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The effects of electric fields on vibrational spectra are of
fundamental importance for understanding the anharmonicity
of chemical bonds. Furthermore, the sensitivity of vibrational
transitions to electric fields can provide a local probe of
electrostatic fields in ordered systems such as proteins, where
many infrared studies are in progress. Despite this potential
utility and a significant amount of theoretical work,! there are
almost no experimental data.? In this Communication we
describe a method for obtaining vibrational Stark effect (VSE)
spectra under quite general conditions and report the results for
a simple CN stretching vibration.

The basic method is essentially identical to that used for
electronic Stark spectroscopy on condensed phase systems,’
modified by changing the light source and detector for measure-
ments in the infrared. Light from a Nemnst glower (Ayers Eng.,
CA) was chopped, passed through a 0.25 m single monochro-
mator (grating blazed at 4.0 um, 150 grooves/mm, Ag-coated
mirrors, resolution 3.5 ¢cm™!), passed though the sample, and
detected with a liquid nitrogen-cooled InSb detector (Grasby
Infrared, 1 mm?, sapphire window). An optical filter was placed
before the detector to minimize light due to higher order
reflections from the grating. The sample cell was constructed
from two Ni-coated (~60 A thick Ni) sapphire windows
separated by a 25 um Teflon spacer. The cell is under vacuum
and in contact with a liquid nitrogen-cooled cold finger. A
KRS-5 grid polarizer was inserted between the monochromator
and the Dewar for polarization measurements. To minimize
rotation of the polarization of light by the birefringent sapphire
window, the o-ray (or e-ray) axis of the window and the
polarization direction of the light were always kept in the same
plane (horizontal).

We have chosen the CN stretching vibration of anisonitrile
because it is in a convenient wavelength region, it has a
moderately strong IR absorption, and the band is simple. Figure
1 shows the IR spectrum of anisonitrile in a toluene glass
at 77 K (top panel) and the VSE spectrum in the middle panel.
It is evident that a good signal-to-noise ratio can be obtained.
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Figure 1. (A) IR absorption spectrum of anisonitrile in toluene at 77 K in
the CN stretching region (solid line). (B) Vibrational Stark effect spectrum
for a field strength of 1.0 MV/cm, x = 90° (solid line). Decomposition of
the VSE spectrum into first (—) and second (---) derivatives of the
absorption spectrum. The open circles on the absorption and VSE spectra
are the simultaneous best fits using a single Gaussian for the absorption in
the (A) and the derivative contributions in the (C), respectively.

Figure 2 shows the amplitude of the VSE as a function of the
applied electric field strength, demonstrating the expected
quadratic dependence (see below). The shape of the VSE
spectrum for anisonitrile was independent of field over the range
shown in Figure 2 (data not shown). Figure 3A shows the effect
of varying the experimental angle y between the applied field
direction and the electric vector of the polarized light used to
probe the VSE. It is evident that the line shape of the VSE
spectrum is independent of ¥ and that the effect, corrected for
pathlength,? is larger for y = 62° than for y = 90°.4

The change in transition frequency, Av, due to an externally
applied field F, is given by

hAv = —Au'F — F-AoF/2 (1)

(4) There are some parallels between the methods used to measure Stark
spectra and those developed for vibrational circular dichroism (VCD; see,
e.g.: Nafie, L. A.; Diem, M. Appl. Spectrosc. 1979, 33, 130. Kiederling,
T. A. Appl. Spectrosc. Rev. 1981, 17, 189). The most significant difference
is that in VCD the polarization is modulated at a much higher frequency
(typically 50 kHz) than is possible for very large AC electric fields (typically
less than 500 Hz). Also, VSE is detected at twice the field modulation
frequency, whereas VCD is detected at the modulation frequency. VSE
experiments were performed using single (field only at 350 Hz) or double
(field at 485.3 Hz and light at 77.7 Hz) demodulation; however, it was
found that substantially better signal-to-noise ratios could be obtained using
single demodulation with a high dynamic reserve digital lock-in amplifier
(Stanford Research SRS850). This approach requires that absorption and
VSE spectra be obtained separately; however, this is no problem given the
long-term stability of the experimental setup. For example, the peak
absorbance for two absorption spectra taken one after another varies by
less than 2%.
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Figure 2. Intensity of the Stark signal as a function of the square of the
applied electric field.

where Apy and Ao are the changes in dipole moment and
polarizability, respectively, between the states involved. For
an isotropic, immobilized sample, an applied electric field will
broaden an isolated transition due to Ap, giving rise to a Stark
effect line shape which is approximately the second derivative
of the absorption line shape. If Aa is significant, the Stark
effect line shape is approximately the first derivative of the
absorption line shape. Quantitatively, when Av is smaller than
the inhomogeneous line width, the change in absorbance under
the influence of an external field can be written as?

