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ABSTRACT: We investigated the dipolar reorientation of acetone molecules in amorphous
solids under the influence of externally applied electric fields in the range of (0—4.3) X 10° V-
m™". The electric field was applied using an ice film capacitor method, and the field strength was
estimated from measurements of the film voltage and thickness using a Kelvin probe and the
temperature-programed desorption method, respectively. Reorientation of the acetone molecules
was monitored with reflection—absorption infrared spectroscopy (RAIRS), which measured the
absorbance change of the acetone vibrational bands induced by the applied electric field. The
electric field caused a substantial degree of dipolar polarization of the sample. Acetone molecules
were reoriented toward the field direction by an average angle of about 31° at an applied field
strength of 4.3 X 10° V-m™, according to analysis of the RAIRS intensity changes using a simple
molecular geometry model. While the extent of dipolar polarization of the sample increased with
increasing field strength, the sample was not reversibly depolarized with decreasing field strength.
Multiple-peak analysis of the v(C=0) spectrum revealed that the molecules in the acetone—

water boundary region were more easily rotated compared to those in the bulk.

1. INTRODUCTION

Strong electric fields routinely exist in the local environment of
molecules in the condensed phase, for example, near ionized
groups or permanent dipoles of molecules and within the
electrical double layers formed at solid/solution interfaces. The
local electric fields can have a profound influence on the
intermolecular interactions and reactions of molecules. There
are numerous such examples, including the reorientation of
solvent molecules induced by electric field.' In the 1970,
Simons™ observed significant enhancement in ionic current
due to proton transfer between water and surface-bound
amines of ion-exchange membranes, and claimed that these
processes are facilitated by the alignment of water molecules
under the influence of strong electric fields at the membranes
and/or the dissociation of weak acids and bases in the so-called
second Wien effect.” Toney et al’® studied the interfacial
structure of water at an Ag(111) electrode surface by means of
in situ X-ray scattering techniques, and reported potential-
dependent reorientation of the water molecules adsorbed on
the surface. Although certain aspects of the reported water
structure are disputable, it is generally agreed that water flipping
can occur in the presence of strong electric fields at electrode/
solution interfaces.®” Electric field also plays an essential role in
determining protein functions, such as folding, molecular
recognition, and catalytic reactions, under physiological
conditions.*” In the early studies, however, the electric fields
present at the electrode or protein surfaces were not well
characterized. It is highly desirable to perform experiments
under well-defined field conditions for systematically studying
the effects of electric field on molecular behavior.

To study the reorientation of polar solvents induced by
electric field, a strong field with a magnitude of ~10° V:m™! is
required. This magnitude is comparable to the field strength
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observed near charged species in solutions. Various exper-
imental methods have been devised to generate and utilize
strong electric fields for investigating their effects on molecules
in condensed phases. These methods include the use of charged
parallel metal plates,"®™"> electrical double layers,®'* field
ionization tips,'* and charging of molecular films with ion'>'¢
or electron deposition.'” Each of these methods have their own
advantages and limitations, depending on the applications for
which they are used.'® Strong fields cause several practical
problems, such as dielectric breakdown of liquid samples and
the generation of ionic currents in the case of electrolyte
solutions. These limitations can be significantly reduced by
using glassy samples. Boxer and co-workers'”'! pioneered this
approach and showed that electric fields with strengths of the
order of 10° V-m™ can be applied across thin films of frozen
molecular solids by using charged parallel metal plates. At
present, progress in research on electric field effects on
molecular behavior is closely tied to the development of
technology for generating strong electric fields applicable to
molecular systems.

Recently, Shin et al.'® reported an ice film capacitor method
that can be used to apply strong electric fields across frozen
molecular films. In this method, a sample is charged by trapping
Cs" ions at the surface of an ice overlayer on the sample via
thermodynamic forces, without using parallel metal plates. This
method possesses several advantages over conventional
methods, including the ability to generate stronger electric
fields (~4 X 10° V'm™"') compared to a metal plate capacitor,
ability to control the sample composition and structure in a
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clean vacuum environment, and compatibility with in situ
surface spectroscopy methods to facilitate direct monitoring of
the sample under applied electric field. In the present work, we
use this method to study the dipolar reorientation of acetone
molecules in an amorphous solid film under an external electric
field. This paper is the first in a series of two papers
investigating the effects of applied electric field on frozen
molecular films. The other paper (referred to as Paper I1'°)
immediately follows this one and examines the vibrational Stark
effect of water molecules in ice crystals.

