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ABSTRACT: We studied the Stark effect on the hydroxyl stretching vibration of
water molecules in ice under the influence of an external electric field. Electric
fields with strengths in the range from 6.4 X 10 to 2.3 X 10® V-m™" were applied
to an ice sample using the ice film capacitor method. Reflection absorption
infrared spectroscopy was used to monitor the field-induced spectral changes of
vibrationally decoupled O—H and O—D bands of dilute HOD in D,0O and H,0—
ice, respectively. The spectral changes of the hydroxyl bands under applied field
were analyzed using a model that simulates the absorption of a collection of Stark-
shifted oscillators. The analysis shows that the Stark tuning rate of (O-D) is
6.4—12 cm™'/(MV-cm™") at a field strength from 1.8 X 10° to 6.4 X 10’ V:m ™,
and the Stark tuning rate of ¥(O—H) is 10—16 cm™'/(MV-cm™) at a field
strength from 2.3 X 10°® to 9.2 X 107 V-m™". These values are uniquely large
compared to the Stark tuning rates of carbonyl or nitrile vibrations in other frozen
molecular solids. Quantum mechanical calculations for the vibrations of isolated
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water and water clusters show that the vibrational Stark effect increases with the formation of intermolecular hydrogen bonds.
This suggests that that the large Stark tuning rate of ice is due to its hydrogen-bonding network, which increases anharmonicity

of the potential curve along the O—H bond and the ability to shift the electron density under applied electric field.

1. INTRODUCTION

Electric fields can shift the absorption frequencies of molecular
vibrations by changing the dipole moment and polarizability of
molecules associated with the vibrational transitions."” This
phenomenon, known as the vibrational Stark effect (VSE), is an
important aspect of IR spectroscopy in condensed phases.
Inhomogeneous broadening of the condensed-phase IR spectra
is produced largely by the Stark shift of vibrational frequencies
under the influence of local fields in the solvent.**
Experimental investigations of the VSE require the application
of strong electric fields (>10” V-m™), so that the effects of the
applied field can be detected over the inherent spectral
broadening due to the local fields. The application of a strong
external field, however, causes several practical problems such
as dipolar polarization and dielectric breakdown of the sample.
To circumvent these limitations, Boxer and co-workers' have
developed a method to immobilize the chromophore molecules
in a glassy sample and apply the electric field across the sample
using electrically biased metal electrodes. This method has been
successfully applied for measuring the Stark tuning rates (Ap)
of various chromophore groups in frozen molecular solids, and
the information acquired from these measurements has been
used to probe internal electric fields in biological molecular
systems.z’5

The hydroxyl stretching vibration of water is a key
spectroscopic feature in the study of water structure and
dynamics, including intermolecular hydrogen bonding, solute—
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solvent interactions, vibration dynamics, and interfacial water
geometry.>**™® These subjects have been actively studied in
recent years. However, despite its importance, the Stark tuning
rate of the hydroxyl stretch vibration of liquid or solid water has
not been precisely determined from spectroscopic experiments
so far. Theoretical methods have been mostly used to compute
the Stark tuning rate and spectral shift under local fields in
solvents, and the resultant inhomogeneous line broadening has
been compared with the experimentally observed line shapes of
the hydroxyl stretch vibrations.»*¢~®

Investigation of the VSE of hydroxyl stretch vibration poses
additional difficulties due to the inherent complexity of the IR
spectra of water in a condensed phase. For example, the IR
spectrum of ice is complicated by contributions from several
competing factors.'” The hydroxyl stretching frequency is
sensitive to the local environment of ice because the local field
varies with the proton-disordered arrangement of the lattice. In
addition to the intramolecular vibrational couplings of isolated
water molecules, intermolecular vibrational couplings and
couplings to lattice vibrations tend to delocalize the vibrational
modes. To separate these vibrational coupling effects, samples
containing dilute HOD in either D,O or H,O—ice have been
used in many experirnents.”_15 In these systems, the
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vibrational coupling effects are negligible for the O—H (or O—
D) stretch of HOD, and the experimental O—H (or O—D) line
shapes can directly reflect the effect of the local electric field.
Therefore, we have chosen to use these systems for studying
the VSE for the hydroxyl stretch vibration in ice. The ice film
capacitor method has been used to apply strong electric fields
to the samples.'® This paper is the second of a series of two
papers (referred to as Paper I'” and Paper II) investigating the
effects of electric field on frozen molecular films.

