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Ultrafast Vibrational Population Transfer Dynamics in
2-Acetylcyclopentanone Studied by 2D IR Spectroscopy
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1. Introduction

Ultrafast two-dimensional infrared (2D IR) spectroscopy, which
is a vibrational analogue of 2D NMR, offers a direct means to
study dynamical processes occurring on the picosecond time-
scale in condensed phases by spreading spectral information
over two frequency axes.[1–5] Experimentally obtained 2D IR
spectra are displayed with the excitation and emission fre-
quencies as a function of waiting time (Tw). As a result of many
molecular processes, 2D IR spectra evolve as a function of Tw

in terms of a change in peak shapes and an increase in the
cross-peak amplitudes between corresponding diagonal peaks.
For example, chemical exchange processes between two
chemical species cause the cross-peaks to grow with increasing
Tw.[6–10] Spectral diffusion dynamics lead to changes in peak
shapes in Tw-dependent 2D IR spectra.[10–12] Due to the coher-
ent population transfer between two coupled oscillators, their
cross-peak amplitude oscillates at their frequency difference.[13]

In addition, the incoherent population transfer between two
coupled oscillators leads to gradual growth of their cross-
peaks as a function of Tw.[14] By analyzing Tw-dependent 2D IR
spectra, dynamical information on molecular systems of inter-
est can be directly obtained.[3, 15]

Both coherent and incoherent population transfer dynamics
are of fundamental importance in understanding intramolecu-
lar vibrational redistribution, which has significant effects on
the overall population relaxation dynamics of a vibrationally
excited molecule. Coherent population transfer dynamics have
been studied with metal carbonyl complexes. Tokmakoff and
co-workers performed 2D dispersive vibrational echo (DVE)
spectroscopy on the anharmonically coupled symmetric and
antisymmetric carbonyl stretching modes of rhodium dicarbon-
yl complex [Rh(CO)2(acac)] (acac = acetylacetonate) dissolved in
chloroform.[16, 17] They found that, due to vibrational coherence

transfer, 2D DVE signals of [Rh(CO)2(acac)] in chloroform were
modulated with a period of 450 fs, which corresponded to the
frequency separation (ca. 70 cm�1) between its symmetric and
antisymmetric carbonyl stretching vibrations, and the dephas-
ing time of the coherence transfer between two vibrational
modes was found to be 1.8 ps. More recently, Kubarych and
co-workers studied [Mn2(CO)10] in cyclohexane solution[13] and
observed that the amplitudes of the cross-peaks in its 2D IR
spectra oscillated as a function of Tw with the frequency differ-
ences of the corresponding diagonal peaks, which revealed
the signatures of the vibrational wave packet motions and co-
herence transfers among different vibrational modes.

Herein, we studied the (incoherent) population transfer dy-
namics in 2-acetylcyclopentanone (2-ACP) dissolved in CCl4 by
2D IR spectroscopy and determined the population transfer
time constants. As shown in Figure 1, 2-ACP is a b-dicarbonyl
compound that undergoes keto–enol tautomerization in solu-
tion[18] and has two enol forms. The enol forms of 2-ACP are
stabilized by a cyclic intramolecular hydrogen bond and are
relatively stable in comparison to the keto form in CCl4. The
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2-Acetylcyclopentanone (2-ACP), which is a b-dicarbonyl com-
pound, undergoes keto–enol isomerization, and its enol tauto-
mers are stabilized by a cyclic intramolecular hydrogen bond.
2-ACP (keto form) has symmetric and asymmetric vibrational
modes of the two carbonyl groups at 1748 and 1715 cm�1, re-
spectively, which are well separated from the carbonyl modes
of its enol tautomers in the FTIR spectrum. We have investigat-
ed 2-ACP dissolved in carbon tetrachloride by 2D IR spectros-
copy and IR pump–probe spectroscopy. Vibrational population
transfer dynamics between the two carbonyl modes were ob-
served by 2D IR spectroscopy. To extract the population ex-