2. EXPERIMENTAL METHODS

All the experiments were conducted in an ultra-high-vacuum
(UHV) chamber,”® equipped with instrumentation for
reflection absorption infrared spectroscopy (RAIRS), temper-
ature-programmed desorption (TPD) mass spectrometry, and
work function measurements, with the background pressure
below 1 X 107'° Torr (Figure 1). A frozen molecular film was
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Figure 1. Schematic of the experimental apparatus. A molecular film
was condensed onto a Pt(111) crystal, which is located at the chamber
center and maintained at low temperature by a liquid He cryostat. The
molecular film was covered with an ice overlayer and subsequently
charged by depositing Cs* ions on the ice surface (see inset). The
Kelvin work-function probe measured the voltage developed across the
charged sample. The FT-IR spectrometer measured the molecular
composition and orientation of the molecules in the sample. All the
experiments were conducted under a UHV environment.

deposited on a Pt(111) single crystal surface maintained at a
low temperature (~75 K) inside the UHV chamber. The
Pt(111) surface was precleaned using sputtering and annealing
procedures, and its cleanliness was verified from the TPD
profile of the H,O monolayer formed on the surface.”’ The
temperature of the Pt(111) crystal was variable in the range of
70—1200 K and was monitored with an N-type thermocouple
wire attached to the crystal.

Acetone or D,O liquid was purified using freeze—vacuum—
thaw cycles. Purity of the liquid samples was checked by
introducing the vapors of the samples into the chamber through
a leak valve and analyzing it with a quadrupole mass
spectrometer. Acetone vapor was guided close to the Pt(111)
substrate surface by a tube doser and deposited at a rate slower
than 0.15 ML-s™" (monolayer per second). The D,O film was

deposited using a backfilling method with a deposition rate
below 0.16 ML-s™". The thicknesses of the molecular films were
estimated from TPD measurements. The thickness of the D,0O
film was determined by comparing its TPD intensity with that
of a D,0 monolayer on Pt(111).>* The thickness of the
acetone film was calculated using the unit cell volume of the
acetone crystal.”® The film thicknesses are expressed in units of
ML in this paper, where 1 ML represents 1.1 X 10'* molecules
cm ™ for D,0 and 4.8 X 10'* molecules cm™ for acetone.
Electric field was applied across the frozen molecular films
using the ice film capacitor method, which was described in
detail in a previous paper.'® In this method, low-energy Cs*
ions produced from a Cs* gun are sprayed onto the surface of a
D,O overlayer. The deposited Cs* ions float on the surface,
owing to its thermodynamic affinity for the ice surface,"®** and
induce an equivalent negative charge on the metal substrate
surface underneath the molecular film. This charging
phenomenon can be described like a charged parallel-plate
capacitor. The electric field strength (F) within the charged
molecular film can be expressed as F = V/d = o/¢,g,, where Vis
the voltage across the film, ¢ is the surface density of Cs" ions, d
is the film thickness, &, is the relative permittivity of the film,
and g, is the vacuum permittivity. The film voltage was
monitored by a Kelvin work-function probe,'*~"7 which
measured the difference in contact potential (ACPD) of the
film before and after Cs* deposition. Samples composed of
multiple stacks of acetone and D,O were used in the present
experiments. In this case, with different dielectric materials, the
electric field strength within the acetone film can be expressed

by eq 1."*

F(acetone) = ACPD/[d(acetone) + d(D,0)é, (acetone)
/€(D,0)] (1)

In the above equation, ACPD is the voltage across the whole
film, d (D,0) and d (acetone) are the thicknesses of D,O and
acetone films, respectively, and ¢, (D,0) and ¢, (acetone) are
their dielectric constants. Since €, for solid acetone is unknown,
we estimated &, (acetone) by assuming that the ¢, (D,0)/e,
(acetone) ratio is equal to the high-frequency relative
permittivity (e,,) ratio of the corresponding liquids (ie., &,
(D,0)/e, (acetone) = &, (D,0)/e,, (acetone) = 4.57/2 =
2.29).%

RAIRS measurements were performed in grazing angle (84°)
reflection geometryu’26 using a Fourier-transform infrared (FT-
IR) spectrometer (PerkinElmer) with a mercury—cadmium
telluride detector. The incident IR beam was linearly p-
polarized using a wire grid polarizer (Edmund Optics). The
beam path outside the UHV chamber was purged with dry
nitrogen gas. RAIR spectra were averaged 256 times at a

spectral resolution of 4 cm™.