2. EXPERIMENTAL METHODS

The apparatus, electric field generation method, and spectro-
scopic techniques have been described in detail in Paper L'
Therefore, the experimental methods are only briefly described
in this paper.

Ice samples containing vibrationally decoupled HDO were
prepared as follows. An H,O film was grown by condensing
H,O vapor on a Pt(111) single crystal surface at a deposition
rate less than 0.1 ML-s™! (where one monolayer (ML) = 1.1X
10"* water molecules-per square centimeter) using a backfilling
method. Over this film, which is used as a spacer layer, another
H,O film containing dilute HDO was deposited by condensing
the vapor of an H,O—HDO mixed solution through a tube
doser at a deposition rate <0.1 ML-s™'. The H,0—HDO
mixture with a low (e.g, ~7%) HDO concentration was
prepared by mixing liquid H,O and D,0O in a 96.5:3.5 ratio at
room temperature, where most of the D,O was converted into
HDO through entropic H/D exchange. The isotopolog
composition of the vapor was verified using a quadrupole
mass spectrometer installed in the chamber. The ice films were
grown at a Pt substrate temperature of 140 K and then heated
at 150 K for 100 s to ensure the formation of a crystalline ice
phase.'® A D,0O sample containing dilute HDO was prepared
using the same procedure as above, except that D,O was used
instead of H,0.

Electric field was applied across the ice samples using the ice
film capacitor method,'® in which the ice film surface was
charged positively with Cs" jons and the Pt substrate surface
was charged negatively with electrons. The sample temperature
was maintained at 70 K during the deposition of Cs" ions and
subsequent spectroscopic measurements. The electric field
strength (F) inside the ice film can be calculated from the
relationship F = V/d = o/¢,&,, where V is the voltage across the
film, d is the film thickness, o is the surface density of Cs" ions,
€, is the relative permittivity of the film, and g, is the vacuum
permittivity. The voltage across the film was measured using a
Kelvin probe, and the film thickness was estimated from
temperature-programmed desorption (TPD) measurements.
The effects of applied electric field on the sample were
investigated with reflection absorption infrared spectroscopy
(RAIRS). Differences in the RAIR spectra measured in the
presence and absence of electric field represented the change in
the absorbance (AA) of the sample induced by the applied
field.

3. RESULTS

3-A. RAIR Spectrum of the Hydroxyl Stretch Band.
Figure 1 shows the RAIR spectra obtained from a crystalline ice
sample consisting of ~7% HDO and ~93% H,0. The
absorbance spectrum measured in the absence of an external
electric field is shown at the top. The spectrum shows a small
peak at ~2420 cm™!, which corresponds to the v(O-D)

—— Absorbance spectrum
—— Difference spectrum (x5) |
(F=1.8x10°Vm™)

Absorbance

3500 3000 2500 2000 1500
Wavenumber (cm™)

Figure 1. (upper) RAIR spectrum of crystalline ice composed of ~7%
HDO and ~93% H,0 measured in the absence of an external electric
field. (lower) The field-on minus field-off difference spectrum, which
corresponds to the absorbance difference (AA) of a sample in the
presence and absence of applied field. The field strength was 1.8 X 10°
V:m™. The difference spectrum is displayed on a magnified scale

(xS).

