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Combination bands that involve CH- or OH-stretch vibrations appear in the near-infrared (NIR) re-
gion (4000—10 000 cm™!). Because they arise from anharmonic coupling between the component
fundamentals, detailed analysis of the frequency and intensity of NIR combination bands allows
one to elucidate the mechanisms behind the vibrational coupling in the condensed phase in terms of
mechanical and electrical anharmonicities. Nevertheless, little has been studied, in particular experi-
mentally, on the origin of the combination band intensity. Here, we show that NIR electroabsorption
(EA) spectroscopy, which directly probes the effects of an externally applied electric field on a com-
bination band, can shed new light on anharmonic vibrational coupling through determination of the
direction of the transition moment for the combination band. We studied the combination band of the
CH-stretch (v;) and CH-bend (v4) modes of liquid chloroform. The electric-field induced absorbance
change of the v; 4+ v4 combination band caused by reorientation of the chloroform molecule was
measured at various x angles, where yx is the angle between the direction of the applied electric field
and the polarization of the incident IR light. We were able to detect an absorbance change as small
as 5 x 1078 for the combination band. Using the NIR EA spectra of the combination band together
with those of the CH-stretch and bend fundamentals, the angle between the transition moment for
the combination band and the permanent dipole moment was determined experimentally for the first
time to be (79 £ 14)°. The present investigation indicates that the contribution of the CH-stretch
mode to the mechanical anharmonicity is minor and that the CH-bend mode plays a dominant role
in the mechanical part of the vibrational coupling between the two fundamentals. Furthermore, den-
sity functional theory calculations show that both the mechanical anharmonicity of the CH-bend
mode and the electrical anharmonicity may contribute equally to the anharmonic coupling. © 2012

American Institute of Physics. [http://dx.doi.org/10.1063/1.4770264]

. INTRODUCTION

Anharmonic coupling between different vibrational
modes plays a vitally important role in intra- and intermolec-
ular interactions and molecular dynamics in the condensed
phase. It has been shown to substantially influence the path-
ways and rates of vibrational energy relaxation in liquids
and solutions.'™ Vibrational energy often relaxes preferen-
tially through anharmonically coupled vibrations. In complex
macromolecular systems such as polypeptides and proteins,
the coupling of modes that are localized at specific locations
is one of the key factors that dictate higher-order (secondary,
tertiary, and so forth) structures in their equilibrium state.>®
Therefore, understanding the detailed mechanisms of anhar-
monic coupling not only lends deeper insight into the anhar-
monic nature of molecular vibrations, but it may also enable
one to link the vibrational properties of molecules with the
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global molecular structure and its time evolution, just as in
NMR methods.’

Anharmonic coupling can manifest itself in many ways.
In coherent two-dimensional (2D) infrared (IR) spectroscopy,
which has been developed and extensively used in the last
decade, it is evidenced by the occurrence of cross-peaks in
2D spectra.®®!12 However, the simplest manifestation of an-
harmonic coupling between two modes is arguably combina-
tion bands observed with conventional linear vibrational spec-
troscopy. A combination band occurs when vibrational quanta
of two or more modes are excited simultaneously. Whereas
most of the fundamental transitions are observed in the mid-
IR (MIR) region (800-4000 cm™'), combination bands in-
volving CH- or OH-stretch vibrations appear in the near-IR
(NIR) region (4000-10000 cm™!)."3 A combination transi-
tion observed in a NIR spectrum, like any optical transitions,
is characterized by its peak frequency and intensity. The com-
bination frequency is usually redshifted with respect to the
sum of the frequencies of the component fundamentals. The
frequency shifts have been used as a convenient indicator of
the degree of anharmonicity. On the other hand, the inten-
sities of combination bands remain largely unexplored with
NIR spectroscopy; NIR spectra alone do not allow one to

© 2012 American Institute of Physics
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FIG. 1. CH-stretching (a) and CH-bending (b) modes of chloroform. The
molecule-fixed coordinate system is also shown, in which the z-axis is taken
along the CH bond. The permanent dipole moment of the molecule, p, and
the transition moment for the CH-stretching mode, mgetch, are parallel to the
z-axis, whereas the transition moment for the CH-bending mode, mpepg, is
perpendicular to the z-axis.

access information on the physical origin of the intensity of
a given combination band and hence on the underlying cou-
pling mechanisms.

Here, we present NIR electroabsorption (EA) spec-
troscopy as a novel experimental approach to study anhar-
monic vibrational coupling in liquids and solutions through
determination of the direction of the transition moment with
respect to the permanent dipole moment of the molecule.
By integrating a high-throughput NIR spectrometer used in
our nanosecond time-resolved IR experiments'#~'® into an ex-
isting MIR EA apparatus,'”'® we extend EA spectroscopy
to cover the NIR region so that the electric-field effects
on combination bands and overtones can be studied. In the
present study, we focus on the combination band of the CH-
stretching (v;) mode at 3019 cm™! and doubly degenerate
CH-bending (v4) mode at 1215 cm™' of liquid chloroform
(see Fig. 1). Chloroform has been studied as a model system
for understanding anharmonic coupling in molecular liquids.
The nine normal modes of chloroform, which form a basis
for the spectral analysis of combination bands, are all well
characterized.'” It does not have the complications associ-
ated with hydrogen bonds. In addition to steady-state spec-
troscopy, high-quality ultrafast data of vibrational relaxation
in liquid chloroform, both experimental®”?! and theoretical,*?
are available in the literature. Chloroform (and its deuterated
isotopomer) has also been studied with nonlinear vibrational
spectroscopies.”*>° From a technical viewpoint, the v; + vy4
transition is a relatively intense combination band and well
suited for demonstration purposes.

