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Femtosecond two-dimensional infrared (2D IR) spectroscopy has been applied to study the conformations of
a model dipeptide,N-acetyl-L-prolinamide (AcProNH2) in deuterated chloroform (CDCl3). Spectral features
in the amide-I and -II regions are obtained by rephasing (R), nonrephasing (NR), and reverse photon echo
(RPE) pulse sequences with two polarization conditions. The 2D spectra obtained by the RPE and NR sequences
with (0, 0, 0, 0) polarization reveal new spectral features associated with the multiple conformers of AcProNH2

that are difficult to discern using R sequence and linear-IR spectroscopy. The high resolving power of the
RPE sequence comes from destructive interference between the positive and negative peaks of nearby vibrators,
similar to the NR sequence. The RPE response functions that are useful for 2D spectral simulations are
evaluated, including the effects of vibrational frequency correlations. The 2D spectra obtained with (45,-45,
90, 0) polarization exhibit clear cross-peak patterns in the off-diagonal region for the R and RPE sequences
but in the diagonal region for the NR sequence. These patterns, free from strong diagonal contributions, are
crucial for structure determination. DFT calculations, normal-mode analysis, Hessian matrix reconstruction,
and vibrational exciton Hamiltonian diagonalization yield molecular parameters needed for quantitative
simulations of 2D spectra: angles between transition dipoles, coupling constants, and off-diagonal
anharmonicities of the amide-I and -II modes are obtained for solvatedtrans-C7 and cis structures and for
gas-phase trans conformers in the region ofφ ) -120° to 0° andψ ) -100° to 180° in the Ramachandran
space. Systematic simulations based on a 4:1 population ratio of the solvatedtrans-C7 and cis structures
reproduce well the 2D spectral features obtained at both polarization conditions. However, better agreement
between the experimental and simulated cross-peak patterns can be reached if the dihedral angles of the
major trans conformer are close to (φ, ψ) ) (-80°, 100°). Our results suggest that the major conformer of
AcProNH2 in CDCl3 deviates from the gas-phase global minimum, thetrans-C7 form, to an extended
intermediate between the C7 and polyproline-II structure. These results are discussed in relationship with
earlier findings obtained by NMR, transient IR studies, and MD simulations.

1. Introduction

Terminally blocked amino acids and dipeptides have long
served as the primary models for theoretical and experimental
studies of backbone conformations in peptides and proteins.
Among these model systems,N-acetyl-L-prolinamide (AcPro-
NH2)1-13 and its derivatives have received much attention
because the unique five-membered ring on the proline residue
has been shown to have significant effects on chain conforma-
tions14 and the process of protein folding.15,16 Earlier studies
on AcProNH2

1,2,4-6 and its N′-methyl derivative (AcPro-
NHMe)1,5,17-20 using optical rotatory dispersion, circular dichro-
ism, NMR, FT-IR, and theoretical calculations suggested that
the structure of this proline dipeptide is of the trans and cis
forms and their relative populations depend on several factors
such as temperature, concentration, and solvent polarity. In the
gas phase and nonpolar solvents, the internally hydrogen-bonded
trans-C7 structure (C7, also called theγ-turn) is most stable
(Figure 1a), whereas in polar solvents, the trans right-handed
R-helix (RR) (Figure 1b),trans-polyproline II (PII) (Figure 1c),
and cis conformations (Figure 1d) become increasingly popu-

lated.5 More recently, ultrafast vibrational spectroscopies7-10 on
AcProNH2 observed spectral features that were attributed to the
presence of multiple conformations in aqueous and nonpolar
solvents, but the assignment of conformations was at variance
with one another. Two-dimensional infrared (2D IR) spectro-
scopic studies by Zanni et al. using the rephasing (R) sequence7,8

suggested that two conformers coexist in chloroform. The earlier
study suggests that one conformer is close to anRR and the
other to an intermediate between the C5 and PII structures,7 while
in the latter study, one conformer is like C5 and the other like
C7.8 On the basis of transient anisotropy measurements, Rubtsov
and Hochstrasser concluded that AcProNH2 in dichloromethane
(CH2Cl2) adopts a C7 form in the presence of a minorRR

structure.10 Stimulated by these experimental results, Hahn et
al. performed ab initio calculations and MD simulations on the
trans conformation. Their results showed that the C7 structure
is the most stable form in vacuo, but the ensemble-averaged
structure in CDCl3 takes a different form (φ ) -70° andψ )
15°).11 The discrepancies regarding the conformations of this
model dipeptide clearly point to the need for further experi-
mental and theoretical investigations.