stretching vibration of HDO molecules diluted in ice. The
nearly symmetric Gaussian shape of this peak indicates that the
v(O-D) vibrational band is comprised of a single oscillator
component, which is decoupled from the other water
vibrations. A large v(O—H) stretching band attributed to
H,O—ice appears at 3000—3500 cm ™', with the characteristic
spectral shape of ice Th crystals.'®

Application of an external electric field with a strength of 1.8
X 10° V-m™" changed the shapes of the v(O—H) and v(O—D)
bands significantly. The changes are apparent in the field-on
minus field-off difference spectrum displayed at the bottom of
Figure 1. The v(O—D) band in the difference spectrum shows
a dip at the peak center and an increased absorbance at the
peak edges. These changes indicate that the v(O-D)
bandwidth is broadened by the field. The v(O—H) spectrum
of H,O shows more complex changes under applied field. The
shape of this band is a result of many factors including
intermolecular vibrational couplings in ice, which are not fully
identified yet."® For this reason, we will not discuss the changes
in this band in the present paper. We will focus only on the
v(0O—D) and v(O—H) bands of vibrationally decoupled HOD.

Figure 2a shows the magnified spectra of the v(O—D) band
of dilute HDO in H,O—ice measured at increasing field
strengths. Spectral broadening of the band under applied field is
clearly evident. The full width at half-maximum (fwhm) of the
band, which is ~20 cm™! at zero field, increases to ~37 cm™ at
1.8 X 10° V-m™". In addition, the sharp protrusion at the center
seen at zero field becomes increasingly flat and even transforms
into a dip at the highest applied field strength (1.8 X 10° V-
m™'). Further, the symmetric Gaussian shape of the v(O—D)
band becomes slightly asymmetric under applied field, with
higher absorbance observed on the high frequency side. These
changes are clearly visible in the difference spectra as well. The
spectral broadening indicates the appearance of the Stark effect.
The Stark effect appears as a spectral broadening rather than a
shift in peak position because the chromophores are randomly
oriented in the sample.

Figure 2b shows the results for the (O—H) band (~3270
cm™) of diluted HDO in the D,0O—ice crystal. The evolution
of the spectral shape with increasing field strength is very
similar to the behavior observed for v(O—D) in Figure 2a.
Owing to the close resemblance of the two systems in
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Figure 2. (a) (upper) RAIR spectra showing spectral broadening of
the £(O—D) band of dilute HDO in H,0O—ice with increasing applied
electric field. (lower) The field-on minus field-off difference spectra for
the absorbance spectra shown at the top. (b) Spectral broadening of
the £(O—H) band of dilute HDO in D,O—ice. The relative population
of HDO in ice was ~7% in both the samples.

qualitative features, only one of these results will be shown as
representative behavior in the rest of the paper.

In the present work, we chose to use a crystalline ice sample
for studying the VSE, instead of an amorphous solid water
(ASW) sample, for the following reasons. First, crystalline ice
exhibits narrower inhomogeneous band broadening compared
to ASW (fwhm of the £(O—D) band of ASW is ~69 cm™'). A
narrow band is obviously advantageous in detecting the
additional spectral broadening due to applied electric field,
which is observed to be ~17 cm™" at an applied field strength of
1.8 X 10° V'm™". Second, the use of a crystalline sample
prohibits the reorientation of water molecules in the lattice at
low temperatures under applied field, which will be shown
shortly after. On the other hand, ASW has a more floppy lattice
structure, and reorientation of water molecules may occur
under applied field, which may cause additional spectral
changes. Therefore, the experiment with a crystalline ice
sample measures the VSE of the hydroxyl stretch band
produced only by applied electric field (electrostatic effect),
eliminating other frequency shifting effects (structural and
chemical effects) coming from changes of the chromophore
environment under the electric field."”™>" The field-induced
reorientation of molecules is investigated for amorphous solid
acetone samples in Paper L

