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Vibrational Anharmonicities Revealed by Coherent Two-Dimensional Infrared Spectroscopy
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Two-dimensional infrared photon echo spectroscopy has been used to describe the anharmonic nuclear
potential of two coupled molecular vibrations. The two-dimensional spectrum shows diagonal and off-
diagonal features, each composed of two peaks. The splitting between these peaks is directly related to
the anharmonicity, while the relative amplitude of the diagonal and off-diagonal features describes the

projection angle between interacting dipoles.
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One of the objectives of condensed phase molecular
spectroscopy is to characterize the evolution of micro-
scopic structure accompanying time-dependent physical
and chemical processes. One approach to accessing this
transient structural information is to use vibrational spec-
troscopy to characterize intramolecular and intermolecular
interactions between different nuclear coordinates on a
time scale fast compared to structural change. Since
vibrational transitions are often associated with well-
defined nuclear motions, the orientation of vibrational
transition dipole moments can be related to the orientation
of the specific chemical bonds, while vibrational transi-
tion frequencies reflect the coupling between molecular
motions as encoded in the anharmonicity of the nuclear
potential. Traditional vibrational spectroscopy is limited in
its usefulness in recovering this information; since spectra
are congested, lines are broadened by various dynamic
or static mechanisms, and overtone and combination
bands are obscured. The limitations of these one-dimen-
sional (1D) methods are the motivation for the current
development of nonlinear vibrational spectroscopies with
higher dimensionality [1-5]. Two-dimensional (2D)
vibrational spectra directly arise from anharmonic effects,
and therefore are a sensitive probe of molecular couplings.
Furthermore, 2D spectra reduce spectral congestion by
spreading the resonances into two dimensions, discrim-
inate between dynamic and static spectral broadening
mechanisms, and allow relative orientations of coupled
vibrations to be probed.

In this Letter, we demonstrate how coherent 2D in-
frared (IR) spectroscopy can be used to directly extract an-
harmonic couplings between strongly coupled vibrational
modes. 2D Fourier transform vibrational spectroscopy ob-
serves the creation and evolution of coherences involv-
ing coupled vibrational states, and represents them as a
2D spectrum whose frequency axes describe the prepara-
tion and detection period. 2D IR photon echo (PE) spec-
troscopy is a resonant third-order nonlinear spectroscopy
that monitors the evolution of the system during two inde-
pendent time periods 7; and 73. This method is derived
from IR-PE experiments that have previously been used to
study vibrational dynamics of a single coordinate [6]. The
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nonlinear signal generated by three vibrationally resonant
pulsed laser fields E;(k;), E2(k2), and E3(k3), is radiated
inthe kg = —k; + k» + k3 wave-vector matching direc-
tion. After the first pulse E, the system propagates in a
vibrational coherence during time 7;. Pulses E; and Ej,
incident simultaneously, can lead to (i) rephasing of the
initial coherence, (ii) excitation of coherences involving
other vibrational coordinates, or (iii) excitation of higher
lying vibrational coherences. The evolution of the sys-
tem during the final coherence time 73 can be monitored
by heterodyne detection or spectral interferometry using a
separate local oscillator (LO) field [4—7]. In general, the
diagonal peaks in such a spectrum (—w; = w3) contain
information about the nuclear potential governing molecu-
lar motion along a single vibrational coordinate, whereas
the interaction of different vibrational motions is observed
as the formation of cross peaks in the 2D spectrum.

One task facing the development of 2D vibrational spec-
troscopy is relating the placement, shape, and intensity of
cross peaks to the strength and mechanism of vibrational
coupling. Several interaction mechanisms lead to signals
in 2D IR experiments: (i) vibrational anharmonicity due
to through-bond and/or through-space electrostatic inter-
actions; (ii) electrical anharmonicity due to nonlinearity
of the dipole moment with respect to the vibrational co-
ordinate; and (iii) quantum-number-dependent dephasing
dynamics [8]. These types of vibrational nonlinearities
have also been identified in the description of 2D Raman
spectroscopy [2,9,10]. Previous 2D IR experiments based
on frequency-resolved pump-probe spectroscopy have in-
vestigated nuclear interactions arising from dipole cou-
plings between amide I vibrations in peptides and proteins
[11-13].