change dynamics (i.e. , the down- and uphill population trans-
fer rate constants), we used the normalized volumes of the
cross-peaks with respect to the diagonal peaks at the same
emission frequency and the survival and conditional probabili-
ty functions. As expected, the downhill population transfer
time constant (3.2 ps) was measured to be smaller than the
uphill population transfer time constant (3.8 ps). In addition,
the vibrational population relaxation dynamics of the two car-
bonyl modes were observed to be the same within the experi-
mental error and were found to be much slower than vibra-
tional population transfer between two carbonyl modes.
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two enol forms interconvert by intramolecular proton transfer,
which is known to be much faster than keto–enol tautomeriza-
tion. Kinetic studies on b-dicarbonyl compounds found the
rate constants for keto–enol tautomerization in water to be on
the order of 10�4–10�3 s�1.[19, 20] Therefore, keto–enol tautomeri-
zation in 2-ACP occured on a much longer timescale than our
experimental timescale.

The carbonyl stretching vibrations of 2-ACP and its enol
forms were spectrally distinct and could be well separated in
the FTIR spectrum (see Supporting Information). The carbonyl
stretching vibrations of 2-ACP (keto form) were observed in a
higher frequency region in the FTIR spectrum in comparison to
its enol forms. Quantum chemical calculations were used to
get detailed information on the carbonyl stretching vibrations.
The two carbonyl groups in 2-ACP are weakly coupled and 2-
ACP has spectrally distinct symmetric and asymmetric vibra-
tional modes of the two carbonyl groups peaking at 1748 and
1715 cm�1. The population transfer dynamics between two vi-
brational modes of 2-ACP were investigated by 2D IR spectros-
copy. From the Tw-dependent 2D IR spectra, the downhill pop-
ulation transfer (1748!1715 cm�1) time constant was deter-
mined to be 3.2 ps, and the uphill population transfer (1715!
1748 cm�1) time constant was 3.8 ps. The downhill population
transfer was found to be faster. This suggests that the downhill
population transfer is energetically more favorable and is more
efficient than the uphill population transfer. The population re-
laxation dynamics of the two vibrational modes measured by
polarization-controlled IR pump–probe experiments were
found to be identical within the experimental error.

2. Results and Discussion

2.1. FTIR Spectroscopy

In solution, a b-diketone undergoes tautomerization and is in
equilibrium with its enol form (keto–enol equilibrium). 2-ACP
coexists with its enol forms in CCl4. The keto and enol tauto-
mers are spectrally distinct in the FTIR spectrum and can be se-
lectively investigated. Detailed band analysis of FTIR spectrum
of 2-ACP and its enol forms in CCl4 is presented in the Support-
ing Information. The FTIR spectrum of 2-ACP (keto form) in
CCl4 is shown in Figure 2. For the remainder of the paper, the
abbreviation 2-ACP refers to the keto form unless otherwise in-
dicated. The two peaks shown in Figure 2 are well fitted by

Lorentzian functions (see Sup-
porting Information). The high-
frequency, weak peak is centered
at wA = 1748 cm�1 with a band-
width of DwA = 15 cm�1 (full
width at half-maximum) while
the low-frequency, intense peak
is centered at wB = 1715 cm�1

with DwB = 11.7 cm�1. The ratio
of the extinction coefficients of
the two peaks (eB/eA = 1.96) was
determined by taking the ratio

of their areas. For the purpose of simple interpretations, the
high-frequency peak at 1748 cm�1 is assigned to the carbonyl
stretching vibration of cyclopentanone, and the low-frequency
peak at 1715 cm�1 to the carbonyl stretching vibration of the
acetyl group.[21]

2.2. Quantum Chemical Calculations

To get more detailed information on these vibrational modes
of 2-ACP, quantum chemical calculations were carried out by
using the Gaussian 03 package.[22] Geometry optimization of 2-
ACP and frequency calculations for its normal modes were per-
formed by using the DFT method (B3LYP) with the 6-311 +

G(d,p) basis set in the gas phase. In the geometry-optimized
structure of 2-ACP, the hydrogen atom of the acetyl group is
very close to the carbonyl oxygen atom of cyclopentanone,
and thus there appears to be an intramolecular interaction.
The high-frequency peak was found to result from the sym-
metric stretching vibration of the two carbonyl groups, and
the low frequency peak from their asymmetric vibration. How-
ever, for the high-frequency vibration, the carbonyl stretching
vibration of the acetyl group has a larger amplitude, and for
the low-frequency vibration the carbonyl stretching vibration
of cyclopentanone has a larger amplitude. This indicates that

Figure 1. Keto–enol tautomerization of 2-ACP and intramolecular proton transfer in its enol forms.