We examined the change in the £(O—D) band shape as the
field strength was progressively increased and decreased. To
increase the field strength, Cs" ions were added on the ice film
surface via ion beam deposition, whereas to decrease the field
strength, low-energ (~10 eV) electrons were sprayed onto the
sample surface.'”** Since the sample surface was positively
charged after the initial Cs* deposition, it easily attracted low-
energy electrons to neutralize the surface charge. The field
strength was estimated using the Kelvin probe measurements

after each charging (Cs* deposition) or discharging (electron
deposition) step. Figure 3 shows the variation in the (O-D)
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Figure 3. Variation in the spectral width (fwhm) of (O—D) as the
electric field strength was increased and decreased. The numbers
within the plot indicate the field change sequence.

bandwidth measured as the electric field strength was changed.
The sample contained ~5% HDO in H,O—ice. Owing to the
lower HDO content in this sample compared to the ones used
for the results shown in Figure 2, the observed bandwidth is
slightly larger; this is due to large spectral noises of the weak
signal. Figure 3 shows that the v(O—D) bandwidth changes
almost reversibly with change in the field strength. The
reversible behavior indicates that the changes are due to an
electronic effect, and therefore VSE, rather than being a result
of structural change in the sample.

3-B. Stark Tuning Rate. We performed spectral analysis to
analyze the changing profile of the hydroxyl bands under
applied field and estimate the extent of Stark shift. Andrews and
Boxer” have developed an analytical model to analyze the
Stark difference spectra based on the second derivative of
absorbance spectra. This model has been successfully applied
for studying the VSE at field strengths below 1 x 10® V-m™'."?
Figure 4a shows the experimental Stark difference spectrum of
v(O—D) band measured at a field strength of 1.8 X 10° V-m™/,
together with the simulated second-derivative spectrum fitted
to the experimental spectrum. The fitting result is not
satisfactory, with a significant mismatch in the peak positions
between the experimental and simulated spectra. We believe
that the discrepancy is mainly caused by the strong external
field used in the present study and a large Stark shift of the
hydroxyl stretch frequency. Therefore, we undertook an
approach to directly simulate the absorbance spectrum, rather
than the difference spectrum, using a numerical analysis
method, which is described below.

According to the theory of VSE, the peak shift (Av) of
individual oscillators under the influence of electric fields can be

expressed by eq 1.

Av = —l(A,wF + lF~A0:~F)
h 2 (1)
eq where Ay, the Stark tuning rate, represents the difference in
dipole moments between the ground and excited states,
expressed typically in units of cm™'/(MV/cm™) or in Debye,
F is the electric field, and Aa is the difference in polarizabilities.
Equation 1 is an approximate formula including only the first-
and second-order terms for F in the series expansion.
The hydroxyl stretching vibration spectrum in the presence
of an external field is simulated by considering the Stark shift of
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Figure 4. Spectral analysis of the 2(O—D) band of dilute HDO in
H,O—ice using different models. The applied field strength is 1.8 X
10® V:m™. (a) The experimental difference spectrum (black) is fitted
to the model developed by Andrews and Boxer (red).”* (b) The
experimental absorbance spectrum (black) is fitted to the results of the
numerical simulations (red). The dotted curves represent the
simulated absorbance for O—D oscillators with the polar angle with
respect to the field direction between 6 = 30° + 10° (blue), 0 = 70° +
10° (orange), 6 = 110° + 10° (orange), and 6 = 150° + 10° (blue).
These curves illustrate that the oscillators in the near-polar angles
(blue) contribute a larger amount of absorbance to the spectrum than
those in the near-equatorial angles (orange) due to the cos*(9) factor
(see text), although the number of oscillators in the near-polar solid
angle is smaller than that in the near-equatorial solid angle.

individual oscillators under F using eq 1. In this approach, we
first simulate the Stark-shifted absorbance signal of an O—D
oscillator in the RAIRS experimental geometry as follows. The
absorbance (A) of an oscillator varies with the angle (6)
between the transition dipole moment of an oscillator and the
direction of p-polarized light according to the relationship A o
cos*(6)."** In addition, the amount of Stark frequency shift of
an oscillator is proportional to the cosine of the angle (y)
between the applied electric field and the transition dipole
moment, as shown in eq 1. In the present RAIRS geometry, 6
and y are equal.