In the rest of this paper, we first show that two types
of anharmonicities, i.e., the mechanical and electrical anhar-
monicities, give rise to the transition moment of a combina-
tion band. We then describe molecular responses to an exter-
nally applied electric field that we observe in EA spectroscopy
at room temperature. Of primary interest in the present study
is absorption intensity changes, rather than peak shift or band
broadening, induced by an applied electric field because they
are directly associated with the angle between the transition
moment and the permanent dipole moment. We present field-
induced absorption difference (AA) spectra of the v| + vy
combination band as well as the v and v4 fundamentals of
liquid chloroform. A comprehensive analysis of those AA
spectra has enabled us to experimentally determine the di-
rection of the transition moment of the combination band.
The vibrational anharmonicity that gives rise to the v; + vy
combination band is discussed based on the NIR EA results
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together with density functional theory (DFT) calculation
results.

Il. THEORETICAL BACKGROUND

A. Mechanical and electrical anharmonicities
in a combination transition

The intensity of an optical transition is proportional to
the square modulus of the corresponding transition moment
m, defined as

= (elmlg), (1)

where p is the dipole moment of the molecule of interest. |g)
and |e) are the vibrational eigen kets of the ground and excited
states, respectively. The transition moment for a fundamental
transition (either v, or v,4) is obtained under the harmonic ap-
proximation as follows:

0 1 0
mfund—<1|Q|0>(ag> —I(ag) 2

where Q is the dimensionless vibrational coordinate® of the
fundamental [i.e., Q = (mw/#)"?q with ¢ being the normal
coordinate], # is Planck’s constant 4 divided by 27, and
is the angular frequency of the vibration. Equation (2) shows
that the transition moment of a fundamental is proportional to
the dipole derivative, (du/0Q)y, evaluated at the equilibrium
geometry.

For the v; 4+ v4 combination transition, Eq. (1) can be
written as

Meomp = <17 ]|[L|O O>

Ip
= < ) 1 1| Qstretch |Ov O)
8 strelch
+

o )
1,1 end |0, 0
<8Qbend (1, 1| Qvena 10, 0)

+< Zp ) (1, 1] Qutretes Crena [0, 0)
-~ A s stretch &bend 1V, s
0 Qstretch8 Qbend 0 et

(3)
= mls\:[r?lch + mbend + m (4)

Here, the notation |Vgyetch, Vbend) 1S Used to represent the vibra-
tional state in which vibrational quantum number of the CH-
stretching mode Qgretch 1S Vsireteh and that of the CH-bending
mode Qpeng 1S Vhend- In this notation, |0, 0) corresponds to
the ground state and |1, 1) to the v; 4+ v4 combination state.
As shown in Eq. (4), three terms contribute to the absorp-
tion intensity of the combination band. The first two terms
mé\frgch and mﬁ’éﬁd would vanish if the wave functions |0, 0)
and |1, 1) were those of the harmonic oscillator. For these
terms to be nonzero, the potential function, V, of the molecule
must be anharmonic and include the cubic and higher-order
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terms as

V( Q stretch s Qbend)

1 < CR% ) ) 1 [ 8%V
Q‘ T + Q 1
0 Qstrelch sueteh a Qbend bend

1[( oV ,
+ 8 Q stretch QS[retCh

v
+3 <—) erec Qb nd
aQstrelchaQbCHd 0 e 0

83
IEYJ LA,
ad Qstrn:lch8 Qﬁend 0 et bend

(s ), O]
aQ?)end 0 bend

If the quartic and higher-order terms in this expansion are
neglected, mm‘:mh and mbend can be derived as follows:*°

1 0 REAYS
mi e, = ( £ ) < 2 ) . )
HMiwgreen \ 0 Ostretch o \d Qstretcha Obend 0
1 9 A%
e () )
4ha)bend 0 Qbend 0 9 Qsiretch 0 Qbend 0

It follows from Egs. (5) and (6) that nonvanish-
ing mer‘:tCh and mﬁ’éﬁd require @3v /0 Qflmcha QObend)o and
(33V /3 Qgtretchd Q%end)o to be nonzero. This type of anhar-
monicity is known as the mechanical anharmonicity.?! In con-
trast, the third term in Eq. (4), m®2, does not vanish even un-
der the harmonic oscillator approximation. But it requires a
nonlinear dependence of the dipole moment on Qggerch and
Obend SO that (82 /9 Qstretch 0 Opend)o 7 0, which is commonly
termed the electrical anharmonicity.?! Using perturbation the-
ory, we obtain mF4 as*

1 a2
mth = 1 (—“) . )
2\0 Qslretch8 Qbend 0

Both mechanical and electrical anharmonicities are not taken
into account in conventional ab initio IR intensity calculations
that are based on the double-harmonic approximation.

