupings of individual vibrational states that, due to the
angles’” Although each description has been strongly argued, distribution of bonding environments in the liquid, are described
the structure within the(OH) band must contain at least all of by a Gaussian profile. Lorentzian line shapes were also unable
these characteristics. In other words, liquid water is a systemto adequately characterize thvéOH) envelope this way and
of an ensemble of states that tend to thermodynamic equilibrium consistently had larger fit residuals than Gaussian line shapes.
and give rise to the structure seen in t{®H) band. Thus, a Thev(OH) band was deconvoluted using standard algorithms
more appropriate description cannot be limited to considering based on minimizing?, with all fit parameters having a 95%
a single origin leading to the structure of th@OH) band but confidence interval. Currently, there is ambiguity as to the
must include multiple effects. number of components, with up to five or six vibrational bands
Our new interpretation of the/(OH) band is based on  possible?>1437 all of which are limited to a single type of
cooperative hydrogen-bonding resulting from the thermody- contribution, discussed previously. We monitored bgttand
namic equilibrium ensemble of states. Ohno et al. parametrizedthe sum of the fit residual as a function of the number of
the effect of cooperative hydrogen bonding using a single value components (Figure 2 inset). As the inset shgy#snonotoni-
(Moy = —d + & + d' — a"), an integer ranging from-2 to cally decreases with the increasing number of components.
+4, with +4 describing stronger cooperativity of the hydrogen However, the sum of the fit residual has a clear minimum at
bonds?® Here,d anda denote the number of proton “donors”  six components, indicating that the sum of the deviations of
and “acceptors” for the initial proton donor (single prime) and the total fit from the data contain the least amount of errors
acceptor (double prime) pair. This value describes the extentcompared to the other fits. This suggests that an optimal fit to
of local hydrogen bonding for water molecules and was thev(OH) band requires at most six Gaussian components. The
introduced as a magnitude for the OH frequency shift due to deconvolution and assignments do not include discussions of
the hydrogen-bonding patterns. This value can also be consid-Fermi resonance contributions, as our interpretation is similar
ered as a “structure factor” or “bond ordering” parameter to to that of Whalley and Sceats et al.: it is primarily the
characterize the locally networked water molecules and can thusintermolecular coupling that determines the spectral response
be used to quantify the ensemble structural correlations of pureof water841
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TABLE 1: v(OH) Band Assignments, Local Molecular Environments, and Peak Positions (cm) for Pure Water

% of min no. of no. of
component Mown value v(OH) band H2O molec HBs this work ref 230 ref 31 ref 32
a free 1.2 2 0-1 3629 3685 3633 3620
b Mow=0and 1 17.3 37 2-6 3535 3512 3524 3540
c Mon = 2 42.1 4,6,8 3,57 3390 3386 3364 3420
d/e Mon = 3/3 25.5/8.3 57 4,6 3246/3134 3223/3124 3260/ 3230~
f Mon =4 5.6 6 5 3045 2987 - -

a Estimated from the tabulated values contained in the online supporting information for e€aulated using GAUSSIAN 03 and a B3LYP/
6-311++G(d,p) exchange functional.

Thev(OH) band components, bond ordering, and correspond- tents3%51 supporting the interpretation presented here. Specif-
ing local molecular environment are summarized in Table 1. ically, the local structuring in liquid water exhibits distinct
Peaks af have been assigned the following bond ordering groupings of frequencies that ultimately contribute to the
parametersNlon values): a, free; b, 0 and 1; c, 2; d, 3; & 3  envelope of the’ (OH) band. In addition, peaks e and f agree
f, 4. Larger values indicate an increase in hydrogen bond well with the calculations of Ohno et &.There are many
cooperativity. Peak a is termed a free-like (monomer-like) sources for errors in theoretical calculations including the choice
vibration, as this component is comparable to the experimental of basis set, corrections for basis set superposition errors,
and theoretical values for a free—® vibration16.23:39.42.43 harmonic or anharmonic approximations, and any scaling
although red-shifted (discussed later). However, the position of applied to calculated vibrational values. All of these can
peak a is close to that measured (3680 &nfor water at vapor/ contribute to the overall error in calculations and might be the
liguid and hydrophobic-solid/liquid interfac¥s’> and could source(s) of the small discrepancy between the experimental
therefore have contributions from water at the solid(Si prism)/ values presented here and previous theoretical results.