Figure 2. FTIR spectrum of 2-ACP in CCl4. The high-frequency peak results
from the symmetric stretching vibration of the two carbonyl groups, and
the low-frequency peak from their asymmetric stretching vibration.
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the two carbonyl stretching modes are weakly coupled. In the
calculated linear spectrum the high-frequency peak has lower
intensity than the low-frequency peak, and this is qualitatively
consistent with the measured FTIR spectrum. In addition,
quantum chemical calculations were carried out to obtain the
geometry-optimized structures and the frequencies of the
normal modes for the two enol forms of 2-ACP, and the results
were used to assign all the peaks in the measured FTIR spec-
trum of 2-ACP and its enol forms. (see Supporting Information
for more details)

2.3. 2D IR Spectroscopy

Ultrafast 2D IR spectroscopy can monitor molecular dynamics
on the picosecond timescale by vibrationally labeling the mol-
ecules with their initial frequencies (wt) and then recording the
final frequencies (wt) of the initially labeled molecules after an
experimentally controlled waiting time (Tw).[6–8, 23–27] 2D IR spec-
tra S(wt,wt,Tw) are displayed by correlating wt and wt as a func-
tion of Tw. Figure 3 displays 2D IR spectra of 2-ACP in CCl4 ob-
tained at a series of Tw.

In Figure 3, the real parts of 2D IR spectra at different Tw are
shown in the left column, and the corresponding absolute 2D
IR spectra in the right column. In the real parts of 2D IR spec-
tra, the red peaks along the diagonal (wt = wt) have positive
amplitudes and result from the fundamental vibrational transi-
tion including the ground-state bleaching (GSB v = 0!1 transi-
tion) and stimulated emission (SE, v = 1!0 transition) contribu-
tions. The blue peaks below the diagonal are negative in am-
plitude and result from the excited-state absorption (ESA, v =

1!2 transition), and their frequencies are red-shifted from the
diagonal along the wt axis by the vibrational anharmonicities.
As mentioned above, the high-frequency diagonal peak
(Peak A) at wt =wt = 1748 cm�1 in Figure 3 results from the
symmetric stretching vibration of the two carbonyl groups of
2-ACP, and its vibrational anharmonicity is about 21 cm�1,
while the low-frequency diagonal peak (Peak B) at wt = wt =

1715 cm�1 comes from the asymmetric stretching vibration of
the two carbonyl groups and its vibrational anharmonicity is
about 12 cm�1. In addition, the low-frequency peak is much
more intense because it has a larger extinction coefficient.

It is clearly seen in Figure 3 that the cross-peaks grow gradu-
ally with increasing Tw. At Tw = 0.5 ps, the peak at the upper
left corner (Peak C) and that at the lower right corner (Peak D)
are relatively weak. However, they become more intense as Tw

increases. The cross-peaks result from vibrational population
transfer between the two vibrational modes in 2-ACP. Cross-
peak C results from the population transfer from Peak B (uphill
transfer), and cross-peak D arises from population transfer
from Peak A (downhill transfer). For the downhill population
transfer, the excess vibrational energy is released to the solvent
bath, while the energy required for the uphill population trans-
fer is obtained from the solvent bath. Therefore, the downhill
population transfer would be energetically more favorable. In
the present case, the energy difference between Peak A and
Peak B is much less than the thermal energy at room tempera-
ture. Therefore, the uphill and downhill population transfers

would occur on similar timescales. The population transfer rate
constants can be extracted by analyzing the cross-peak ampli-
tudes as a function of Tw. A more quantitative analysis is pre-
sented in Section 2.5.