The intensity information on combination bands yielded
by conventional linear NIR spectra is limited to [mcomp|?, thus
making it very difficult to distinguish between the contribu-
tions of the three anharmonicity terms in Eq. (4). NIR EA
spectroscopy can potentially alleviate this limitation by look-
ing into the direction of a combination band. We note here
that mcomb is the vector sum of the three components mM4 |
mM2 and mPA. Its direction should have additional informa-
tion that helps to identify, at least, which term(s) is dominant.
As illustrated below, the angle 7, between the transition mo-
ment and dipole moment can be experimentally determined
by NIR EA spectroscopy.

As is clear from Eq. (3), the directions of the mechanical
anharmonicity terms m®2 . and mMA, are the same as those
of the transition moments of the fundamentals, Mgy, and
My, They are dictated by the directions of the dipole deriva—
tives, (0 /0 Qsyetch)o and (/0 Qpend)o. Therefore, m Strmh is
parallel to the permanent dipole moment, which is along the
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CH bond [ = 0°; Fig. 1(a)], whereas mbend is perpendicu-
lar to the permanent dipole moment [n = 90°; Fig. 1(b)]. The
direction of m® is not that obvious. However, by simple sym-
metry consideration on the chloroform molecule discussed in
Sec. IV E, n for m®A is expected to be 90°.

B. Molecular responses observed in EA spectroscopy

In this subsection, we present two types of molecular re-
sponses to an external field*? that may be observed in EA
measurements: namely, orientational polarization (OP) and
electronic polarization (EP).

1. Orientational polarization

The first response we consider is orientational
polarization,'7-183%3% which is the primary concern in
this paper. When liquid molecules having nonzero permanent
dipole moment are subject to an external electric field, a
small fraction of the molecules tend to align so that the dipole
moment is parallel to the applied field. In room-temperature
liquids, this alignment follows the Boltzmann distribution.
This field-induced molecular alignment, in turn, leads to
anisotropy in the interaction between the transition moment
and the electric-field vector of polarized incident IR light.
The resulting absorbance change AA, normalized by the
original absorbance A4, is given by'”

AA v 2
<T>OP B (1 —3cos’n) (1 —3cos’x)  (8)

with
uF

Y= T 9
Here, 1 is the angle between the transition moment m and the
permanent dipole moment g (1 = |p|). x is the angle be-
tween the direction of the applied field and the polarization
of the incident IR light. In Eq. (9), F is the magnitude of the
local electric field that is exerted on the molecules, kg is the
Boltzmann constant, and T is the temperature. Equation (8)
indicates that the orientational polarization AA spectrum is
identical in shape to the absorption spectrum without any peak
shift and band broadening. If the signal originating from ori-
entational polarization is extracted from an experimental AA
spectrum at given y, angle 1 can be calculated using Eq. (8)
with known @ and F. Another important implication of
Eq. (8) is that (AA/A)pp varies according to 1 — 3cos 2x.

2. Electronic polarization

The electric-field effects on the electronic properties of
molecules also give rise to IR absorbance changes. The AA
spectrum arising from the electronic polarization is generally

expressed as®
B, _d [A®)
15hc dv 1,

c, & [A()
Tl : 10
+30h2c2”dv2[ 5 (19)

AA®D) = FZ{
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where 7 is the wavenumber and c is the speed of light. The
AA(D) consists of the frequency-weighted zeroth, first, and
second derivatives of the absorption spectrum A. Detailed for-
mulae for the coefficients A,, B,, and C, can be found in
Refs. 35-38. In short, they are complicated functions of the
Stark parameters such as the changes in dipole moment, Apu,
and polarizability, Aa, upon vibrational excitation (v = 1
< 0), transition polarizability A, and transition hyperpolar-
izability B. A and B are defined asm(F)=m+ A - F+ F
- B - F. Here, we focus on the zeroth-derivative term in Eq.
(10) because it competes with the orientational polarization
signal [Eq. (8)] and needs to be separated. Assuming that the
transition hyperpolarizability is negligible’>*° (i.e., B = 0)
and that the reorientation of the molecules through o and A is
small compared with that through u,'® we have the electronic
polarization contribution to the zeroth-derivative AA signal of
the form

AA F?
=22 = § 10A2% — (1 — 3cos?
( A )Ep wpmp 2104~ &

x BAiiAjj + A7), (11

where Aj; is the ij-element of the transition polarizability ten-
sor A (i, j = x, ¥, z). (AA/A)gp has both x-independent and
x -dependent terms with the latter exhibiting exactly the same
1 — 3cos 2 dependence as the orientational polarization sig-
nal [see Eq. (8)]. The key to distinguishing between the ori-
entational and electronic polarization contributions lies in the
AA/A signal at y = 54.7°. If significant AA/A is observed at
x = 54.7°, it implies that there is a substantial contribution
from electronic polarization because only the electronic po-
larization can give rise to AA signals at this magic angle.