Recent developments in 2D IR spectroscopy21-30 have
provided new ways to explore the structure and dynamics of
peptides and proteins.7,31-44 2D IR is a vibrational analogue to
2D NMR spectroscopy, but with far better (subpicosecond) time
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resolution. For short oligopeptides that undergo picosecond to
nanosecond conformational fluctuations,33,45,462D IR has the
potential to reveal new structural information that is hard to
access by 2D NMR due to conformational averaging. In a typical
2D IR spectrum, diagonal peaks provide information about
individual vibrators, whereas cross-peaks mirror the strength
of the couplings between different vibrators. Because the
coupling arises from through-bond and through-space interac-
tions between vibrational modes, the coupling strength acutely
depends on the underlying molecular structure. By conducting
2D IR experiments using polarized light, information on the
transition dipole orientation can be extracted from the cross-
peak intensities and anisotropies,7,32,42and such angle informa-
tion has been used to infer the structure of peptide backbones.
The results from these initial 2D IR studies appeared very
promising. However, a recent theoretical study questioned the
ability of cross-peak anisotropy measurements in providing
quantitatively reliable angles when the cross-peaks are not well
resolved from the diagonal peaks.11 For most peptides studied
to date, including AcProNH2 in water and chloroform,7-9,11,47

the diagonal features are broad enough to affect the accuracy
of cross-peak anisotropy measurements. It is therefore necessary
to devise a different 2D IR approach to circumvent this problem.

In this paper, we present an extensive study of the amide-I
and -II modes of AcProNH2 in CDCl3 using three 2D IR pulse
sequences at two polarization conditions. Our strategy is to
obtain a large set of 2D spectral constraints for unique dynamics
and structure determination. Because of the different pulse
ordering employed in the rephasing (R), nonrephasing (NR),
and reverse photon echo (RPE) sequences, the resulting 2D
spectra are quite different in the diagonal and cross-peak
positions and in their dependence on vibrational frequency
inhomogeneity and correlations. These properties are explored
at an all-parallel polarization condition to resolve the closely
spaced spectral features resulting from multiple conformers and
to determine the vibrational dynamics parameters. We overcome
the problem of spectral congestion using a double-crossed
polarization configuration that is capable of suppressing the
diagonal peaks. The revealed cross-peak patterns are shown to
be crucial for structure determination. The combination of
quantum chemical and semiempirical calculations with extensive
2D IR spectral simulations allows us to determine the ensemble-
averaged structure of AcProNH2.

2. Experimental Setup and Methods

2.1. Mid-IR 2D Spectrometer. The mid-IR pulses were
generated by difference frequency mixing of the signal and idler
outputs of a home-built optical parametric amplifier (OPA)48

pumped by a commercial ultrafast regenerative amplified Ti:
sapphire laser system (Spectra Physics). The pulses from the
Ti:sapphire amplifier are at 800 nm with∼95 fs duration and
a repetition rate of 1 kHz. The white-light seeded two-stage
BBO (type-II, 4 mm thickness) OPA is pumped (total 320 mW)
with ∼5 µJ in the first pass and 300µJ in the second pass and
generates signal and idler pulses between 1.2 and 2.3µm.
Difference frequency mixing in a 0.5 mm thick type-I AgGaS2

crystal generates IR pulses of∼100 fs duration, with a
bandwidth of 170 cm-1 and about 1µJ of energy at 6µm. The
IR radiation is collimated to a diameter of 6 mm by a curved
mirror and filtered by a germanium long pass filter.

The IR output is split into three beams of wavevectorska, kb,
andkc, each with 300 nJ, and a local oscillator beamkLO, of 30
nJ, using ZnSe beam splitters (Rocky Mountain Instrument).
The three excitation pulses and the local oscillator pulse traverse
computer-controlled linear motor translation stages (Aerotech,
ALS130), which set the time delays between them. The three
input beams are focused on the sample in box geometry using
a 100 mm focal length off-axis parabolic mirror (Janos
Technologies). The four-wave mixing signal generated at the
phase matching directionks ) -ka + kb + kc is collimated by
a second off-axis parabolic mirror and collinearly combined with
the attenuated local oscillator beam using a one-sided AR-coated
ZnSe beam splitter and is focused onto a liquid nitrogen cooled
single-element HgCdTe detector (Infrared Associates). A chop-
per blocks theka beam at 500 Hz and allows the intensity solely
from the local oscillator beam to be subtracted.