2.4. IR Pump–Probe Spectroscopy

In IR pump–probe experiments, an IR pump pulse excites a
molecular system to the first vibrational excited state (v = 1),
and subsequently the time evolution of the molecular system
is measured by a time-delayed IR probe pulse. The IR pump–
probe signal decays as a result of vibrational population relaxa-
tion and orientational relaxation. Polarization-controlled IR
pump–probe experiments can be used to separately measure
the vibrational population relaxation P(t) and orientational re-
laxation dynamics r(t). Figure 4 displays the population relaxa-
tion decays of the symmetric and asymmetric vibrations of the

Figure 3. 2D IR spectra of 2-ACP measured at a series of Tw. Real parts of 2D
IR spectra are in the left column and absolute 2D IR spectra are in the right
column. It is clearly seen in the 2D IR spectrum at Tw = 7 ps that Peaks A and
B are diagonal peaks, while Peaks C and D are cross-peaks. The amplitudes
of the cross-peaks increase gradually with increasing Tw.
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two carbonyl modes of 2-ACP measured at probe frequencies
of 1715 and 1748 cm�1 (see Experimental Section for more de-
tails). The population decays P(t) are fit by a bi-exponential
function [Eq. (1)]:

PðtÞ ¼ A expð�t=T1SÞ þ ð1� AÞ expð�t=T1LÞ ð1Þ

where T1S and T1L are the decay time constants with T1S<T1L.
The fitting results are summarized in Table 1. The population
decays of the two vibrational modes were found to be the
same within experimental error. The orientational relaxation
dynamics r(t) measured at these two probe frequencies were
also found to be identical, as expected.

2.5. Population Transfer Dynamics in 2D IR Spectra

Vibrational population transfer in a weakly coupled two-oscilla-
tor system can be described as in Figure 5. Two vibrational
modes A (wA) and B (wB) are weakly coupled and their popula-
tions (energy) are transferred at the downhill (kAB) and uphill
(kBA) population transfer rates, respectively. As a result of popu-
lation transfer between two vibrational modes, the cross-peaks
(Peaks C and D) between the two diagonal peaks (Peaks A and
B) in the 2D IR spectra will grow gradually with increasing Tw,
as shown in Figure 5.

The population transfer rates between A and B are related
to the survival and conditional probability functions according
to Equation (2):[14]

GAAðtÞ ¼
kAB þ kBA expð�kextÞ

kex

GBBðtÞ ¼
kBA þ kAB expð�kextÞ

kex

GABðtÞ ¼
kAB½1� expð�kextÞ�

kex

GBAðtÞ ¼
kBA½1� expð�kextÞ�

kex

ð2Þ

where kex = kAB + kBA is the population exchange rate constant,
and GAA(t) and GBB(t) are the survival probability functions. For
example, GAA(t) represents the probability of finding the
system to be in state A at time t when the system was in the
same state at time zero, and GAB(t), which is the conditional
probability function, the probability of finding the system to
be in state B at time t when the system was initially in state A
at time zero.

In Tw-dependent 2D IR spectra, the vibrational population
transfer rates were determined by analyzing how fast the
cross-peak amplitudes grow with increasing Tw. Here, the abso-
lute 2D IR spectra were used for quantitative analysis. Individu-
al peaks in the absolute 2D IR spectra in Figure 3 were fit with
2D Gaussian functions and their volumes were numerically cal-
culated. The amplitudes of individual peaks in the 2D IR spec-
tra decay with increasing Tw as a result of population relaxation
and orientational relaxation. In the 2D IR spectrum, the peaks
at the same emission frequencies (wt) were assumed to have
the same population relaxation and orientational relaxation
rates. To remove the effect of population relaxation and orien-
tational relaxation, the cross-peaks were normalized by divid-
ing the volumes of the cross-peaks by those of the diagonal
peaks at the same emission frequencies (wt) at each Tw. For ex-
ample, at Tw = 7 ps, the volume of Peak C was divided by that
of Peak A, and that of Peak D by that of Peak B.

