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WATER STRUCTURE

Deconstructing water’s diffuse
OH stretching vibrational spectrum

with cold clusters

Nan Yang', Chinh H. Duong’, Patrick J. Kelleher",

Anne B. McCoy>*, Mark A. Johnson*

The diffuse vibrational envelope displayed by water precludes direct observation of how
different hydrogen-bond topologies dictate the spectral response of individual hydroxy group
(OH) oscillators. Using cold, isotopically labeled cluster ions, we report the spectral
signatures of a single, intact water (H,O0) molecule embedded at various sites in the clathrate-
like cage structure adopted by the Cs*-(D,0),, ion. These patterns reveal the site-dependent
correlation between the frequencies of the two OH groups on the same water molecule and
establish that the bound OH companion of the free OH group exclusively accounts for bands in
the lower-energy region of the spectrum. The observed multiplet structures reveal the
homogeneous linewidths of the fundamentals and quantify the anharmonic contributions
arising from coupling to both the intramolecular bending and intermolecular soft modes.

nderstanding the transient local structures

and ultrafast dynamics that account for

the broad vibrational envelope displayed by

water in the OH stretching region is a chal-

lenge for contemporary physical chemis-
try (I-3). A common ansatz, for example, posits
that, if the local network surrounding a single
OH group could be frozen in place, that oscil-
lator would yield a single absorption feature at a
frequency determined by the H-bonding con-
figurations of the neighboring water molecules
(4, 5). The envelope of the observed spectrum
can then be recovered by invoking rapid “spec-
tral diffusion” arising from the thermal fluctua-
tions in the network structure that rapidly move
this transition across the spectrum (6, 7). In iso-
topically homogeneous water, this process is
masked by the delocalized nature of the vibra-
tional excitation among nearby, nominally equiv-
alent OH groups (i.e., vibrational excitons) (8, 9).
Although this complication can be overcome
by diluting H,O in excess D,0O, which yields a
sample where the OH groups are dominated by
HDO and are thus decoupled from the surround-
ing array of OD oscillators (10), the resulting OH
spectrum is still quite diffuse. Here, we are con-
cerned with the related situation in which a
single, intact H,O molecule is isolated in D,O,
and address how the intramolecular coupling
(between the two OH groups as well as with
the intramolecular bending mode) and inter-
molecular coupling to translational modes de-
pend on the shape of the local H-bond network.
Although such information is not available in
measurements on bulk water, it can be obtained
by exploiting the properties of size-selected and
cryogenically cooled water clusters, a regime that
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has proven to be useful in the elucidation of the
molecular-level mechanics underlying bulk behav-
ior in a variety of contexts (11-24). This dataset
provides a direct window into the degree to which
excited-state dynamics contribute to the structure
of the diffuse spectrum.

‘We specifically report the spectral signatures
of individual H,0 molecules located in each of
the many spectroscopically distinct sites available
in the Cs™-(H,0)(D,0),9 cluster ion [hereafter
denoted Cs*(2H,38D)]. This system was selected
because it adopts an arrangement in which
the spherical Cs* cation is encapsulated in a
distorted pentagonal dodecahedral (PD) struc-
ture (25-27) at low temperature (~20 K). The
reported minimum-energy structure (26) of this
cluster [computed with Gaussian 09 (28) at the
B3LYP/6-31++G** level of theory and basis with
the LANL2DZ pseudopotential for Cs], hereafter
denoted PD,, is depicted in Fig. 1. To best vis-
ualize this cage arrangement, a rotating PDF is
available at the bottom of Fig. 1 and a larger ver-
sion is provided in fig. S1, which reveals a two-
dimensional sheet of networked water molecules,
each in a three-coordinate H-bonding configura-
tion. There are two general classes of H-bonding
environments that we classify as AAD and ADD
configurations according to the number of accep-
tor (A) and donor (D) hydrogen bonds, respective-
ly. The AAD class (red in Fig. 1) is distinguished by
the free OH group (Fopy) that projects out from
the surface, whereas the ADD motif (orange) is
embedded roughly in the plane of the surface.

The vibrational spectra of these size-selected
cluster ions were obtained with a triple-focusing,
cryogenic photofragmentation mass spectrometer
described in detail previously (29) and briefly
summarized in the supplementary materials.
Spectra are obtained by monitoring infrared
(IR) photoevaporation of weakly bound D, mol-
ecules in a linear action regime, which is equiv-
alent to absorption spectra (30).