The polarization of all the excitation beams is controlled using
MgF2 zero-order half-wave plates (Karl Lambrecht) followed
by BaF2 wire-grid polarizers (Specac) placed immediately in
front of the first focusing parabolic mirror before the sample.
The polarization of the generated field is selected using a
polarizer placed immediately after the sample, which is set to
be the same as the polarizer placed in the local oscillator beam.
All mirrors in the interferometer have bare-gold coating to
minimize the ellipticity of polarization. Polarization conditions
used in this paper are listed in the order of (pa, pb, pc, ps), where
pn refers to the polarization of the excitation pulses, or the signal
field, with a wave vectorkn. The polarization angle is expressed

Figure 1. Chemical diagram of AcProNH2 and the pertinent dihedral angles that define its conformation. (a) Thetrans-C7 form (also called the
γ-turn) of AcProNH2 is presented with dihedral angles, (ω′, φ, ψ, ω) ) (-172°, -84°, 65°, -178°). A seven-membered ring (C7) forms by an
intramolecular hydrogen bond between the acetyl CO and amino NH group (dashed line). Other trans forms have differentψ angles but a similar
φ angle due to the ring constraint. The trans right-handedR-helix (RR) form with ψ ) -50° (b) and thetrans-polyproline II (PII) form with ψ )
150° (c) are also presented. (d) The cis conformer differs mainly inω′ andψ, with dihedral angles, (ω′, φ, ψ, ω) ) (9°, -88°, -10°, -180°). For
clarity, only backbone hydrogen atoms are shown.
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in degrees withpn ) 0 referring to vertical (i.e. s-) polarization
in the laboratory frame.

Figure 2 illustrates the three pulse sequences used in the
experiments: The time ordering between the three excitation
pulses is a-b-c, b-a-c, and b-c-a for the R, NR, and RPE
sequences, respectively. The three sequences at a single phase-
matching angle give rise to signals equivalent to those generated
by a single sequence in three phase-matching directions.49,50The
time intervals between the first and second pulses, between the
second and third pulses, and between the third and local
oscillator pulses are denoted asτ, T, and t, respectively.
Nonresonant, third-order solvent response detected at the same
phase-matching direction was used to determine time zero
between excitation and local oscillator pulses. For the R and
NR sequences,τ was scanned from 0 to 2500 fs in 18 fs steps,
T was set to zero, andt was scanned from 0 to 2500 fs in 18 fs
steps. In the RPE sequence,τ was set to zero,T was scanned
from 0 to 900 fs in 9 fs steps, andt was scanned from 0 to
2500 fs in 18 fs steps. The 2D IR spectraSR(-ωτ, T, ωt), SNR-
(ωτ, T, ωt), andSRPE(τ, ωT, ωt) were obtained by performing
2D Fourier transform of the heterodyne signalS(τ, T, t) along
the two scanning time axes. To remove the nonresonant solvent
contributions, data points within the first 150 fs of theτ andT
scans were deleted from the acquired data before signal
processing. For a fixedτ or T position, the intensity of the
homodyne signal results in a small constant contribution to the
total signal intensity along eacht scan. This contribution was
removed before performing Fourier transform.

Heterodyne transient grating signals were measured by setting
the time ordering between the three excitation pulses to a-b-
c. τ was set to zero,T was scanned from-2 ps to 14 ps in 75
fs steps, andt was scanned from 0 to 2500 fs in 18 fs steps.
The signal processing procedure is the same as the above except
that 1D Fourier transform along thet axis was performed to
obtainS(0, T, ωt).

Pump-probe spectra were obtained by measuring the dif-
ference in transmission of thekb beam when the sample was
pumped by theka beam that was chopped at 500 Hz. The probe
beam intensity was reduced by a factor of 10 for these
measurements. Broad-band detection of the probe pulses was
achieved by a 64-channel MCT array (Infrared Associates) with
matching electronics (Infrared Systems Development). The array
is mounted on the focal plane of a 300 mm spectrograph (Acton)
with a 75l/mm grating, resulting in a spectral resolution of 2.2
cm-1 per channel at 6µm.

2.2. Sample Preparation.AcProNH2 was purchased from
Bachem and used without further purification. Deuterated
chloroform (CDCl3, 99.96% D) was purchased from Cambridge

Isotope Laboratories, Inc. The sample was a 110 mM solution
of AcProNH2 in CDCl3 held between two 2 mm thick CaF2

windows with a 25µm spacer. All experiments were performed
at ambient temperature 20.1( 0.3 °C.

3. Results

3.1 Linear-IR Spectrum. The linear FT-IR spectrum of
AcProNH2 in CDCl3 is shown in Figure 3. It has three absorption
bands; an amide-II band of the amino end (A, 1583 cm-1), and
two amide-I bands of the acetyl and amino ends (B, 1632 cm-1,
and C, 1689 cm-1, respectively). The spectrum was least-squares
fitted to three Voigt profiles. The integrated areas give absorp-
tion intensities of 140, 550, and 470 km/mol for peaks A, B,
and C, respectively, and yield corresponding transition dipoles
of magnitude 1.8, 3.6, and 3.3 DÅ-1 amu-1/2. The amide-I band
transition dipoles are close to the experimental value reported
for the same peptide in CH2Cl2 (0.33 D for peak B)10 and to
the theoretical value of 3.7 DÅ-1 amu-1/2 previously derived.51

Figure 3 also shows a simulated spectrum (dotted line) based
on a theoretical model that will be discussed in detail later in
Section 4.6.