The resultant normalized volumes of the cross-peaks are
plotted against Tw in Figure 6. The change in the normalized
volumes of the cross-peaks as a function of Tw time are directly
associated with the population transfer rates. The intensities of
the third-order signals are proportional to the fourth power of
the transition dipole moments (i.e. , the square of the extinc-
tion coefficients, e= m2) and the concentrations of chemical
species. Therefore, the normalized volumes of the cross-peaks

Figure 4. Population relaxation dynamics P(t) of two vibrational modes mea-
sured at 1748 and 1715 cm�1 by polarization-controlled IR pump–probe ex-
periments. Vibrational population decays of the two modes are found to be
almost identical within the experimental error.

Table 1. Results of biexponential fit to the population relaxation dynam-
ics.

Probe frequency A T1S 1�A T1L

1715 cm�1 0.72�0.02 1.13�0.04 0.28�0.02 11.8�0.6
1748 cm�1 0.74�0.02 0.96�0.04 0.26�0.02 11.9�0.6

Figure 5. A weakly coupled two-oscillator system. A and B represent two os-
cillators with center frequencies of wA and wB, respectively. kAB and kBA are
the downhill and uphill population transfer rate constants, respectively.
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can be related to the survival and conditional probability func-
tions in Equation (2) by Equation (3):[6–8, 14, 23–27]

VDðTwÞ
VBðTwÞ

/ eAGABðTwÞ
eBGBBðTwÞ

VCðTwÞ
VAðTwÞ

/ eBGBAðTwÞ
eAGAAðTwÞ

ð3Þ

where Va(Tw) is the volume of Peak a in the 2D IR spectrum at
a given Tw (see Figure 5), eA and eB are the extinction coeffi-
cients of A and B, respectively, and the ratio of the extinction
coefficients is eB/eA = 1.96. To extract the downhill and uphill
transfer rate constants (kAB and kBA) in Equation (2), the experi-
mental results are simultaneously fit by the two equations in
Equation (3) with a scaling factor. The lines in Figure 6 are the
fit results. The downhill population transfer time constant is
tAB = 1/kAB = 3.2 ps, and the uphill population transfer time con-
stant was tBA = 1/kBA = 3.8 ps. The smaller downhill transfer
time constant suggests that downhill transfer should be ener-
getically more favorable and more efficient, as expected. The
overall population exchange time constant is tex = 1/kex = 1.7 ps
with kex = kAB + kBA.

The population transfer between two coupled vibrational
modes occurs on the anharmonic potential surface when the
two modes are simultaneously excited by the laser pulse. At
very early times, the amplitude of the cross-peak between the
two modes will oscillate due to the coherent population trans-
fer. After the coherent population transfer decays out, popula-
tion transfer takes place incoherently, and thus the cross-peak
amplitude gradually increases relative to the diagonal peaks.
The oscillatory frequency of the coherent population transfer is
related to the frequency difference between the two anhar-
monically coupled oscillators, while the dephasing time gives
information on how long the coherent population transfer be-

tween two modes takes places. In the case of 2-ACP, coherence
transfer was not clearly observed in the 2D IR spectra and fre-
quency-resolved IR pump–probe spectra. It is likely that the
dephasing time of the coherence transfer in 2-ACP (a weakly
coupled system) is much shorter than that of [Rh(CO)2(acac)]
(1.8 ps) and [Mn2(CO)10] , such that the coherent population
transfer decays out instantaneously upon IR excitation of the
two carbonyl modes of 2-ACP and the incoherent population
transfer is mainly observed in 2-ACP.

3. Conclusions

Herein, we have extensively studied the population dynamic of
2-acetylcyclopentanone (2-ACP) by ultrafast IR spectroscopy. 2-
ACP is a b-dicarbonyl compound that undergoes keto–enol
tautomerization in solution. In the FTIR spectrum of 2-ACP
(keto form) and its enol forms in CCl4, the carbonyl bands be-
tween 1600 and 1800 cm�1 were fully analyzed and assigned
by using the results from quantum chemical calculations. Con-
sequently, 2-ACP was spectrally distinguished from its enol
forms. Vibrational population relaxation dynamics of the two
vibrational modes of 2-ACP and vibrational population transfer
dynamics between them were fully investigated by IR pump-
probe and 2D IR experiments.