Cs*(H,0)y

Fig. 1. Minimum-energy structure (26) of the
distorted pentagonal dodecahedron (PD)
cage formed by the Cs*-(H,0)y, cluster,
denoted PDo. On the top is a static picture of
the PDg structure, and on the bottom is an
interactive 3D model, which can be rotated in
Adobe Reader. This structure has two classes of
network sites (AAD, red; and ADD, orange)
that differ by the number of H-bond acceptors
(A) and donors (D) associated with the water
molecules at each location.

The spectrum of the Dy-tagged Cs*(40H) cluster
(Fig. 2C) consists of a dense series of overlapping
transitions that have been discussed previously
(31). Highest in energy, the sharp feature at
3704 cm ™ arises from the free OH group, and its
location establishes that only AAD water mole-
cules are present. This is clear because AD sites
have been observed in other cluster sizes (32)
and are indicated by a higher-energy transition
appearing in the range 3710 to 3720 cm . Al-
though the selection rules for IR activity are dif-
ferent than those at play in vibrational sum
frequency generation (SFG) at the air-water in-
terface (33) and at the surface of bulk (173 K) ice
(34), it is useful to compare the vibrational pat-
terns, with representative SFG spectra presented
in Fig. 2, A and B, for ice and water, respectively
(33, 34). The Foy feature is evident in all the spec-
tra. However, even though the ice surface, like the
PD cluster, is dominated by equal contributions
from ADD and AAD sites (35) (exactly 10 each for
the PD structure), the cluster spectra are actually
closer to that of the liquid water surface, where the
envelope of the lower-energy band extends farther
toward the free OH feature. For example, the &
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feature in the air-water SFG spectrum at 3200 cm™
has been attributed to activity involving the bend
overtone (33), where a prominent peak (bg) is ob-
served in the cluster spectrum at 3191 cm . At the
same time there are notable differences; the dom-
inant feature in the Cs*(40H) cluster spectrum
(Fig. 2C) occurs as a strong doublet (b;, b,) centered
at 3554 cm™, whereas the SFG response of both
phases near 3554 cm " is very weak.

The extensive range of the OH stretching
bands in the Cs*(40H) spectrum arises in part
from the very large number of nearly equivalent
PD structures. However, even for a single repre-
sentative structure (PD, in Fig. 1) (36, 37), the
calculated harmonic spectrum (fig. S2) indicates
that the frequency of a given H-bonded OH os-
cillator depends not only on the site class (ADD
versus AAD), but also on the hydrogen bonding
arrangements of the molecules surrounding it
(88, 39). For example, the transition associated
with the donor OH group is predicted to be much
less redshifted when the acceptor water molecule
has a free OH group. This effect has been treated
in neutral water clusters by Ohno et al. (38) and
later extended to the liquid, ice, and interface
regimes by Tainter et al. (39) When these ex-
tended patterns are included, the PD, structure
is quite asymmetrical such that essentially all
the bound OH groups are in topologically dis-
tinct environments. As a result, the calculated
fundamentals (displayed in fig. S2) are distributed
over 600 cm™’, and harmonic analysis of the
bands arising from the various sites in the PD,
structure indicates a strong correlation between
the redshift of a given site and the H-bonding
index advocated by Skinner and co-workers (39),
as illustrated in figs. S2B and S3.

We next describe how the local PD network
sites that contribute to the pattern in Fig. 2C
can be revealed by using an isotopic labeling
scheme that is only available in the cluster re-
gime. Specifically, because chemical scrambling
between the OH and OD groups is strongly sup-
pressed in water clusters, a single, intact H,O
molecule can be incorporated into an otherwise
perdeuterated assembly (40, 41). Consequently,
an H,O molecule can be integrated into the PD
cage by ligand exchange, a process in which
preformed Cs*-(D,0),, clusters interact at low
pressure with H,O vapor as described in the sup-
plementary materials. This mechanism is verified
by the absence of the HDO bending fundamental
in the spectra of clusters with the stoichiometry
Cs*-(H,0)(D,0),, (40) and the suppression of odd
numbers of H atoms in the product ion isotopo-
logs (see mass spectrum in fig. S4)), which would
reveal chemical scrambling by evaporation of HDO.