Subsequently, the simulated absorption intensities of a total
of 8 X 10° oscillators are summed over their isotropic angular
distribution. The resulting absorption spectrum is the cos*(6)
weighted average of a collection of Stark-shifted absorption
peaks. The simulation procedure is described in more detail in
the Supporting Information. Figure 4b shows the simulated
v(O—D) absorption spectrum overlapped with the exper-
imental absorbance spectrum. The simulated curve is fitted to
the experimental curve by adjusting the |Aul and |Aal values of
eq 1. According to the simulation results of the spectral fitting,
Ap plays a dominant role in spectral broadening at the field
strength used in the present study, whereas the contribution of
the Aa term to spectral broadening is minor. Nevertheless, it is
necessary to include the Aa term to reproduce the asymmetry
in the ¥(O—D) spectral shape appearing under the field. A

comparison of the curve-fitting results shown in Figure 4a,b
indicates that the numerical analysis method simulates the
spectral changes more accurately than the second derivative
analysis method.

The value of Ay can be deduced by optimizing the spectral
fitting to the experimental data as shown in Figure 4b. The
estimated Ay values are 12 cm™'/(MV-cm™) (or 0.70 D) and
6.4 cm™'/(MV-cm™") at field strengths of 6.4 X 10’ V-m™' and
1.8 X 10®° V'-m™!, respectively. Likewise, the Ay values for
v(O—H) of vibrationally isolated HDO in D,O—ice are
estimated to be 16 cm™'/(MV-cm™') and 10 cm™'/(MV-
cm™') at field strengths of 9.2 X 10’ V-m™' and 2.3 X 10° V-
m~’, respectively. The Ay values for v(O—H) and v(O-D)
obtained at field strengths in the range from 6.4 X 10 to 2.3 X
10° V-m™" are plotted in Figure 5. It was difficult to deduce the
Aq value with reliable accuracy with this procedure because A
has a relatively minor influence on the spectral change.
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Figure S. Stark tuning rates of the v(O—H) and v(O—D) bands of ice
measured at different field strengths.

A few observations may be made regarding the Stark tuning
rates presented in Figure S. First, the Ay value of the hydroxyl
stretching vibration of ice is over 10 times larger than that of
typical chromophore groups of other frozen molecular solids,
including Ay(C=N of acetonitrile), which is 0.23—0.6 cm™"/
(MV-em™),'** and Au(C=O0), which is 0.67 cm™/(MV-
em™!).2*?% Second, the Ay value of v(O—H) is 1.5—1.8 times
larger than that of ¥(O—D) at the same field strength. Third,
the Ay values decrease with increasing field. In eq 1, it is
assumed that Ay is a constant for linear proportionality
between Av and F. According to the present results, however,
Av varies quite nonlinearly with F. As mentioned above, the
second-order (AaF*) term has only minor influence on spectral
broadening. For instance, when we double the A« value in the
numerical simulation and make the spectral fitting, this change
alters the estimated value of Ay by less than 15%. This
indicates that the observed variation in Ay with electric field
strength is unlikely to be due to the second and higher order
terms for F. Under such circumstances, it seems necessary to
consider Ay as a field-dependent parameter when eq 1 is used
to express the Stark frequency shift observed over a wide field
range.