3. RESULTS

To study the effect of electric field on amorphous solid acetone,
we prepared samples in which the amorphous solid acetone
film was sandwiched between two amorphous solid D,O
(D,0—ASW) films. To prepare the samples, a ~46-ML-thick
D,0—ASW film was grown on a Pt(111) substrate at 75 K,
following which a ~14-ML-thick acetone film was grown over
the ASW film at the same temperature. Then, another ~46-
ML-thick D,0—ASW film was overlaid on the acetone film,
thereby forming a D,0O-sandwiched acetone sample. An electric
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field was applied across the sample by soft-landing Cs* ions
onto the upper D,0O film surface.

The RAIR spectrum (a) in Figure 2 shows acetone
absorbance bands measured before the electric field was
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Figure 2. RAIR spectra showing the vibrational bands of amorphous
solid acetone in an ASW-sandwiched acetone film [D,0O (46 ML)/
acetone (14 ML)/D,O (46 ML)/Pt(111)]. (a) Absorbance spectrum
in the absence of applied electric field. (b) Field-on minus field-off
difference spectrum, which shows the absorbance difference (AA) of
the sample at the applied field strength of 4.3 X 10° V-m™" and zero
field. The difference spectrum is shown in a X2 magnified scale.

applied. The shape and intensity ratios of the bands are
characteristic of amorphous solid acetone,”’ indicating that the
acetone film grown at 75 K had an amorphous structure with
isotropic molecular distribution. In the same figure, spectrum
(b) corresponds to the difference in the absorbance (AA) of
the sample measured in the presence and absence of an applied
field with a strength of 4.3 X 10° V-m™". All the measurements
were conducted at 75 K, unless specified otherwise. The
difference spectrum showed that the applied field increased the
absorbance of the C=O0 stretching [(C=0)] and asym-
metric methyl deformation [V(CH3)asym 4f) bands. On the
other hand, the absorbance of asymmetric C—C—C stretching
[1(C—C~C),ym] and symmetric methyl deformation [v-
(CH3)gym ger] bands decreased under the field.

RAIRS detects vibrations with transition dipole moment
components parallel to the p-polarization of light, i.e,,
perpendicular to the Pt(111) surface. Therefore, the
absorbance changes in Figure 2 indicate that acetone molecules
that were initially randomly orientated in the amorphous solid
were reoriented by the applied field. Although the ratio of the
RAIR band intensities changed with applied field, the TPD
experiments revealed that the total amount of acetone in the
sample remained unchanged due to the application of electric
field.

Next, the electric field strength was increased from zero to
43 x 10° V'm™ in four stages by depositing increasing
amounts of Cs* ions on the sample surface, and the absorbance
of the various acetone vibrational bands at different field
strengths is shown in Figure 3. The field strength was estimated
by Kelvin probe measurements after each stage of Cs*
deposition. Figure 3 clearly shows that the »(C=0) band
intensity increased, whereas the v(C—C-C),,, and
V(CHj)gym ger band intensities decreased with increasing field
strength. Note that the direction of the transition dipole
moment of v(C=0) is different from those of V(C—C—C)asym
or U(CHa)sym &t (see Figure A2). Since the intensity of the
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Figure 3. Variation in the absorbance of acetone vibrational bands as a
function of applied field strength. AA/A on the left ordinate indicates
the relative change in absorbance, i.e., the field-on (A) minus the field-
off (A,) absorbances, divided by the field-off absorbance. The average
rotation angle indicated on the right ordinate indicates the extent of
dipole alignment along the field and is estimated from the AA/A, data
for the ¥(C=0) band. Additional explanation is provided in Section
4A.