The vibrational spectrum of the D,-tagged
Cs*(2H,38D) isotopolog is compared in Fig. 2D
with that of Cs*(40H) in Fig. 2C. The overall
envelope of the Cs*(2H,38D) covers the energy
range observed for the Cs*(40H) cluster, with
the positions of the labeled peaks collected in
tables S1 and S2. Because only two OH oscillators
are available in the mass-selected Cs*(2H,38D)
ion, the extent of its OH stretching region must
arise from H,O occupation of many different
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sites within the PD structure to create a plethora
of isotopomers. One important difference in the
spectra of the two isotopologs is that the free OH
feature in the Cs*(2H,38D) spectrum is clearly
enhanced relative to that in the Cs*(40H) cluster,
indicating that the free OH site is preferentially
populated in the cold ensemble. This is con-
sistent with the behavior observed at the sur-
face of water, where nuclear quantum effects
strengthen the bonds holding D,O molecules in
ADD sites (42). The similarities in the band shapes
in Fig. 2, C and D, raise the question of whether
the spectrum of the homogeneous isotopolog is a
simple superposition of the spectra of isolated
H,0 molecules occupying the various sites, or re-
flects coupling among nearby molecules in the PD
structure. Indeed, the only major differences be-
tween the two spectra are the character of the
absorptions near 3350 cm ™" (a, versus b, in Fig. 2,
Cand D), a 14 cm ™ redshift in the strong doublet
(a3, ay versus by, b, in Fig. 2D) below the free OH
feature at ~3700 cm ", and a small (<10 cm ™) red-
shift in the ag-bg, a,-b; features at the lower energy
region of the absorption. To put this in context,
the matrix elements arising from intermolecular
coupling have been considered for bulk water ()
and found to display a broad distribution with
a maximum value of 28 cm™, depending on the
orientations and fundamental OH stretching fre-
quencies of the nearby water molecules. This cou-
pling was explored at the harmonic level with the
methods developed by Sibert and co-workers (24),
which involves decoupling the various OH oscil-
lators that make up the normal modes of the PD,,
structure (43). The results of this analysis are pro-
vided in table S3 and indicate that, for the AAD
molecules, the couplings range from 33 to 45 cm™,
which lead to ~5 cm™ shifts in the frequencies of
the OH stretching fundamentals.

Provided that the Cs*(2H,38D) clusters are
sufficiently cold to suppress spontaneous inter-
conversion between the isotopomers that differ
according to site occupation by H,O, the spectrum
is a heterogeneous superposition of their distinct
spectra. As such, isotopomer-specific spectra pro-
vide a direct way to extract the spectrum of an H,O
molecule located in each site. Of particular im-
portance, these spectra reveal the embedded cor-
relations between transitions derived from the
two OH groups that are distributed throughout the
ensemble spectrum. We isolated the site-specific
spectra using a two-color, IR-IR photobleaching
approach described elsewhere (29). This requires
three stages of mass selection and is therefore
denoted a MS®IR? class of secondary analysis. In
this application, one IR laser is fixed on a partic-
ular probe transition while another, powerful IR
laser is scanned through the entire spectrum. The
photofragment yield from the probe laser then
reveals the isotopomer-selective spectrum as a series
of dips as the pump laser removes population from
the species selected by the probe frequency.

Figure 3B demonstrates how the MS’IR? ap-
proach can establish the locations of the tran-
sitions arising from the bound OH companion of
the free OH group on the same water molecule.
This is accomplished by fixing the probe laser on

the free OH band at 3699 em™ (a,) while the
pump laser is scanned across the OH region. The
resulting dip spectrum (Fig. 3B) exhibits a very
large gap between the Foy band and the onset of
a diffuse absorption envelope below 3400 cm™.
This observation provides direct evidence that
the bands in the lower-energy region of the spec-
trum (a,;) are exclusively due to excitation of the
bound OH group associated with H,O molecules

A lce 173 K SFG ssp

[}

B H,O (I) SFG ssp !

SFG intensity (a.u.)