2D IR spectroscopy was carried out with 2-ACP in CCl4, and
population transfer dynamics between the vibrational modes
of the two carbonyl groups were investigated. 2-ACP was
modeled as a weakly coupled two-oscillator system. The sym-
metric stretching vibration of the two carbonyl groups in 2-
ACP peaks at 1748 cm�1 with a smaller extinction coefficient,
while the asymmetric stretching vibration of the two carbonyl
groups peaks at 1715 cm�1. Population transfer dynamics were
directly monitored by measuring 2D IR spectra with increasing
Tw. The population transfer rates were determined by analyzing
the cross-peak amplitudes as a function of Tw. The normalized
volumes of the cross-peaks were obtained from the 2D IR
spectra and used to extract the downhill and uphill population
transfer rates in combination with the conditional probability
functions. The downhill population transfer time constant
(tAB = 3.2 ps) is smaller than the uphill population transfer time
constant (tBA = 3.8 ps). The vibrational population decays (T1L =

11.8 ps) of two vibrational modes measured by polarization-
controlled IR pump–probe experiments were found to be iden-
tical and occur on a longer timescale than the population ex-
change time (tex = 1.7 ps).

Vibrational population transfer dynamics are of critical im-
portance in understanding intramolecular vibrational relaxation
in polyatomic molecules. 2D IR spectroscopy can be performed
with anharmonically coupled oscillator systems and utilized to
extract direct information on population transfer dynamics by
quantifying the cross-peak amplitudes in Tw-dependent 2D IR
spectra. For strongly coupled oscillators, coherent population
transfer is likely to be observed at early times, and the cross-
peak amplitude in the Tw-dependent 2D IR spectra oscillates at
the frequency difference between the two coupled oscillators
with a decaying (damping) time constant. On the other hand,
incoherent population transfer is mainly observed for weakly

Figure 6. Normalized volumes of the cross-peaks (the volume ratios be-
tween the cross-peaks and the diagonal peaks) with respect to the diagonal
peaks at the same emission frequency in the 2D IR spectra are plotted
against Tw. Individual peak volumes are obtained by the 2D Gaussian fit. See
text for more detail. The lines are fit by the model functions in Equation (3).
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coupled oscillators, and the cross-peak amplitude gradually in-
creases relative to the diagonal peaks associated with the two
coupled oscillators.

Experimental Section

Sample Preparation: 2-Acetylcyclopentanone and carbon tetra-
chloride were purchased from Sigma-Aldrich and were used as re-
ceived. 2-ACP (0.071 g) was directly dissolved in CCl4 (5.0 g). The
sample solution was housed in a cell consisting of two 3 mm-thick
CaF2 windows and a 100 mm-thick Teflon spacer and was used for
all measurements. The FTIR spectrum of the sample solution was
measured. The absorbances of the sample solution at 1715 and
1748 cm�1 were about 0.4 and about 0.17, respectively, after the
solvent baseline was subtracted. 2D IR spectroscopy and polariza-
tion-controlled IR pump–probe experiments were performed with
the sample solution at 22 8C.

Femtosecond Laser System: The laser system employed in the ex-
periments was built on the basis of a design that has been de-
scribed in detail elsewhere.[25] Briefly, 800 nm pulses were generat-
ed by a Ti:sapphire oscillator (KM Laser) and regenerative amplifier
(Spitfire, Spectra-Physics) laser system at 1 kHz. The 800 nm pulses
with 45 fs duration and about 0.8 mJ per pulse were used to
pump an optical parametric amplifier (OPA, Spectra-Physics) to pro-
duce the signal and idler pulses at about 1.4 and about 1.9 mm, re-
spectively, which were utilized to generate mid-IR pulses at
2050 cm�1 in a 0.5 mm-thick AgGaS2 crystal by difference-frequen-
cy generation (DFG). The power spectrum of the mid-IR pulses had
a Gaussian envelope with about 270 cm�1 bandwidth (full width at
half-maximum). After generation, the mid-IR pulses propagated
through an experimental setup that was purged with dry and CO2-
scrubbed air. The pulse chirp was measured by frequency-resolved
optical gating (FROG) measurements in a transient grating geome-
try.[25] CaF2 plates with different thicknesses were used to compen-
sate for the linear dispersion introduced by other dielectric materi-
als in the setup, particularly a Ge Brewster plate. This setup pro-
duced transform-limited mid-IR pulses with pulse duration of
about 55 fs at the sample position.