For our ultimate goal to derive the direction of transi-
tion moment, the contribution of electronic polarization has
to be removed from the observed signal. A previous study
showed that the absorbance change due to electronic polar-
ization is negligible for the C=O stretch of liquid acetone,
compared with that due to orientational polarization.'” In this
study, the v; + v4 combination band of liquid chloroform is
also found to be free from the contamination of electronic po-
larization (see Sec. IV B). In contrast, it turns out that in the
case of the CH-stretching fundamental, both orientational and
electronic polarizations contribute considerably to the field-
induced absorbance change. Nevertheless, a reasonable ap-
proximation on the components of the tensor A further sim-
plifies Eq. (11) and thereby makes it possible to evaluate the
absorbance change that is attributed solely to the orientational
polarization (see Sec. IV C 1).

lil. METHODS
A. NIR EA spectroscopy

Combination bands are typically much weaker than fun-
damentals. The field-induced absorbance changes of combi-
nation bands are far weaker. To detect such exceedingly small
changes in the NIR region, we combined a high-throughput
near/mid-IR spectrometer and detection system used in our
nanosecond time-resolved experiments'4~'¢ and the field ap-
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plication module that we have been using for the MIR EA
apparatus described in detail previously.'”!® The main fea-
ture of that apparatus is the use of a dispersive monochro-
mator and alternating current (ac)-coupled amplification, 410
which affords detection of AA signals as small as 1077, In
this work, the new spectrometer (JASCO CP-50TFP; focal
length = 500 mm, f = 4.3) extended the spectral window
for EA measurements to cover the 4000-12000 cm~! region
by using a 600 g/mm grating, while keeping the high sensi-
tivity intact. The NIR light source was a tungsten lamp and
the light emitted from the tungsten lamp was p-polarized us-
ing a wire-grid IR polarizer. The spectral resolution was 16
cm™! to increase a signal-to-noise ratio (S/N). An InSb pho-
todiode (Kolmar Technologies KISDP-1-J1/DC) was used as
a detector for the combination band measurement. About 25
kHz (f), 80 Vo, AC voltage was applied across a sample
cell and a 50 kHz (2f) AC component, which depends on
the field strength quadratically, was selectively detected by
a phase-sensitive lock-in amplifier (Stanford Research Sys-
tems SR844). The phase difference between the signal and
reference in the lock-in amplifier was adjusted in every mea-
surement so that out-of-phase AA signals were minimized.
During measurement, liquid chloroform was flowed through
a home-made sample cell, which was composed of a 6-pm-
thick polyethylene terephthalate film spacer (Mitsubishi Plas-
tics Diafoil®) sandwiched by two p-type boron doped silicon
windows (Pier Optics; thickness = 0.5 mm, resistivity = 0.8—
2 © cm). The two silicon windows also served as electrodes,
but the surfaces in contact with the sample were coated by a
thin layer of SiO, (thickness = 0.3 um) for insulation. For
measurements of the fundamental bands, the MIR EA spec-
trometer reported previously'” '8 was employed without mod-
ification; a photoconductive HgCdTe detector was used for
the CH-bending mode, whereas the same InSb detector as
above was used for the CH-stretching mode. The spectral res-
olution was 12 cm~'. To achieve higher S/N, the IR absorp-
tion spectrum of liquid chloroform was also recorded with a
JASCO FT/IR-6100 spectrometer.

HPLC-grade chloroform (>99.8%) was commercially
obtained from Sigma-Aldrich and used without further purifi-
cation. Chloroform contains a trace amount of ethanol (typi-
cally 0.5%—-1.0%) as a stabilizer, but no noticeable effect of
ethanol was found in IR measurements. All measurements
were performed at room temperature.

B. DFT calculation of the potential energy surface
and dipole moment function

To help with understanding the anharmonic coupling
mechanisms, DFT calculations were performed on an iso-
lated chloroform molecule using the B3LYP functional*!4?
and the 6-314+G(d,p) basis set as implemented in
GAUSSIAN 09.*3 A numerical integration grid of higher accu-
racy (Int = Ultrafine) was used. The potential energy surface
V(‘Zstretch’ Qbend) and diPOIG moment function M(QStretcha qbend)
were calculated at nonequilibrium geometries by stepwise
displacing the hydrogen atom from its equilibrium position
along the ggyercn and gpena coordinates at 0.01 A intervals.
The functions so obtained were fitted with two-dimensional
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1.0+
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FIG. 2. FTIR spectrum of liquid chloroform. The CH-stretching (v{) mode
is observed at 3019 cm~!, the CH-bending (v4) mode at 1215 cm~!, and
their combination band (v + v4) at 4215 cm~!. An offset in absorbance of
0.4-0.6 is due to the reflection of the incident IR light at the silicon windows.
An asterisk denotes an intense band of SiO;.

polynomials and the fitting coefficients were used to evaluate
the derivatives 8>V /3g2 ... 0qvends 0°V/0Gswetch0qing> and
02 14/ d Gsirerch Gvend. Note that the calculations here were based
on the normal coordinates ggyeren and Gpenq instead of the
reduced vibrational coordinates Qgretch and Opend. Using the
definition Q = (mw/h)"?>q, however, the derivatives with
respect to g can be readily converted to those with respect to
Q that are directly associated with the anharmonicity terms

[Egs. (5)—(D)].