4. THEORETICAL STUDY

4-A. Computational Details. We simulated the VSE of
water molecules in ice for three model systems, namely, water
monomer (HDO; wl), dimer [(HDO),; w2], and octamer
[(HDO)g; w8]. In the first model (wl), the VSE of a single
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water molecule was investigated, whereas in the dimer model
(w2), the effect of intermolecular hydrogen bonding on the
Stark shift was examined. The octamer model (w8), which
includes w2 and its first hydration shell (six water molecules),
was used to investigate the effect of the coordinating water
molecules on the Stark shift. The calculated equilibrium
geometries of the water clusters are shown in Figure 6. The

..
L e

oo & 9
9
(b) (c)

Figure 6. Optimized geometries of (a) wl, (b) w2, and (c) w8
without an external electric field. The direction of external field
(arrow) is drawn on the O—D bonds of interest (marked with a star).

external electric field was applied along the O — D bond
direction (indicated by an arrow in the figure) of water clusters.
A potential energy surface scan was performed for the O—D
stretch in w1, w2, and w8 under an external electric field usin
the second-order Moller—Plesset perturbation (MP2)%%* level
of theory with the augmented correlation-consistent polarized
valence double-{ (aug-cc-pVDZ) basis set. The potential
energy curves obtained were then fitted to Morse potentials
of the form V(r) = D(1—e™*"™))2 where D is the bond
dissociation energy, « is a width-related parameter, and r and r,
are the O—D distance and its equilibrium value, respectively.
The vibrational energy levels in the Morse oscillator, E,, are
given by E, = DB(n + (1/2))[2 — B(n + (1/2))], where n is the
vibrational quantum number, and B* = (a*#*/2uD), where y is
the reduced mass of the molecular species of interest. All the
calculations were performed with the Gaussian09 program.”®
4-B. Computational Results. The potential energy curves
for the O—D bond of wl, w2, and w8 under an external electric
field are plotted in Figure 7. The solid circle in the figure
represents the ab initio potential energy surface scan of wl, w2,

and w8 as a function of the O—D bond stretch distance (—0.16
A <r—r, <024 Aatintervals of 0.04 A). The data were then
fitted to the Morse potentials of solid lines. The ground and
first excited vibrational states were also indicated by horizontal
solid lines. The vibrational transition frequency of wl in the
absence of an external field (2738 cm™) matches well with
previous experimental (2724 cm™')* and theoretical results
(2775 em™).> The Ay deduced from the Morse potential fit
analyses are listed in Table 1, along with the experimental

Table 1. Comparison of the Theoretical and Experimental
Stark Tuning Rates (Ag in cm™'/(MV-cm™")) for the O—D
Stretch Vibration of HOD

wl w2 w8
0.35 0.69 4.8

64 (F=18x10°Vm™) — 12
(F=64x10 Vm™)

theoretical (water cluster)

experimental (ice)

values estimated in Section 3-B. The effect of internal electric
field on the computed Ay value was considered. For this, we
calculated internal field (F,,) and its change (AF,,) under the
influence of external electric field (F,,,). AF,, is responsible for
the Stark broadening and thus the computed Stark tuning rate.
The internal field strength is highly dependent on the reference
point at which the electric field is calculated due to the
influence of surrounding molecules. In our calculation, the
middle point of O—D bond was used as a reference point.
Although the internal field was stronger than the applied
external field (IF,,| > IF.l), the change in the internal field was

int ext
smaller than the external field (IAF,,| < IF.l). AF,, was

int
typically ~1/7 of F,,. This indicates that the internal field has
only minor influence on the computed Stark tuning rate.