D Cs*(H,0)(D;0)9'D,

Predissociation Yield (a.u.)
&
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Fig. 2. Comparison of SFG spectra from the
ice and liquid water surfaces with the experi-
mental vibrational spectra of Cs*(40H)-D, and
its isotopolog incorporating an intact H,O
molecule. SFG spectra of ice-vapor (A) (34) and
water-air (B) (33) interfaces [reproduced with
permission from (33) by the American Chemical
Society and (34) by the American Physical
Society] obtained by using ssp polarization
combinations. (C and D) Spectra were obtained
by predissociation of the (C) Cs™(H20)20-D>,
and (D) Cs*(H,0)(D,0),9:D> cluster ions. The

3 label indicates assignment of the intramolecular
HOH bending overtone from (33). The
frequencies of features labeled a, and b, are
included in tables S1 and S2.
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Fig. 3. Isolation of the contributions of the
AAD (red) and ADD (orange) water molecules
to the spectrum of the Cs*(2H, 38D)-D,
isotopolog. Vibrational predissociation spectrum
of (A) Cs*(2H,38D)-D, and two-color, IR-IR
double resonance hole burning spectra of
Cs™(2H,38D)-D, with the probe laser fixed on
(B) the ag (red arrow) and (C) the a; (orange
arrow) features, thus isolating the signatures of
H,0 in AAD and ADD sites, respectively.

in AAD network sites. Consequently, the strong
doublet (a, and a,) centered at 3540 cm ™" must
be exclusively derived from the ADD sites. That
conclusion can again be directly tested, this time
by fixing the probe laser on the dominant peak a;
at 3573 cm ™ to yield the dip spectrum in Fig.
3C, which indeed reveals two bands spaced by
~80 cm™. The separation between these two
transitions is consistent with the splitting between
the two donor OH groups on the same molecule
(44). Although the splitting is close to that (99 ecm™)
found for the symmetric and antisymmetric
stretches in an isolated water molecule, har-
monic analysis of the couplings of the local OH
oscillators in the PD, structure indicates that the
leading contribution to the splitting comes from
differences in the environment of the two OH
bonds in the various ADD sites (see table S3).
The traces in Fig. 4, B and C, display how this
doublet evolves in the region of the a;-a; peaks,
demonstrating that these distinct ADD contribu-
tions are partially overlapping.

The overall behavior displayed in Fig. 3 is in
qualitative agreement with the harmonic predic-
tion (fig. S2) that the AAD and ADD classes con-
tribute to distinct regions of the spectrum. We
next address the nature of the free OH feature
and the diffuse absorption displayed by the AAD
sites below 3400 cm™ in the Cs*(2H,38D) spec-
trum (Fig. 3B). Because all AAD sites necessarily
display a free OH feature, further isolation of the
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independent contributions to the low-energy en-
velope must be accomplished by probing various
locations (indicated by purple arrows in Fig. 4, E
to H) throughout the region. As expected, all
these probe positions yield a free OH band, but
the isotopomer-selective spectra reveal that the
feature near 3700 cm ™ is actually heterogeneous.
Specifically, there are two even narrower [~9 cm™
full width at half maximum (FWHM)] compo-
nents to this feature, as highlighted by the ex-
panded scan in fig. S5. The MS®*IR? spectra in
Fig. 4, E to H, establish that there are at least
four distinct network sites contributing to the
diffuse low-energy envelope (Fig. 3B). These scans
display an evolving multiplet substructure as
the probe energy approaches a narrower band
(ag, blue) near 3200 cm ™. This narrow band ap-
pears near the expected location for the v=0—2
overtone transition arising from the HOH bend-
ing fundamental (viop) at ~1600 cm ™, which is
nominally IR forbidden in the double harmonic
level approximation (i.e., normal modes coupled
with a linear expansion of the dipole surface).
It is well known (45) that the OH (v = 1) and
(vaon) (v = 2) harmonic states are often an-
harmonically coupled in a Fermi resonance in-
teraction, which yields two mixed states that both
contribute to the IR absorption spectrum. In the
model commonly used (45) to treat this effect,
the intensity ratio of the two transitions depends
on the energy separation between the two unper-
turbed levels and the matrix element that couples
them. Because the bending mode is relatively in-
sensitive to local coordination, the overtone remains
relatively fixed whereas the OH fundamentals are
incrementally redshifted through the energy of the
(vaon) (v = 2) level. Although the spectrum in Fig.
4G appears to result from the overlap of at least
two distinct contributions (as evidenced by the
broadening of the Fopy peak), the traces in Fig,. 4,
E and F, yield sharper Foy; bands and were there-
fore further analyzed to reveal the intramolecular
coupling mechanics. The observed patterns were fit
to a simple 2 x 2 interaction picture in which the
oscillator strength of the bend overtone occurs
through intensity borrowing from the nearby OH
(v = 1) level. This procedure indicates that Fermi
coupling matrix elements of 40 and 53 cm™ are
required to recover the observed patterns (solid
lines in traces Fig. 4, E and F, respectively), with
the width (FWHM) of the nominal OH stretching
fundamental of about 60 cm™, as illustrated in
detail in fig. S6. This matrix element is larger than
that (~33 cm ™) reported earlier in the X ~-H,0
(X, halide) systems (45). The width associated with
the bound OH group is also of interest, as it estab-
lishes an excited state relaxation time of the OH
oscillator on the order of 200 fs. Equally important
is the observation that these broadened bands occur
without appreciable excitation of combination bands
involving low-frequency intermolecular vibrational
modes (46), unlike the situation encountered in
the microhydration of anions (29).