IV. RESULTS AND DISCUSSION
A. Absorption spectrum of liquid chloroform

Figure 2 shows the IR spectrum of liquid chloroform. An
offset of 0.4—0.6 is due to the reflection of the incident IR light
at the silicon windows. Apart from an intense band of SiO; at
around 1100 cm~!, three prominent absorption bands of chlo-
roform are seen in the spectrum. The bands at 3019 and 1215
cm™! are assigned to the fundamentals of the CH-stretching
(v1) and CH-bending (v4) modes, respectively. A very weak
band observed at 4215 cm™! is their combination band (v,

+ v4). The anharmonic shift is found to be —19 cm™!.

B. EA spectra in the combination band region

Figure 3 displays the NIR EA spectra of liquid chloro-
form in the v; + v4 combination band region at six x an-
gles, together with the conventional FTIR spectrum measured
with the home-made sample cell (as in Fig. 2). To our knowl-
edge, this is the first report of EA of a combination band of
molecular liquid. The EA spectra shown in this and subse-
quent figures have been baseline-corrected. The variation in
optical path length with angle x has been corrected by taking
into account the refractive index of chloroform (n = 1.44).
A positive AA signal of ~1.0 x 1077 is clearly observed at
x = 90° and it decreases in going from x = 90° to 58°. The
AA signal at x = 58° is as small as 5 x 1073, illustrating the
high sensitivity of our apparatus also in the NIR region. De-
tection of such small AA signal would not be feasible at the
present stage with the dc method using FTIR.

J. Chem. Phys. 137, 234501 (2012)

Abs.
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T T T
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Wavenumber (cm')

4300 4100

FIG. 3. IR spectrum (a) and EA spectra (b) of liquid chloroform in the v;
+ v4 combination band region. The EA spectra were measured at x = 58°,
61°, 63°, 67°, 73°, and 90° (normal incidence). Solid lines show observed
spectra and dashed lines show fits to a linear combination of the zeroth and
first derivatives of the absorption band.

To analyze the x-dependence of the NIR EA spectra,
we first performed a least-squares fitting of the FTIR spec-
trum [Fig. 3(a)] using a Gaussian band shape plus a lin-
ear baseline. Another Gaussian function was included in the
fit to account for a small satellite feature that the v + v4
combination band accompanies at its higher-frequency side
(~4260 cm™!). However, because the absorbance change of
the satellite band is most likely below our detection limit,
we did not include this component in the subsequent fitting
of the EA spectra. The x-dependent EA spectra [Fig. 3(b)]
were then fitted to a linear combination of the zeroth and first
derivatives of the absorption band with the peak position and
bandwidth fixed to the values obtained from the above fitting
procedure. It turned out that the contribution of the second-
derivative component was negligible; therefore, we included
only the zeroth and first derivatives in the fitting. The coeffi-
cient for the zeroth-derivative component, which arises from
both the orientational polarization [Eq. (8)] and the electronic
polarization [Eq. (11)], is plotted as a function of x in Fig. 4.
The plot was fitted assuming a function a(1 — 3cos?x) + b,
which gives a = (5.3 £ 1.9) x 107 and b = (1.0 £ 1.0) x
107°. The value of b is fairly small compared with that of a.
Referring to Eq. (11), this result suggests that the coefficient a
can be attributed almost entirely to the orientational polariza-
tion app (>>agp). The value of app for the combination band
is therefore obtained to be (5.3 & 1.9) x 107°.

The contribution of the first-derivative component is sig-
nificant at all x studied, resulting in the redshift of the peak.
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FIG. 4. Angle x dependence of the coefficient for the zeroth derivative deter-
mined by the spectral fitting for the v; + v4 combination band of chloroform.
The dashed line is the fit to a(1 — 3cos 2)() + b. To facilitate comparison with
Fig. 3, x is plotted such that it increases toward the left.

The first-derivative coefficient B, has many terms involving
A, Aa, and A.3® Unfortunately, the poor spectral resolu-
tion in our measurement (16 cm™') and low S/N prevent us
from analyzing B, quantitatively. By further improving the
apparatus, we will be able to examine the coefficient B, and
address how the electronic characteristics of the vibrational
states involved in combination transitions are affected by elec-
tric fields.’%#*

C. EA spectra in the fundamental band region

We now have derived (AA/A)op experimentally, so it is
in principle possible to evaluate angle n using Eq. (8). In so
doing, however, the dipolar interaction parameter y needs to
be determined. As is evident from Eq. (9), determination of
y requires the strength of the local field, F. The local field
F differs from the externally applied electric field Feyx; (|Fex(|
~ 0.13 MV cm™! in the present case) and the difference is
corrected for by introducing the local field correction factor
f: F = fF. In most cases, f cannot be obtained experimen-
tally with high accuracy. In fact, molecular parameters such
as Au and Ao have often been reported in terms of factors
of £3%447 In our previous work, we circumvented this prob-
lem by using an intensity standard.'®:33 Here too, we adopt a
similar approach: namely, the absorbance changes of the CH-
stretching and CH-bending modes with known values of 1 (0°
and 90°, respectively) are analyzed and used to determine the
value of y without going through the direct evaluation of f.