The Ap value of wl is very small [0.35 cm™!/(MV-cm™)],
suggesting that the experimental Ay of ice cannot be predicted
by considering the properties of single molecules alone. At first
glance of Figure 7, the change in the potential energy curve of
w1 with respect to external field appears to be almost negligible.
However, w2 exhibits a greater VSE than w1, with noticeable
difference in the potential energy curve as a function of external
field. The Ay value of w2 is 0.69 cm™'/(MV/cm), about twice
that of wl. The dimer geometry can provide at least a partial
explanation for the experimental observation. The increase in
Ay observed for w2 compared to wl is likely to be caused by
intermolecular hydrogen bonding. The hydrogen bridge
between the water monomers allows facile transfer of electrons
from one monomer to the other. Hence, the potential energy
curve for O—D of w2 is more prone to vary with external field
compared to that of wl, resulting in a larger Ap.
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Figure 7. Potential energy curve for O—D in (a) wl, (b) w2, and (c) w8 at applied field strengths of —7.7 X 10%, 0, and 7.7 X 10® V-m™".
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In the octamer model (w8), Ay drastically increased to 4.8
cm™'/(MV/cm) on average at F = —7.7 X 10°® and 7.7 X 10° V-
m™.. This value is close to the experimental value of 6.4 cm™/
(MV-cm™") measured at a field strength of 1.8 X 10° V-m™.
Although we applied the external field along O—D bond to
investigate the vibrational Stark effect because many previous
studies focused on the frequency changes with respect to the
local electric field along the O—D bond axis, the angle between
the applied field and O—D bond may vary. When the external
field was applied perpendicular to the O—D bond direction, the
|Apl value of w8 was calculated to be very small [0.4—0.8
cm™'/(MV/cm) depending on the azimuthal angle]. Therefore,
if various field orientations were considered, the ensemble-
averaged Ay value would be smaller than 4.8 cm™/(MV/cm).
Consistent with the observed trend for different cluster sizes,
the first excited vibrational state of w8 shows the most
significant change under applied field among w1, w2, and w8,
which is attributed to the greatest change in the potential
energy curve of w8 among the three (Figure 7c). We believe
that the drastic increase in Ay observed for w8 results from
greater anharmonicity generated by coordinating water
molecules.

To understand the greater anharmonicity for the potential
energy curves of w8, it is necessary to explore the effect of the
internal electric field generated by the Coulombic interactions
between water molecules. For this purpose, the potential
energy curves in Figure 7 have been rearranged to allow
comparison of the curves from w1, w2, and w8 at the same field
strength, as shown in Figure 8. This comparison illustrates that
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Figure 8. Comparison of the potential energy curves of O—D for wl
(red), w2 (black), and w8 (blue) without an external field.

the intermolecular hydrogen bonding causes significantly larger
changes in the potential energy curves compared to the changes
caused by the external field in Figure 7. Two features can be
noticed from Figure 8. The energy of the potential energy curve
is lowered for w2 and w8 compared to wl, and the
anharmonicity of the O—D vibration is substantially increased
in w8. Both of these phenomena stem from the fact that the
presence of a larger number of neighboring water molecules
can better stabilize the stretched O—D bond via the hydrogen
bond network inside the water cluster. The enhanced
anharmonicity of the O—D oscillator possibly induces greater
changes in the difference of the dipole moments and
polarizabilities.

5. DISCUSSION

The experimental measurements in the present study show that
the hydroxyl stretch vibration of ice exhibits a uniquely large
Stark effect. The Au of this vibrational mode is over 10 times
larger than those of carbonyl™*® and nitrile groups'®> of
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frozen molecular solids. Quantum mechanical calculations show
that the value of Ay increases from the water monomer to the
dimer to the octamer as a result of the formation of
intermolecular hydrogen bonds among the water molecules.
The intermolecular hydrogen bonding increases the anharmo-
nicity of the potential energy curve of the hydroxyl bond as well
as the polarizability of the system to shift the electron density.
This study suggests that the large Ay value of ice is due to the
extended hydrogen-bonding network of the lattice, which does
not exist for many other frozen solvents. By the same token, it
is expected that liquid water also exhibits a large VSE, owing to
its extended hydrogen-bonded structure.