RAIR bands depends on the angle between the p-polarization
of light and the direction of transition dipole moment,
according to the Fermi golden rule, the result indicates that
the applied electric field reorients acetone molecules such that
the C=0O bond becomes parallel to the field, whereas the
Z/(C—C—C)asym and V(CH3)sym gef vibrations become perpen-
dicular to the field.

At the field strength of 4.3 X 108 V:m™!, the relative
absorbance of v(C=0) increased by 29%, whereas those of
V(C—C~C),gym and v(CHs)gyp 4f decreased by 9% and 11%,
respectively. These absorbance changes correspond to the
rotation of acetone molecules by an average angle of 31°, as
estimated using a molecular geometry model, which will be
discussed in Section 4A.

In the next experiment, we examined the effect of increasing
or decreasing the electric field strength on the RAIRS spectrum.
The series of spectra shown at the top in Figure 4 (denoted by
(a)) are the difference spectra obtained as the electric field
strength was increased from zero to 4.3 X 10° V'\m™". The
difference spectra show that a stronger applied field produced a
greater change in the band intensities.

The series of spectra shown at the bottom of Figure 4
(denoted by (b)) are the difference spectra obtained as the
electric field was decreased from 4.3 X 10° to 2.2 X 10° V:m™
and further to 1.4 X 10° V-m™". The applied field was reduced
by spraying low-energy (~10 eV) electrons onto the ASW film
surface of the sample, which was originally positively charged
after Cs* deposition. According to recent studies,'” low-energy
electrons tend to accumulate predominantly on the surface of
ASW films. The Kelvin probe was used to measure the film
voltage after each stage of electron exposure. The difference
spectra showed that decreasing the field strength did not
restore the band intensities fully to their initial values. In
particular, the band intensities of r(C—C—C),ym -
(CH3)sym dep and ¥(CHs),m der Were changed only slightly by
the decrease in the field intensities. In contrast, the v(C=0)
band was more distinctly changed by the decrease in the
electric field compared to the other bands. However, it may be
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Figure 4. Change in the acetone bands during progressive increase and
decrease in the applied electric field strength. (a) Series of difference
spectra as the field strength is increased from zero to 4.3 X 10° V-m™.
Baseline subtraction was made with respect to the zero-field spectrum
to yield the difference spectra. (b) Difference spectra obtained as the
field strength is decreased from 4.3 X 10° to 2.2 X 10° V:m™ and
further to 1.4 X 10% V-m™". In this case, baseline subtraction was made
against the absorbance spectrum at the highest field (4.3 X 10° V-m™")
to yield the difference spectra. The sample structure was D,O (46
ML)/acetone (14 ML)/D,0 (46 ML)/Pt(111).

noted that it was mostly the shape of the v(C=0) band that
was changed, rather than its net absorption intensity.

The fact that the v(C—C—C),ym V(CHj3)gm e and
V(CH3)asym 4 band intensities are not fully restored by the
decrease in the field strength indicates the irreversible nature of
the dipolar reorientation in amorphous solid acetone. A
stronger field induces a greater degree of dipole alignment in
the solid. However, once dipolar polarization occurs, decreasing
the field strength does not easily restore the original isotropic
configuration. The irreversible polarization and depolarization
behaviors of amorphous solid acetone contrast with the
behaviors of polar liquids, in which case the dipolar equilibrium
shifts reversibly with applied field. Obviously, the difference can
be attributed to the fact that molecular motion is restricted in
amorphous solids at low temperatures, and the energy barrier
for reorientation is very large compared to the thermal energy
available.

It is also worth mentioning that a crystalline acetone sample
pre;)ared by annealing an amorphous acetone sample at 140
K,*” exhibited negligible change in the band intensities under
an electric field of comparable strength (data not shown). This
observation indicated that molecular reorientation was more
difficult in a crystalline solid than in an amorphous solid, owing
to stronger intermolecular attractions in the former case.