AAW) = (F{A,AW) + (B,v/15kc) d[AW)W]/dv +
(Cp30R°c) PAWWIAY'Y (2)

where A, depends on the transition polarizability and hyperpo-
larizability, B,= /{5Tr(Aa) + (3 cos? y — 1)[3(p-Ao-p) —
Tr(Aa)]} (neglecting the contribution from the transition po-
larizability), and C, = |Ap|?[5 + (3 cos? & —1)(3 cos? y — 1)].
¢ is the molecular angle between Ap and the transition mo-
ment p. { is obtained from the second derivative coefficients
of the Stark spectra (C,) obtained at different values of y, the
experimental angle between F and the electric vector of the
linearly polarized light used to probe AA. fis the local field
correction.’

As shown in the lower panel of Figure 1, the VSE spectrum
of anisonitrile can be decomposed into a sum of first and second
derivative contributions using fitting methods described in detail
elsewhere.® This gives |Ag] = 0.05 % 0.02D/f, and Tr(Aa) =
3.0 + 2.0 A%f, where f is the local field correction factor.’
The contribution from the zeroth derivative of the absorption
spectrum is small compared to that from the first and second
derivatives, which means that the change in intensity of this
band in the applied field is very small. If the field were applied
along the CN bond direction, the observed |Au| would give
rise to a Stark tuning rate of (0.8 + 0.3) x 1076 cm™1/(V/cm).
This is on the same order of magnitude as that observed for
CO and CN on different surfaces.? To our knowledge, there
have been no previous measurements of the magnitude of Aa.
for molecular vibrations. Our observation is that the difference
polarizability for an infrared transition is small. This is
reasonable since both of the vibrational levels involved in the
transition are in the same electronic state. Figure 3B shows
the ratios of the second derivative contributions at y = 62° and
70° to that at y = 90° plotted against y. The solid line is the
best fit to the expected angle dependence of C,, giving { = 0°

(5)fis in general a tensor and is not known precisely; however, it is
expected to be between 1.1 and 1.3 for simple solvents. See, e.g.: Béttcher,
C. J. F. Theory of Electric Polarization; Elsevier: Amsterdam, 1993;
Vol. 1. VSE may ultimately prove to be a sensitive means for deter-
mining f.
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Figure 3. (A) Vibrational Stark effect spectra as in Figure 1B at two
different experimental angles between the applied electric field direction
and the probe light polarization direction, y = 90° (- --) and y = 62° (—)
for the same absorbance (pathlength corrected) and a field strength of 1.0
MV/cm. (B) Second derivative contributions to the Stark effect spectra at
different experimental angles (y) divided by the contribution at y = 90°.
The best fit of the y dependence of C, (see eq 2) to the data gives a value
of & = 0° for the angle between the transition dipole and the difference
dipole.

for the angle between the transition dipole and the difference
dipole moment. Although the angle between the transition
dipole and Ag can have any value and is often different from
0° for electronic transitions, it is reasonable that its value is
approximately 0° for vibrations which are approximately one-
dimensional oscillators, such as the CN vibration considered
here.

In order to be able to observe the vibrational Stark effect,
the external electric field must change the relative spacings of
the vibrational energy levels of a molecular electronic state. This
is possible only when the oscillator is anharmonic.'® The
anharmonicity may arise from mechanical vibrations or electrical
properties of the molecule or both.'* The results obtained in
our experiments show that the CN stretching vibration in
anisonitrile is considerably anharmonic. A detailed study
involving a series of related molecules is in progress to obtain
quantitative information on mechanical and electrical contribu-
tions, as well as to extend these measurements further into the
infrared.
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