To this point, a systematic experimental investigation
of the influence of different interaction mechanisms on 2D
spectra using a set of well-characterized model compounds
is lacking. As a model system of vibrations coupled
through mechanical anharmonicity, we study the 2D IR
spectrum of the symmetric and asymmetric carbonyl (CO)
stretching bands of dicarbonylacetylacetonato rhodium (I)
(RDC) [14,15]. The coupling between the symmetric
(wy = 2084 cm™!) and asymmetric (w, = 2015 cm™!)
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CO stretching motions leads to an anharmonic potential
that is characterized by the vibrational transitions in Fig. 1.
The anharmonic frequency shifts of the overtone spectrum
are measuredat A, = 11 cm~!'and A, = 14 cm™! for the
symmetric and asymmetric vibrations, while the frequency
of the combination band is redshifted by A;, = 25 cm™!
with respect to the sum of the fundamental frequencies.
Experiments in hexane, where the homogeneous linewidth
(<3 cm™!) is smaller then the strength of the vibrational
coupling, allow us to resolve all possible resonances in the
2D experiment. Both eigenstate descriptions [8] and a non-
linear exciton model [3] predict ten well-separated spectral
peaks in this experiment, each describing a particular pro-
gression of vibrational coherences.

The experiment uses 90 fs mid-IR pulses (A = 4.9 um;
v = 2050 cm~!) obtained by difference frequency mixing
the signal and idler outputs of a near-IR B-barium borate
optical parametric amplifier in a 1 mm AgGaS, crystal.
The collimated IR beam was split into four pulses. One
of the beams served as a local oscillator field for hetero-
dyne detection of the third-order signal. The remaining
three beams, E;, E;, and E3 (energy 100 nJ each), were
arranged into the “box car” geometry and focused to a
150 pm spot in the sample by an f = 10 cm parabolic
reflector. A stepper motor delay stage was used to control
71, the time between E; and the time-coincident E, and
E; pulses. The emitted PE signal field was collimated,
spatially and temporally overlapped with the LO field, and
frequency dispersed in a 190 mm grating monochromator.
The interference signal between the LO and signal fields at
the detection frequency w3 was measured with a HgCdTe
detector. The 2D IR data sets were taken by scanning
the 7| delay for each detection frequency w3 and, sub-
sequently, stepping the detection frequency. 2D IR spectra
in w; and w3 were obtained by Fourier transforming the
experimental data along the 7, dimension. The polariza-
tions of each of the incident beams, as well as the signal
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FIG. 1. Energies (in cm™!) of singly excited (one-quantum)
and doubly excited (two-quantum) vibrational levels of the sym-
metric (vy) and antisymmetric (»,) CO stretch vibrations of
RDC. All transition frequencies are within the bandwidth of the
IR pulses used in the experiment.

field polarization, were separately controlled with wire grid
polarizers.

Figure 2 presents the absolute value of the parallel-
polarized 2D IR-PE spectrum of RDC in hexane. Each
diagonal feature, which arises from processes occurring
within one vibrational manifold, consists of two spectral
peaks of similar intensity separated along the ws axis
by 11 and 14 cm™! for the symmetric and asymmetric
vibrations, respectively. The off-diagonal contributions
to the 2D spectrum, or cross peaks, represent the pro-
cesses involving two different vibrational coordinates and
therefore contain information pertaining to the coupling
of the corresponding vibrations. Similarly to the diagonal
features, each of the off-diagonal features is composed
of two spectral peaks, which are separated along the wj
axis by 25 cm™!. The amplitude of the off-diagonal
features is ~% of the amplitude of the diagonal contribu-
tions. In addition to the eight relatively strong diagonal
and off-diagonal peaks, two single weak peaks were
observed at (wp,w3) = (2015 cm™',2148 cm™!) and
(2084 cm™!, 1928 cm™!) (see insets of Fig. 2).