In Figure 4, it can be seen that a change in the electric field
strength significantly changed the shape of the ¥(C=0) band
as well as its intensity. During the initial increase in the field
strength (spectral series (a)), the ¥(C=0) band intensity
increased more strongly in the low frequency region (~1699
cm™') than in the high frequency region (~1708 cm™).
However, as the field became stronger (e.g, at 4.3 X 10° V-
m™'), the band intensity increased significantly in the high
frequency region at 1708 cm™'. According to previous RAIRS
studies on acetone solids,”” the 1699 cm™' component of the
band is assigned to “interfacial” acetone molecules, which most
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likely correspond to the molecules in the acetone—water
boundary regions of the sample, whereas the 1708 cm™" band is
attributed to the “bulk” acetone molecules in the interior of the
sample. Therefore, the present results suggest that the
interfacial acetone molecules reorient more easily than the
bulk molecules under applied electric field.

To further investigate this hypothesis, we studied acetone
samples with different structures, including a “bulk-dominant”
sample with a relatively thick (~14 ML) acetone film
sandwiched between ASW films, and an “interface-dominant”
sample where the same total amount of acetone as the “bulk-
dominant” sample was divided into three thin (~5 ML) layers
stacked alternately with ASW films. Figure S shows the field-on
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Figure S. Difference spectra of the #(C=0) band measured at a field
strength of 4 X 10° V'm™ shown in high resolution. (a) “Bulk-
dominant” sample containing a single acetone film [D,0 (46 ML)/
acetone (14 ML)/D,0 (46 ML)/Pt(111)]. (b) “Interface-dominant”
sample containing three thin acetone films [D,0 (40 ML)/acetone (S
ML)/D,0 (26 ML)/acetone (S ML)/D,O (26 ML)/acetone (S
ML)/D,0 (35 ML)/Pt(111)]. The result of the multiple-peak analysis
is also shown overlapped with the sample spectra. The various
components of the spectra are explained in Section 4B.

minus field-off difference spectra for the v(C=O0O) band
measured for these samples, with an applied field strength of
4 X 10° V-m™". For the “bulk-dominant” sample (Figure Sa),
the ¥(C=0) band intensity significantly increased at both
~1699 cm ™" and ~1708 cm ™" under applied field. On the other
hand, for the “interface-dominant” sample (Figure Sb), the
band intensity increased mostly at ~1699 cm™'. These
differences support the hypothesis that the 1699 cm™
component corresponds to acetone molecules in the interfacial
region. In addition, a small decrease in the ©(C=O0) band
intensity at ~1720 cm ™' was observed and discussions on this
teature will be reserved for Section 4B.

4. DISCUSSION

4A. Extent of Dipolar Polarization. The trends observed
in the U(C=O)I U(C_C_C)asym) U(CHS)sym defy and
V(CH3)asym 4ot band intensities with increase in the electric
field strength, shown in Figures 3 and 4, indicate that dipolar
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reorientation of acetone occurs along the field direction. To
estimate the degree of reorientation, the field-dependent band
intensities can be analyzed using a molecular geometry model.
To perform this analysis, we first need to determine a
quantitative relationship between the RAIR band intensity
and molecular orientation. Figure Al in the Appendix illustrates
the molecular orientation and angles defined in the model.
According to the Fermi golden rule, the magnitude of the
transition matrix element in RAIRS is proportional to the
cosine of the angle (6) between the p-polarization of light and
the direction of the transition dipole moment. In addition, the
transition probability is proportional to the square of the
transition matrix element of an oscillator.”® Therefore, the
RAIRS absorbance is proportional to the square of cosine of the
angle 0 (ie, A o cos® ).

To simulate the absorbance change (AA) due to molecular
reorientation, we use a simplifying assumption that all the
acetone molecules in the sample are reoriented by the same
angle (A@) under a given field strength. Molecules whose initial
dipole direction (6,) is very close to the field direction such
that 6, < A@ are exempted from this assumption. These
molecules are tilted only up to the field direction and their tilt
angle is equal to 6, With this simplification, an ensemble of
molecular reorientations can be expressed by a single variable
A6, which may be regarded as the average rotation angle of the
acetone molecules under applied field. The experimentally
measured AA values correspond to the difference in absorbance
before and after the dipole polarization of a sample. To
simulate AA, the absorbance (A;) of an isotropic sample under
zero field is first calculated using a set of acetone molecules.
The molecules are then tilted by A8, as mentioned above, and
the absorbance of the tilted molecular ensemble is calculated.
Further detail is described in Appendix A. Figure A2 shows the
simulated relative absorbance change (AA/A,) curves for the
different molecular vibrations as a function of A#@.