1. CH-stretching mode v

Figure 5 shows a rather unexpected, interesting x-
dependence of the absorbance change for the v| mode. As de-
scribed above, the absorption band of the v mode [Fig. 5(a)]
was fitted to a Gaussian function, followed by a fitting of the
x -dependent EA IR spectra [Fig. 5(b)] with a linear combina-
tion of the zeroth, first, and second derivatives of the absorp-
tion band. The resulting zeroth-derivative coefficient is plot-
ted as a function of x in Fig. 6. A very small, positive AA/A
of ~2.5 x 107 is observed at x = 90°, and AA/A drastically
increases as y decreases. Equation (8) with n = 0° predicts
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FIG. 5. IR spectrum (a) and EA spectra (b) of liquid chloroform in the CH-
stretching (v1) band region. The EA spectra were measured at x = 58°, 60°,
66°, 80°, and 90° (normal incidence). Solid lines show observed spectra and
dashed lines show fits to a linear combination of the zeroth, first, and second
derivatives of the absorption band.

a negative AA/A value for the orientational polarization at
x =90°. Our observation is in apparent contrast with this pre-
diction, suggesting a significant contribution of the electronic
polarization to the zeroth-derivative term. Unlike the case of
the combination band, the observed absorbance change can-
not be attributed solely to the orientational polarization. We
fitted the y-dependence plot (Fig. 6) to a(l — 3cos 2x) + b,
yielding a = (=2.7 + 0.6) x 107> and b = (2.9 £ 0.6)
x 1073 This value of a includes both orientational polariza-
tion (app) and electronic polarization (agp) contributions (a
= app + agp), Whereas the coefficient b originates solely from
electronic polarization (b = bgp).

To extract the contribution of the orientational polariza-
tion, we approximate Eq. (11) by assuming that only one

3.0

0.0

T T T T T T T
90 85 80 75 70 65 60
Angle x (degree)

FIG. 6. Angle x dependence of the coefficient for the zeroth derivative de-
termined by the spectral fitting for the v; band of chloroform. The dashed
line is the fit to a(1 — 3cos %) + b. To facilitate comparison with Fig. 5, x
is plotted such that it increases toward the left.
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particular component of the transition polarizability A is
dominant and the other elements are negligible. This one-
dimensional approximation was previously applied to the
C=N stretch of nitriles and was found to be not always
valid.¥ However, the one-dimensional approximation should
hold for the CH single bond of chloroform, which involves
only o -electrons unlike the C=N bond of nitriles. Letting the
CH bond be along with the molecule-fixed z-axis (see the co-
ordinate system given in Fig. 1), we can simplify Eq. (11) as

AA _ F—z [10A2, —4A2.(1 —3cos’ x)], (12)
A op 30 |m|2 2z 2z ’

where A,, represents the zz-element of the transition polariz-
ability tensor A. The first term, 10A§Z, in the square brackets
corresponds to the coefficient b (= bgp), whereas the pref-
actor of the 1 — 3cos?y term, (—4AZ2), corresponds to the
coefficient agp. Under the approximation of Eq. (12), the ra-
tio agp/bgp is theoretically equal to —0.4. Using this relation,
we calculate the value of the agp to be (2.9 x 1077) x (—0.4)
= —1.16 x 1073, Subtraction of this value from the fitted re-
sult of a ( = app + agp) leaves agp of (—1.5 + 0.6) x 107>
for the CH-stretching band. After the contribution of the elec-
tronic polarization has been removed appropriately, the AA/A
value for the orientational polarization becomes negative as
predicted by Eq. (8) with n = 0°.

The significant contribution of the electronic polarization
to the CH-stretching AA signal is a consequence of a large
field dependence of the transition moment, i.e., large transi-
tion polarizability. This, in turn, means that the CH-stretching
vibration is highly susceptible to the surrounding electrostatic
environment. Despite being the most fundamental chemical
bond, the CH bond has not been discussed in this context. We
need more experiments to clarify whether this characteristic
is unique to chloroform or not.