2D IR Spectroscopy: The experimental details and principles of 2D
IR spectroscopy have been described in detail elsewhere.[4, 15, 25, 28]

Three mid-IR pulses are focused with an off-axis parabolic mirror
[focal length (f.l.) = 15 cm] onto the sample in a non-collinear ge-
ometry, and the beams are collimated after the sample with anoth-
er off-axis parabolic mirror (f.l. = 15 cm). The spot size of the IR
beams at the sample position is approximately 100 mm in diameter.
The relative times of three incident pulses are controlled with mo-
torized linear translational stages by a computer. The signal is emit-
ted from the sample in a unique phase-matched direction. The
emitted signal is overlapped with a local oscillator pulse for hetero-
dyne detection. A grating in a spectrometer disperses the hetero-
dyned signal onto the top stripe of a dual 32 � 2 element mercury
cadmium telluride (MCT) array detector with high-speed data ac-
quisition electronics (Infrared Associates and Infrared Systems De-
velopment Corp.). A portion of the IR beam that does not go
through the sample is sent to the bottom stripe of the array and
used as a reference beam. In 2D IR experiments, there are three ex-
perimental time variables. The delay between the first and second
pulses corresponds to the evolution time (t), the delay between
the second and third pulses to the waiting time (Tw), and the delay
between the third pulse and the emitted signal to the detection
time (t). The 2D IR signal is measured by scanning t at fixed Tw and
frequency-resolving the heterodyned signal onto the array detec-

tor. Fourier transformations of t and t are required to construct the
2D IR spectrum at a given Tw. The detection time t is Fourier trans-
formed by the monochromator during the experiment to generate
the wt axis, while t is numerically Fourier transformed to produce
the wt axis after the t-dependent interferogram is collected for
each value of wt. Accordingly, 2D IR spectra are displayed with ini-
tial frequency wt and final frequency wt at a fixed time Tw. Purely
absorptive 2D IR spectra are measured with the dual-scan method,
in which nonrephasing and rephasing 2D IR spectra are measured
separately by two different input pulse sequences and added.[29]

Polarization-Controlled IR Pump–Probe Spectroscopy: The details
of the IR pump–probe experiments have been described else-
where.[12, 26, 30] Mid-IR pulses are split into pump and probe beams
with relative intensity of 9:1 and are focused onto the sample. The
probe beam is collimated after the sample and is dispersed
through a spectrometer onto the MCT array detector. Wire-grid po-
larizers are placed in the pump and probe beam before the
sample. The pump beam is horizontally polarized and the polariza-
tion of the probe beam is adjusted to be 458 with respect to the
polarization of the pump beam. The analyzer wire-grid polarizer is
inserted after the sample and is mounted on a computer-con-
trolled motorized rotational stage. For individual scans, the ana-
lyzer polarizer is rotated by the computer to set the polarization of
the signal to be parallel and perpendicular with respect to the po-
larization of the pump beam. The parallel, Sjj(t), and perpendicular,
S?(t), components of the pump–probe signals are alternatively
measured with the polarization of the probe beam parallel and
perpendicular to the pump beam, respectively. Then, the vibration-
al population relaxation is obtained by Equation (4):

PðtÞ ¼ SkðtÞ þ 2S?ðtÞ ð4Þ

and the orientational anisotropy is given by Equation (5):

rðtÞ ¼
SkðtÞ � S?ðtÞ

SkðtÞ þ 2S?ðtÞ
¼ 2

5
CorðtÞ ð5Þ

The orientational anisotropy r(t) measures the orientational relaxa-
tion dynamics of the transition dipoles of the symmetric and asym-
metric stretching vibrations as represented by the second-order
Legendre polynomial of the transition dipole correlation function,
Cor(t) = hP2[m(t)·m(0)]i, while the population relaxation P(t) measures
the decays of the vibrationally excited molecules back to the
ground state.
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