By comparing the experimental results shown in Figure 3
with the theoretical AA/A, curves (Figure A2), the average
rotation angle of molecules in the sample under a given field
strength can be deduced. For example, the experimental value
of AA/A, for v(C=O0) at a field strength of 4.3 X 10° V:m™'
was 29%. This corresponds to Af of about 31° on the
theoretical curve of AA/A, versus A6 for a (angle of transition
dipole moment) = 0°, which corresponds to the v(C=0)
vibration. The theoretical AA/A, values for the other vibrations
can be predicted in a straightforward manner if the value of
for these vibrations relative to the direction of the C=O
vibration is known. However, the transition dipole moment
angle of these vibrations is not clearly known due to the effect
of intermolecular vibrational coupling in the solid.*” We may
assume that the vibrations in amorphous solids resemble either
the normal mode vibrations of free molecules or local mode
vibrations, although the real situation may be somewhere
between these two extreme assumptions. If we use the normal
mode approximation, the transition dipole moment direction of
V(C~C—C)gym and v(CHj) gy, ger Will be 90° with respect to
the (C=0) direction. On the other hand, if we make the
local mode approximation, the corresponding v(C—C) and
v(CHj) 4 vibrations will have an angle of 120° with respect to
v(C=0). The AA/A, curves for the two cases (@ = 90° and
120°) are plotted in Figure A2. These curves may be compared
with the experimental data shown in Figure 3 to estimate the
average rotation angle of acetone. The experimental v(C—C—

C)asym and I/(CH3)S),m gef data shown in Figure 3 correspond to

A = 26—28° at the field strength of 4.3 X 10° V-m™' with the
normal mode approximation. The same data yields A8 = 55—
59° with the local mode approximation. It may be noted that
the A value obtained with the normal mode approximation is
closer to the value obtained from the v(C=0) data (A0 ~
31°).

The analyses indicate that a substantial degree of molecular
reorientation occurs in the presence of electric field. An order-
of-magnitude calculation shows that the electrostatic energy of
dipole flipping under the field (E = uF/e,) is ~2 kJ-mol™,
where y = 9.77 X 107 C-m, &, ~ 1 for solid acetone, and the
applied field F = 4 X 10° V-m™". Because this dipole energy is
larger than the thermal energy at 75 K, the acetone molecules
can be reoriented by the field, unless the reorientational motion
has a large energy barrier. It will be interesting to do theoretical
study of the reorientation dynamics of amorphous solid acetone
under electric field to compare with the experimental
observation.

The acetone band intensities change irreversibly as the
electric field strength is increased or decreased, as mentioned in
Figure 4. As the field strength is decreased, the intensities and
shapes of the 2(C—C—C) gy V(CH;)ym dgep and V(CH3) pgym e
bands do not change significantly (Figure 4b). However, the
v(C=0) band changes in a peculiar way. A decrease in the
field strength results in a decrease in the (C=0) absorbance
in the low frequency region, whereas the absorbance in the
high-frequency region increases simultaneously. In general,
molecular reorientation results in either a net increase or
decrease in the absorbance of the vibrational band. Therefore,
for interpreting the (C=0) spectral behavior in relation to
the molecular reorientation, the simultaneously increasing and
decreasing portions of the v(C=0) band may be canceled out.
The absorbance change that remains after the simultaneously
increasing and decreasing portions are removed from the
v(C=0) spectrum will represent the effect of the reorientation
of acetone molecules. The absorbance change calculated in this
manner for the ¥(C=0) band as the field is decreased from
4.3 X 10° to 1.4 X 10°* V-m™" is about 19% of the absorbance
change that appears for the field increase from zero to 4.3 X 10°
V-m™. This value of 19% indicates the degree of depolarization
of the sample as the field strength is decreased. The
depolarization degree can be deduced from other acetone
bands as well, and are estimated to be about 11% and 17% from
the l/(CH3)Sym gof and V(C—C—C)asym bands, respectively, for
the same decrease in field strength (from 4.3 X 10° to 1.4 X 10°
V-m™!). The values calculated from the three bands are in
reasonable agreement with each other and indicate only a small
degree of depolarization. The result further supports the
conclusions regarding the irreversible nature of dipole
reorientation under applied field.