Although the theoretical study offers qualitative explanations
for the origin of the increased VSE in ice, a gap still appears to
exist between the experimental and computed Ay values. The
theoretical value of Ay for w8 (4.8 cm™/(MV-cm™)) is closest
to the experimental value measured at high field strength (6.4
em™/(MV-cm™) at 1.8 X 10° V:m™"), and the two results may
be considered to be in reasonable agreement in view of the
simplicity of the water cluster model. Yet, the theoretical value
is substantially lower than the experimental measurement at
low field strength (12 cm™/(MV-cm™) at 6.4 X 107 V-m™).
Skinner and co-workers reported the values of Au(O-D) =
1.6 cm™'/(MV-cm™) and Au(O—H) = 2.4 cm™'/(MV-cm™)
from liquid water simulations, which are also substantially lower
than the experimental values. Interestingly, however, as far as
the H/D isotopic effect is concerned, the theoretical® and
experimental Stark tuning rates agree with each other with the
Apu(O—H)/Au(O-D) ratio in the range of 1.5—1.8.

The difference between the experimental and computed Ay
values draws our attention to the issue of local field correction,
which is an idea that the local field near a chromophore, which
is contributed by solvent molecules, may also change with the
applied field.* The local field change can be incorporated into
the present spectral analysis procedure, described in Section 3-
B, by including an additional field term (F,.,) that varies with
the externally applied field (F,y). In other words, F = F,, +
Fjyca can be used in the place of electric field in eq 1. However,
spectral fitting with the present model is quite satisfactory even
without incorporating F,., as shown in Figure 4, and the
fitting quality is hardly improved by including an additional
electric field term. Therefore, the local field correction effect
must be small for the present case. This conclusion deduced
from the experimental spectral fitting agrees with the
theoretical calculation results that the internal field change
(AF,,) is ~1/7 of F., (Section 4-B). AF,, and F, are
conceptually equivalent to each other for crystalline ice. In
accordance with these observations, previous theoretical
calculations® suggest that the electric field variation due to
the local field correction is typically <30% for frozen solvents.

6. SUMMARY

(i) We have studied the VSE of the hydroxyl stretch
vibration of a crystalline ice sample under strong direct-
current electric fields by monitoring the spectral changes
of vibrationally decoupled O—H or O—D bands of dilute
HOD in ice. This experiment measures the VSE induced
only by an applied electrostatic field in the absence of
other frequency-shifting effects such as those associated
with structural changes of chromophore environment
under the electric field.
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(i) The hydroxyl bands show discernible spectral broadening
due to the VSE when the field strength exceeds ~1 X 10’
V-m™'. With increasing field strength, the spectral shape
changes from a sharp Gaussian profile to a more
broadened structure and then to a double-peak structure
with a dip at the center. In addition, the spectral shape
becomes slightly asymmetric under applied field.

(iii) The major features of the spectral changes appearing
under the field can be reproduced by a numerical analysis
model that calculates the integrated absorption of a
collection of Stark-shifted oscillators in RAIRS geometry.

(iv) The Stark tuning rate of the hydroxyl stretch vibration is
estimated to be Au(O—D) = 6.4—12 cm™'/(MV/cm) at
F=18%10%to 6.4 X 10’ V-m™! and Au(O—H) = 10—
16 cm™/(MV-em™) at F = 2.3 X 10% to 9.2 X 10’ V-
m™". The Ay value is not constant in these field strength
ranges. Instead, Ap decreases with increasing field
strength when it is deduced from eq 1, which assumes
that Ay is linear proportionality coefficient between Av
and F. The isotopic effect on the Stark tuning rate is
observed to be Au(O—H)/Au(O-D) = 1.5—1.8.

(v) The VSE of the hydroxyl stretch vibration of ice is
uniquely large compared to the vibrations in other frozen
molecular solids. The large Ap value of ice can be
attributed to its extensive hydrogen-bonding network.
This interpretation is supported by quantum mechanical
calculations of water cluster models, which illustrate that
the intermolecular hydrogen bonding in water clusters
increases the Stark shift of the hydroxyl stretch
frequency.
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