We have established that the range of fre-
quencies exhibited by the OH oscillators of H,O
molecules occupying seven distinct sites in the
Cs*-(H,0),0 cluster covers the same region that

is found in the SFG spectrum of the air-water in-
terface. We further demonstrated how, by follow-
ing the spectroscopic behavior of single (intact) H,O
molecules embedded in the pentagonal dodecahe-
dron water cage surrounding the Cs* cation, we can
unmask previously hidden mechanistic features that
underlie the diffuse IR spectrum of the tri-coordinated,
two-dimensional water network. The water mole-
cules that are embedded in the cage surface by
donating two H-bonds to neighbors exclusively
account for the absorption in the range 3450 to
3600 cm ™, whereas the bound OH companion of
water molecules with a free OH group yield all of
the more diffuse absorption below 3450 cm™. The
v = 1 level of the OH stretching manifold asso-
ciated with that bound OH group undergoes a

Cs*(H,0)(D;0)49°D, -
OHL\AD

2Vison OHAAD@hM

g
ﬁ/\\/\f/\_as \ RAJ
B WA M A

i!/u
\

C AN WAA g, Wi f”\\ W*’\JMM\
W/

D MWM“#\,W@W

Predissociation Yield (a.u.)

r T T T T T T T 1
3000 3100 3200 3300 3400 3500 3600 3700 3800

Photon Energy (cm™)

Fig. 4. Isolation of band patterns associated
with spectroscopically distinct sites occupied
by an intact HO molecule in the Cs*(2H,38D)-D,
cluster, obtained by fixing the probe laser at
the photon energies indicated by downward
arrows while scanning the pump laser through
the OH stretching region. (A) Nonselective
predissociation spectrum of Cs"(2H,38D)-D5,

(B to D) bands due to ADD sites (orange), and
(E to H) bands arising from AAD sites. The AAD
contributions are further resolved into excita-
tions of free OH (red), bound OH (purple), and
intramolecular bend overtones (blue). The solid
lines in (E) and (F) are fits to a 2 x 2 coupling
scheme between the OH stretch and intramolec-
ular bend described in detail in fig. S6.
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strong Fermi type interaction with the v = 2 level of
the intramolecular HOH bending mode as the
former is redshifted through the zero-order loca-
tion of the bend overtone near ~3200 cm ™ with a
matrix element of ~45 cm™. These results establish
the intrinsic breadths and multiplet signatures
associated with excitation of a water molecule at
very low temperature, which must result from an-
harmonic couplings among the excited vibrational
states. With this information and experimental
capability in hand, an exciting direction for fu-
ture work will be to follow the onset of spectral
diffusion in microcanonical ensembles and thus
reveal the trajectories of the large-amplitude mo-
tions that underlie the rapid spectral diffusion
exhibited by bulk water.
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Wet surface sightings in clusters

In principle, the surface structure of water (HoO) should be discernable from the O-H vibrations. In practice,
however, so many configurations rapidly interconvert that the bands are bewilderingly broad. Yang et al. studied a
cluster of 20 H 5O surrounding a cesium ion, using isotopomers that vary in the position of one HoO amid 19 heavy
water (D oO) molecules. Precisely assigned spectral features from contributing configurations mapped well onto a bulk
surface spectrum.
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