4B. Multiple-Peak Analysis of the v(C=0) Band. The
changes in the spectral shape of the v(C=O0) band with
electric field, shown in Figures 4 and 5, suggest that acetone
molecules in the interfacial region (corresponding to the 1699
cm™! peak) are more easily aligned along the field direction
than the molecules in the bulk phase (1708 cm™). We
performed multiple-peak analysis for the »(C=0) difference
spectra to examine the field-dependent changes in more detail,
the result of which is shown overlapped with the spectra in
Figure S. In Figure Sa, it can be seen that most of the increase
in absorbance for the v(C=0) band under applied field can be
explained by the increases in the ~1699 cm™" and ~1709 cm™"
components. In this analysis, the bulk acetone peak is located at
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1709 cm ™" rather than at 1708 cm™" as assigned in the previous
work,”” to achieve a better fit. However, this amount of
difference is not physically meaningful. For the “interface-
dominant” sample, shown in Figure Sb, the absorbance
primarily increases for the 1699 cm™ component, which is
assigned to acetone molecules that are H-bonded with water at
the acetone/water interface.*>>' The spectral analysis shows
that the acetone molecules at the interface are tilted more easily
under applied field. It could be imagined that the applied field
works synergistically with the acetone—water H-bonding
interactions to reorient the molecules. However, more recent
studies®” show that the peak at 1699 cm™! is not necessarily due
to the H-bonded species. Instead, it may just be due to the
weakly bonded acetone molecules at the interface, because this
peak appears even for an acetone film grown on a pure metal
surface. Therefore, we may conclude that the interfacial acetone
molecules are easily reoriented by the applied field regardless of
the formation of hydrogen bonds.

A peculiar feature in the ¥(C=0) spectra of Figure 4a and
Figure S is the dip appearing at ~1720 cm™' as the field
strength is increased. The dip transforms into a peak as the field
strength is decreased (Figure 4). These phenomena may be
interpreted as indications of the removal or appearance of the
1720 cm™' component in the sample as the field strength is
increased or decreased, respectively. However, this frequency is
unusually high for the ¥(C=0) band of acetone and a peak at
this frequency has never been observed for solid acetone at zero
field. Crystalline acetone has a peak at a close, but easily
distinguishable position (1717 cm™).*” Moreover, crystalline
acetone does not undergo dipolar polarization under these field
conditions. Further, the spectral fitting was unsatisfactory with
this component included in the low frequency region of the
v(C=0) band. For these reasons, the possibility of the
existence of a species corresponding to the peak at 1720 cm™
in the solid acetone sample must be discarded.

The absorbance change at ~1720 cm™' may be explained in
terms of the vibrational Stark shift of v(C=0). Normally, the
Stark effect appears as band broadening for an amorphous solid
sample, owing to the ensemble average of randomly distributed
chromophores'>'"'?). However, the Stark effect can also
appear as a frequency shift for molecularly aligned samples like
in the present case. When the C=O dipole of acetone is
aligned toward the field, the Stark effect will produce a red shift
in the ¥(C=0) frequency."® This shift will appear as a dip in
the high-frequency edge of the (C=0) band in the difference
spectrum, and the absorbance will increase by the same amount
in the low-frequency edge. The experimental observations agree
with this expectation. Indeed, accounting for the Stark shift for
the ~1699 and ~1709 cm ™' components (the dashed curves in
blue and red, respectively) in the multiple-peak analysis
significantly improved the quality of the spectral fitting, as
shown in Figure S, where the green dotted curve indicates the
simulated curve with the Stark shift included. Here, the Stark
effect was simulated by using adjustable parameters for the
frequency shift and band broadening to optimize the spectral
fitting. Nonetheless, the reasonably satisfactory fitting achieved
by this approach, and the fact that the absorbance at ~1720
cm™' changes reversibly with field strength, support the
interpretation that this feature originates from the vibrational
Stark shift of the (C=0) band.