2. CH-bending mode v,

Similarly, we measured the field-induced absorbance
change for the v4 mode (Fig. 7). The observed IR EA spec-
trum looks quite different from those for the v band and the
v1 + v4 combination band. As x decreases from normal inci-
dence, the depletion of the area intensity of the v4 band is ob-
served, indicative of the absorbance change originating from
the orientational polarization. At x < 66°, the AA spectrum is
dominated by a first-derivative shape, indicating that electric
field application induces a redshift of the CH-bending mode.
We performed least-squares fitting of the AA spectra with
a linear combination of the zeroth, first, and second deriva-
tives of the absorption band and subsequently attempted to
fit the x-dependence of the resulting zeroth-derivative coef-
ficient with a(1 — 3cos?y) + b. The fitting yielded b < 0,
but it is inconsistent with the prediction by Eq. (11) that the
x -independent component of the electronic polarization AA
signal must be non-negative. We attribute this observation to a
large variation of the refractive index caused by the strong ab-
sorption of the CH-bending mode. Refractive index-corrected
angle y may largely depend on the wavenumber and distort
the spectrum. Fortunately, the x = 90° spectrum can be free
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FIG. 7. IR spectrum (a) and EA spectra (b) of liquid chloroform in the CH-
bending (v4) band region. The EA spectra were measured at x = 63°, 65°,
66°, 72°,78°, and 90° (normal incidence). Solid lines show observed spectra
and dashed lines show fits to a linear combination of the zeroth, first, and
second derivatives of the absorption band.

from this undesirable possibility, so we regard the AA/A of
(4.3 £ 1.0) x 107® at x = 90°, determined by the fitting,
as arising from the orientational polarization response of the
CH-bending mode. Note that as far as area intensity is con-
cerned, the first-derivative term (due to electronic polariza-
tion) does not affect the above treatment.

D. Determination of 5 for the combination band

The experimentally determined values of app for the
three IR bands are summarized: aop = (—1.5 £ 0.6) x 1073
for vi; (4.3 + 1.0) x 107 for vy; and (5.3 £ 1.9) x 107
for v; + vy. Using Eq. (8), the value of y? for each of the
v; and v4 modes is obtained to be (9.0 £ 3.0) x 1075 and
(5.2 4 1.2) x 1073, respectively. Ideally, the two fundamental
modes should give an identical y? value within experimental
uncertainties. The discrepancy between the two experimental
values is probably due to the subtraction procedure we em-
ployed to estimate app for the CH-stretching mode, which
could increase relative errors. Here, we use for further cal-
culations the average of the two 2 values as an ad hoc solu-
tion for the discrepancy, i.e., 72 = (7.1 £ 2.1) x 1073, Using
Eq. (8) again with (AA/A)op = aop = (5.3 £1.9) x 10=% and
72 = (7.1 £2.1) x 107>, we finally have n = (79 £ 14)° for
the v{ + v4 combination band of chloroform. We have suc-
cessfully demonstrated the ability of NIR EA spectroscopy
to experimentally determine the direction of the transition
moment for a combination band of a liquid. The n = 79°
so obtained indicates that the transition moment for the
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TABLE I. Calculated vibrational frequencies, first derivatives of the dipole
moment, and mechanical anharmonicity terms of the vy and v4 fundamentals.

Frequency® 1(3/3Q)0 ImMA|
Mode (em™h) (DA (D)
CH stretch, v, 3189 0.099 8.0 x 107
CH bend, vy 1247 0.79 5.8 x 1073
2Unscaled.

combination band is nearly perpendicular to the CH bond axis
of chloroform. Therefore, we can conclude that the mechani-
cal anharmonicity of the CH-bending mode (mbend) which is
perpendicular to the CH bond, plays a major role in the vi-
brational coupling between the two modes. The observed an-
harmonic shift of 19 cm™' for the v, + v4 combination band
implies that the contribution of the mechanical anharmonicity
does exist because the electrical anharmonicity does not cause
any frequency shift.

The minor contribution of the CH-stretching mode to
the mechanical anharmonicity can be readily rationalized by
considering the symmetry of the potential energy surface
V(Qstretch» Qbend)~ As is evident from Flg ](b), V(Qstretchs
Obend) should be symmetric with respect to the normal coor-
dinate Qbend, i-e-, V(Qstretcha Qbend) = V(Qstretcha _Qbend)- Due
to this symmetry property, the Taylor expansion of V(Qggetchs
Obend) should not contain the term thmch QObends resulting
in neghglble (0°V /902, cnd Obend)o and hence very small
m}4 | [recall Eq. (5)]. DFT calculation results discussed in
Subsection IV E are consistent with this account.

E. Mechanical vs electrical anharmonicity: Insight
from DFT calculation

We now ask which of the CH-bending mechanical an-
harmonicity mbend and the electrical anharmonicity mt* pre-
dominates. To address this question, the potential energy sur-
face V(gsretch» gbend) and the dipole moment function p4(ggretch,
Gbena) Of a bare, gas-phase chloroform molecule were com-
puted using the DFT/B3LYP method. Calculated vibrational
frequencies and first derivatives of the dipole moment for
the v; and v4 modes are summarized in Table 1. Figure 8
shows a contour plot of the calculated potential energy sur-

0.10— 0.005
0.05—
<
£ 0.00
& 0.001
—0.05—
0.005
—0.10-] 0.008
—0|.10 —OI.05 O.E)O 0.65 0.|10
Qbend (A)