liquid interface. In addition, previous work has shown a similar  The inset of Figure 3 shows the dependence of the peak
frequency of the OH stretch at 3695 cinfor ice or water  position »s O—H bond length, with corresponding standard
surfaces’®#’supporting the interpretation that the band centered deviations. The values were calculated by transforming the
at 3629 cm! is associated with free-like OH stretching. frequency and full-width half-maximum values of thé€OH)
Unfortunately, the ATR technique cannot probe interactions as pand components using Badger's réA@he components follow
a function of depth and thus is currently not able to distinguish g nearly linear relationship between the red shift of the frequency
any free-like vibrations from those which might be due t0 and an increase in the-e4 bond length in this wavelength
surface interactions. region (i.e., Badger's rule is approximately linear in this region).
Components bd contribute~85% to the total signal, and e - \yith a increase in ©H bond length, Badger's rule predicts
and f contribute~14%, indicating that the majority of water .\ - <cciated red shift in the components ofitf@H) band,

n:o(ljecules have a Iolcal lhydrogen-bonr?ed n.etV\I’orkleiCh - 35 seen in the inset. We interpret that this red shift is caused by
cludes 3-7 H,O molecules. Recent theoretical calculations 4 jnfiyence of the surrounding hydrogen bond network (when

indicate a max".““m in the HB energy for-§ H0 F“O!eCF"eS O—H bonds lengthen and become weaker, hydrogen bonds
due to cooperative enhancement of the HB netwbikdicating  g51en and become stronger, causing a red shift in energies),

ﬁogwponenés ’zddare doT'”ﬁgd by W?ter Iensemblers] N 8 similar to that previously reported for small clusté$2%53An
ydrogen-bonded network of-% H,O molecules. Note thata  5n51090us HB network interpretation was recently used in

local grouping of water molecules can have multide, values.  5n4y7ing the O1s core photoelectron spectra, leading to similar
The bond ordering values oMon = —2, —1, and 0,  raqits of red-shifted energies resulting from the interaction of

corresppndlng to 4 (3), ,3 (2), and 2 (1) molecules (HBS), 1o HB networlkd® For example, taking accepted values for the

respectively, are energetically unfavorable local arrangementsy_ ...y distance to be approximately 2.785A% we find

of molecules in liquid watet? Thus, they are not expected to stronger HB are formed for @H distances<1.8 A,(transition

con.tribute to the distribution of the highest probable local around peaks c and d), consistent with values from refs 11 and
environments that lead to the structure of #{{@H) band. Due 13.

to the similarity in configuration space betweblpy 0 and 1
bonding environments, it is not possible to separate the b }
component as two distinct contributions. It is possible the 16— 3600
splitting of Moy = 3 bond ordering results from different dipole 14
moments of the five- and seven-member water network, as has .
been reported previously for water clustéfts. i
Table 1 also summarizes the peak positions from this work, 10
the calculations of Ohno et al., and experimental values reported
by Fischer et al. and Wei et al. There is very good agreement ] i
of peak positions -ad and previously published experimental | 2800 i
results3132]t is also interesting to note that the peak positions 47 096 1.00 1.04 | ll
{

,; — — Theory [Ref. 55]
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presented here are in good agreement with those measured on 2 fon )

small solid water clusters by Buck et al., namely that the P A . S
wbragonal frequency fom = 2, 3, 4, and 5 water clusters 00 02 04 06 08 10 12 14
contribute to the spectrum at 3600, 3532, 3416, and 3360,cm fon (A)

: 9 r X
respectively?® Additionally, they found that larger solid clusters Figure 3. go_ computed pair correlation function (dashed) compared

(n = 6-10) have OH-stretching contributions in the 3500 {5 that calculated from the peak positions of the fits to the IR data
3600 and 30583150 cn1! regions, with the 6 and 7 molecular  (dotted). Inset: main peak positions versus-¥ bond length as

clusters having additional contributions between these ex- calculated using Badger's rule and corresponding standard deviations.
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The physical origin to the structure in the stretching band
comes from the range of-€H distances in liquid water, which
are directly influenced by the extended HB network. Figure 3
compares the first ©H peak in thego-n pair correlation
function (dashed) calculated using €&arrinello molecular
dynamics (CPMD) simulatioi® and that calculated by trans-
forming the vibrational components into distances, with each

converted component weighted according to its contribution to
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thev(OH) band. As can be seen, the agreement between valueg- Chem. Phys2007, 126, 124504.

derived from experiments (dotted line) and CPMD simulations

(dashed line) is rather good. The striking agreement clearly

shows that the features of téOH) band arise from both the
O—H bond distance as well as the local extent of hydrogen

bonding and interactions with the hydrogen-bonded network in a5z,

the liquid.
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an “order parameter’g) that characterizes locally favored
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in the v(OH) band is directly related to the-H bond length

(Figure 3) and number of hydrogen bonds (Figure 2 and Table
1), and that variations in this bond length are caused by the 534
influence of the surrounding hydrogen-bonded network of water
molecules. Thus, our interpretation incorporates not only the
O—H bond length and the number of hydrogen bonds but also

the bond angles and type of hydrogen bonds.
We believe this interpretation and deconvolution can be

applied to IR experiments of aqueous solutions provided the
defect density is relatively low and the defects do not absorb
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93, 2210.
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2001, 3, 4228.
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(33) Segelstein, D. J. Ph.D. Thesis, University of Missei@nsas City,

(34) Wieliczka, D. M.; Weng, S.; Querry, M. Rppl. Opt.1989 28,

IR in the same region as water. We also consider there to be a1714.

strong correlation between tioy bond order and the dipole
moments (vibrational frequency) of liquid water “clusters”,

similar to that reported in previous experiments and calcula-

tions?1:222450and are currently performingb initio CPMD
calculations on liquid water to thoroughly explore this correla-
tion.
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