5. SUMMARY

We have examined the changes in the IR spectra of amorphous
solid acetone under the influence of strong electric fields by
conducting RAIRS measurements on samples located within
the ice film capacitor. The shape and intensity changes of the
acetone vibrational bands provide information regarding the
structural changes of the sample under applied field. To the
best of our knowledge, this work is the first observation of
dipolar reorientation of small molecules with IR spectroscopy
under well-controlled electric field conditions. The observation
can be summarized as follows.

1. The acetone molecules are dipole-reoriented along the
field direction. The degree of dipolar polarization increases as
the field strength is increased in the range of (0.8—4.3) X 10°
V-m™}, reaching a molecular tilt angle of about 31° on average
at the highest field strength (4.3 X 10° V-m™).

2. The molecular reorientation occurs irreversibly as the field
strength is increased or decreased for amorphous solid acetone.
This behavior contrasts with the reversible dipolar equilibrium
of polar liquids under applied field. For crystalline acetone at 75
K, molecular reorientation does not occur to any appreciable
degree at comparable field strengths.

3. Multiple-peak analyses of the v(C=0) spectra reveal that
the acetone molecules in the interfacial region are reoriented
more easily compared to those in the bulk.

B APPENDIX

Molecular Geometry Model for the Simulation of RAIRS
Absorbance Change Due to Dipole Reorientation

The model comprises a set of acetone molecules, which have an
isotropic molecular orientation in the absence of externally
applied electric field. The angle between the direction of p-
polarization of light and the transition dipole moment of
molecules is expressed by a set of angles, Xi;, = (6,1 Gis02 -
Oon)- The p-polarization direction of light is equal to the
direction of the applied electric field in the present experiment.
The model uses a simplifying assumption that all acetone
molecules are reoriented by the same amount of angle (A6) at
a given electric field strength. Molecules whose initial dipole
direction (6,) is close to the field direction (8, < A#) are
exempted from this assumption. These pre-aligned molecules
can be tilted only up to the field direction, i.e, Af = 6,. The
reoriented configuration of molecules under the field is denoted
by a set of new angles, X, = (Guig1) Orit 2 Orityn) = (Oiso1 — A,
Oop — A6, .., O, — AD). The absorbance change due to an
applied field is the absorbance difference between a set of
reoriented molecules and a set of isotropic molecules. The
absorbance of a vibrational band in RAIRS is proportional to
cos® O (section 4A). Therefore, the relative absorbance change
is expressed by eq Al.

2 2
AA/A, = A ; Ao _ 2, cos” Oy — X cos” Oy,

0 En COSZ 6150 (AI)

Under the influence of electric field, the C=0 axis of
acetone is inclined towards the field direction. In the following
analysis, we denote the direction of the C=O bond with
respect to the direction of p-polarization of light as the principal
angle (). The angle of the transition dipole moment of the
other vibrations with respect to the C=0 direction is denoted
by a (Figure Al). Computed values of the relative absorbance
change (AA/A,) are plotted as a function of the average

DOI: 10.1021/acs.jpcc.5b01849
J. Phys. Chem. C 2015, 119, 15588—15595


http://dx.doi.org/10.1021/acs.jpcc.5b01849

The Journal of Physical Chemistry C

p-polarization of light

Figure Al. Hllustration of the angles and molecular geometry used in
the model. @ indicates the angle between the p-polarization of light
and the direction of transition dipole moment of C==0 vibration. « is
a molecular internal angle indicating the direction of a different
vibration mode with respect to the C=O vibration.

rotation angle in Figure A2. The curves are shown for a = 0°,
90°, and 120°. If all the acetone molecules are perfectly aligned

200

1

0 50 100 150

A (degree)

Figure A2. Computed curves of the relative absorbance change (AA/
A,) versus the average rotation angle (A#). The a = 0° curve
corresponds to ©(C=0). The a = 90° curve simulates v(C—C—
C)asym and l/(CH3)Sym der in the normal mode approximation, and the
= 120° curve simulates #(C—C) and v(CH;)4 in the local mode
approximation.

along the field direction, which corresponds to A8 = 180° in
the plot, then the relative absorbance of #(C=0) is increased
by 200% from the isotropic value (AA/A, = 200%). In this
case, the absorbance of a vibrational mode with @ = 90° is
reduced to zero (AA/A, = —100%).
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