FIG. 8. Contour plot of the potential energy surface V(¢stretch, gbend) in Units
of hartree computed for an isolated chloroform molecule. Solid lines are cal-
culated results and dashed lines are the fit to a two-dimensional third-order
polynomial.
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FIG. 9. Contour plots of the dipole moment function p(gstretchs gbend) i UNits
of Debye computed for an isolated chloroform molecule: (a) the y-component
wy and (b) the z-component .. Solid lines are calculated results and dashed
lines are the fit to a two-dimensional second-order polynomial.

face V(Gstretch, gend)- It was fitted well with a two-dimensional
third-order polynomlal yleldmg 33V /0qstretch gLy = 0.93
hartree A= and 9°V/dq2,.;,dqbena = 0.01 hartree A3
These values are in reasonable agreement with those reported
by Cho and co-workers.”” The quartic and higher-order de-
pendence on the normal coordinates ggretch and Gpeng Can pos-
sibly contribute to the potential energy as Reimers and Hush*3
showed in their benchmark calculations. However, because
the evaluation of those terms using the present DFT-based
method may have large uncertainty, they were not incorpo-
rated in the above fitting. Substituting the calculated results
into Egs. (5) and (6), we obtain [m}4 , | = 8.0 x 107° D and
|m!2,| = 5.8 x 10~ D. Consistent w1th the experiment, the
DFT calculation also shows that mM4  is negligible relative
to mMA .

Figure 9 displays contour plots of the y- and z-
components of the calculated dipole moment, u, [Fig. 9(a)]
and p, [Fig. 9(b)]. Here, the z-axis is taken to coincide with
the CH bond [see Fig. 1(a)]. A fitting analysis with two-
dimensional second-order polynomials (neglecting the third
and higher-order terms) yields (94,/0¢stretch0qbend)o = 1.2 D
A=2 and (0 12/ 0Gstretch OGbend)o =0 D A2, This result can be
qualitatively accounted for by the following argument: The z-
component of the dipole moment function, /4,(Gstretch> Gbend)s
is symmetric with respect to gpeng and has to include gpend
only at even orders. Therefore, (32 U2/ 3Gstretch OGbend)o = 0. In
contrast, the y-component u, can have an odd dependence
on Qpeng and therefore (92 My 9 GsiretchOGbend)o Can be nonzero.
By symmetry, we expect (32 4x/d¢sieichdGbend)o 7 0 as well.
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The above symmetry consideration leads us to the conclusion
that m®* is perpendicular to the CH bond axis, as is m}a,. In
other words, mﬁﬂﬁd and mE* are indistinguishable on the basis
of solely the direction of the combination transition moment.

Upon substitution of (8Mx/8QStretchBQbend)0 = (aﬂylaqaretch
8C]bend)O =12D 1&_2 and (aﬂz/aqaretchaqmnd)ogo D 1&_2
into Eq. (7), the magnitude of m®* becomes 1.0 x 1072 D,
which is comparable to mg’éﬁd = 5.8 x 1073 D. It is generally
accepted that for high-frequency intramolecular vibrations,
anharmonic coupling is usually dominated by the mechanical
anharmonicity.”*’ In addition, the electrical anharmonicity
seems to play a crucial role only in hydrogen-bonded
systems®*-3%31 and other types of molecular complexes,
in which non-covalent interactions are involved. However,
the present DFT calculations suggest that both mM* and
mPA may contribute equally to the anharmonic coupling
between the v, and v, modes. In fact, Kwak and co-workers?
analyzed cross-peaks of the C—C and C=N stretching modes
of acetonitrile obtained with doubly vibrationally enhanced
IR-IR-visible four-wave-mixing spectroscopy and reached
a similar conclusion that mechanical and electrical anhar-
monicities are both important to account for the anharmonic
coupling of those modes.

V. CONCLUDING REMARKS

Our proof-of-principle study of NIR EA spectroscopy
presented in this paper has several important implications.
First, the direction of the transition moment of a combina-
tion band that can be determined by our method should serve
as a critical test of theoretical calculations in which the break-
down of the double harmonic approximation (i.e., harmonic
potential plus linear dependence of the dipole moment) is ex-
plicitly considered. Another implication is that NIR EA spec-
troscopy could be powerful for studying the electric field ef-
fects on vibrational modes such as the OH-stretching mode of
water, whose fundamentals occurring in the MIR region are
too strong to be accurately measured with absorption spec-
troscopy. Further improvement in the sensitivity of the appa-
ratus will enable us to apply NIR EA spectroscopy to molecu-
lar systems other than liquid chloroform. Last, NIR EA spec-
troscopy may also be used to assign as yet unidentified NIR
bands. Polyatomic molecules have many fundamentals and
anharmonic coupling among them produces a far larger num-
ber of overtones and combination bands. This complexity as
well as their weak signal intensity has been a hurdle that
prevents spectroscopists from fully utilizing rich information
buried under the NIR region. We believe that NIR EA spec-
troscopy would assist in overcoming this hurdle by looking
into the direction of the transition moment.
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