The response function describing third-order 2D IR ex-
periments is expressed in terms of eight three-time (four-
point) correlation functions in the dipole operator, which
describe the possible evolution paths of the system. A
system of interacting vibrations can be described by a
set of singly excited (one-quantum) and doubly excited
(two-quantum) states. Destructively interfering pathways
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FIG. 2. Absolute value R, 2D IR-PE spectrum of RDC
in hexane. The signal in the upper and lower panels is
magnified by a factor of 100 to emphasize the weak spectral
peaks at (w1, w3) = (2015 cm™!,2148 cm™!) and (2084 cm ™!,
1928 cm™!). Dashed lines indicate the frequencies of the
fundamental transitions.
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involving these one-quantum and two-quantum states de-
termine the position and strength of each diagonal or off-
diagonal feature in the 2D spectrum. In the case of a
purely harmonic system, this interference leads to com-
plete quenching of the third-order response. Figure 3
shows an example of two particular interfering pathways
contributing to the formation of the off-diagonal features
in the 2D spectrum. The evolution of the system in each
pathway is identical during the first time period 7,. Dur-
ing the 73 period, the pathway (a) coherence involves a
one-quantum state, while the pathway (b) coherence in-
volves a two-quantum state. For uncoupled vibrations, the
frequencies during the 73 time are identical for both path-
ways, the pathways destructively interfere, and the signal
vanishes. If the two vibrations are coupled, the energy of
the two-quantum state describing the combination of these
vibrations is shifted with respect to the sum of the energies
of the individual one-quantum states by an amount related
to the strength of the coupling. The frequencies sampled
by such a system during the final coherence time are dif-
ferent for pathways (a) and (b). The resulting absolute
value 2D spectrum has two peaks separated along the w3
axis by the strength of the vibrational coupling. Similarly,
the anharmonicity within the vibrational manifold will be
manifested in the 2D spectrum by two opposite-sign peaks
split by the strength of the diagonal anharmonicity.

It is clear from the above discussion that a 2D spectrum
lends itself to immediate and highly intuitive interpreta-
tion and assignment. A single 2D spectrum of RDC carries
complete information about the level structure of the singly
and doubly excited states of the symmetric and asymmetric
stretch manifolds. The anharmonic frequency shifts, Ay =
11 cm™! for the symmetric and A, = 14 cm™! for the
asymmetric stretch, are measured directly from the sepa-
ration of the spectral peaks constituting the corresponding
diagonal features. The Ay, = 25 cm™! splitting of the
peaks in the off-diagonal features is related to the strength
of the coupling between the symmetric and asymmetric
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FIG. 3. Feynman diagrams and ladder diagrams representing
two competing pathways contributing to the formation of the
antidiagonal features in the 2D IR spectrum.
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CO vibrational modes. One of the finer demonstrations of
the sensitivity of the 2D spectroscopy to the anharmonici-
ties of the nuclear potential is the observation of the weak
spectral features at (w;, w3) = (2015 cm™',2148 cm™!)
and (2084 cm™',1928 cm™!). These peaks involve three-
quantum transitions between different vibrational mani-
folds, which are strictly forbidden in a harmonic system.
The characteristics of the nuclear potential V can be
deduced from the experimental data by expanding V to
third order in the reduced nuclear coordinates Q; and Q,:

V(Qs, 0u) = 302 + 3h0}0]
1
+ E(gsssQS + gaaaQs + 3gssaQ3Qa
+ 3850005 03) - ey

Here, w) represents the harmonic frequency of mode i.
The anharmonicity is described by gy, Laaa> &ssa» and
Zsaa» the third-order derivatives of the nuclear potential in
the equilibrium configuration. In particular, the off-
diagonal anharmonicities g,,s and gy, describe the
coupling between the Qs and Q, coordinates. The
experimental values of A, A,, and Ay, can be related
to the parameters describing the shape of the nuclear
potential in a straightforward manner [8]. For RDC in
hexane, the corresponding values are w? = 2108 cm™!,
0)2 = 2038 Cmil, Gsss = 32 Cm7]7 8aaa = 32 cmfl,
and gssa = gsaa = 22 cm™ .

In addition to the anharmonicity of the nuclear poten-
tial, the third-order signal can also be due to electrical
anharmonicity, the nonlinear dependence of the dipole mo-
ment on nuclear coordinate. One effect that will lead to
electrical anharmonicity are dipole-induced-dipole inter-
actions, which suggests that 2D IR peak amplitude varia-
tions should be sensitive to system-bath interactions. If the
dipole moment is expanded in the nuclear coordinates,

(1) (2
p=pn?+ zﬂi Qi + z,“ij 00 +.... (2
i i

the nonlinear term, u®, describing deviation of the
dipole moment strength from harmonic behavior (u;—, =
V2 o) causes incomplete cancellation of the one-
quantum and two-quantum diagrams. The 2D IR spectral
signature of electrical anharmonicity of a system with
anharmonic nuclear potential is particularly intuitive: The
two peaks that make up a single diagonal or off-diagonal
feature will appear with different intensities. In the
case of RDC in hexane, the two peaks forming the off-
diagonal features are of equal intensity, suggesting that
the electrical anharmonicity is small.

Figure 4 presents a simulated absolute value 2D spec-
trum of RDC for the all-parallel polarization geometry
R... The orientational contributions to the response func-
tion were derived by projecting the polarizations of the
incident fields onto the directions of the molecular transi-
tion dipoles, averaging over all molecular orientations, and
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FIG. 4. Simulated absolute value R,,;, 2D IR-PE spectrum of
RDC. Dashed lines indicate the frequencies of the fundamental
transitions.

accounting for orientational diffusion between interactions
with the external fields. The calculation assumes that the
transition dipole moments of the symmetric and asymmet-
ric vibrations are perpendicular. The anharmonic coeffi-
cients defining the nuclear potential were derived from the
anharmonic shifts in Fig. 1. The transition dipole moment
strengths of the fundamental transitions of the symmet-
ric and asymmetric vibrations were assumed to be equal.
The dipole moments for the transitions into higher lying
vibrational states were determined by first calculating the
wave functions of the anharmonic two-dimensional oscilla-
tor to the first order of perturbation theory, and then evalu-
ating the dipole moment matrix element in the perturbed
wave functions. Similarly to the experimental data, the
simulated spectrum shows ten peaks, eight of which are
combined into characteristic doublets. The approximate %
intensity ratio of the diagonal of off-diagonal features ob-
served in the experimental spectrum is well reproduced in
the simulation and is primarily due to the 90° projection
angle between the coupled dipoles.

The remarkable similarities in the observed and cal-
culated spectra clearly demonstrate the efficiency of 2D
nonlinear spectroscopy in determining the vibrational
anharmonicities and the relative orientation of the in-

teracting dipoles. The shape of the nuclear potential
can be linked to the molecular structure by identifying
the nature of the local interactions leading to the anhar-
monicities. Of particular interest as structural probes
are the through-space interaction mechanisms, such as
dipole-dipole coupling, since they directly relate the
strength of the vibrational coupling to the distance and the
angle between the interacting groups. Generally, however,
the anharmonicities measured in a 2D experiment will
include the contributions from both through-space and
through-bond coupling mechanisms.  Identifying the
relative importance of these mechanisms for different
molecular systems is of primary interest to development
of 2D spectroscopy as a structural tool.
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