3.2. The 2D IR Spectra.The absolute magnitude 2D IR
spectra acquired using the R, NR, and RPE sequences at (0, 0,
0, 0) polarization are shown in Figure 4a1-a3. The diagonal
peaks are labeled by A, B, and C, corresponding with those in
the FT-IR spectrum in Figure 3. The cross-peaks are labeled as
D, E, and F. Here, we have chosen to denote cross-peaks arising
from the same pair of diagonal peaks by a single label: two D
peaks result from couplings between peaks A and B, E peaks
from A and C, and F peaks from B and C.

The diagonal peaks in the R spectrum (Figure 4a1) are line-
narrowed along the antidiagonal, but not in the NR spectrum
(Figure 4a2). The diagonal peak intensities in the R versus NR
spectra exhibit a∼4:1 ratio for both peaks B and C, and a
∼1.4:1 ratio for peak A. The differences in the line shape
between the R and NR spectra and the intensity ratios indicate
the presence of inhomogeneous distributions.9,52 The diagonal
peaks in the RPE spectrum (Figure 4a3) appear at the overtone
and combination band frequencies and are elongated along the
ωT dimension, indicating that the dephasing of the 0-2
coherences is faster than that of the 0-1 coherences.

Parts c1-c3 of Figure 4 present the diagonal slices (red)
through the most intense peak in the 2D IR spectra. While the
diagonal profile of the amide-I bands in the R spectrum contains
two smooth peaks, the B and C bands in the NR and RPE spectra
exhibit shoulders at the higher frequency sides of the main peaks.

Figure 2. Schematic diagram of the three pulse sequences used in the
experiments: rephasing (R), nonrephasing (NR), and reverse photon
echo (RPE). Three IR pulses with different wave vectorska, kb, andkc

arrive at the sample with the time intervals denoted byτ andT. Another
IR pulse,kLO, heterodynes the signal with time delay,t, at the phase-
matching direction-ka + kb + kc.

Figure 3. FT-IR spectra of AcProNH2 in CDCl3. The background
spectrum of the neat solvent was subtracted. Peak A corresponds to
the amide-II band of the amino end, peak B corresponds to the amide-I
band of the acetyl end, and peak C corresponds to the amide-I band of
the amino end. The dotted line is from the simulation discussed in
Section 4.6.
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Therefore, both amide-I bands consist of at least two subbands.
The elongation of the peaks along the diagonal in the R spectrum
and the presence of doublet features in the NR and RPE spectra
indicate that AcProNH2 has more than one conformation in
CDCl3 and the separation of amide-I frequencies of the
conformers is less than their line widths. In comparison to the
linear spectrum in Figure 3, the 2D IR slices in Figure 4c2 and
c3 show clearly resolved minor components, labeled as B′ and
C′, and provide explicit evidence for the existence of multiple
conformers.

The R spectrum (Figure 4a1) shows three sets of cross-peaks,
D, E (very weak), and F, in contrast to previous studies where
six cross-peaks in the upper off-diagonal region were ob-
served.7,8 This is attributed to the different data acquisition and
treatment procedures used in the present study. We collected
longer time scans and did not process data using window
functions.

Parts a1-a3 of Figure 5 show the R, NR, and RPE spectra
taken at (45,-45, 90, 0) polarization. In the R spectrum (Figure
5a1), E cross-peaks become most intense, although they are
almost invisible at (0, 0, 0, 0) polarization. D peaks are clearly
seen, but F peaks remain very weak. In the RPE spectrum
(Figure 5a3), D and E peaks are also strong. However, in the
NR spectrum (Figure 5a2), we see dominating spectral features
located along the diagonal, but not in the off-diagonal region.
This behavior is because cross-peaks in the off-diagonal regions
are suppressed at this polarization condition (see Section 4.3).

Although the features in the 1650-1700 cm-1 region appear
weak, they are reproducible.

3.3. Pump-Probe Spectra.The pump/probe experiments
were performed at three center wavelengths (1600, 1630, and
1660 cm-1) at a pump-probe delay of 200 fs. At this time delay,
the pulses do not overlap, so the distortion of pump-probe
spectra due to solvent response can be neglected. These spectra,
together with the FT-IR spectrum, were simultaneously least-
squares fitted to six Voigt functions. Three of them, at the
fundamental frequencies, were used to describe the linear
absorption as well as the pump-probe ground-state bleaches
plus stimulated emissions ofυ ) 1 f 0. The other three, at the
anharmonically shifted frequencies, described the excited-state
absorptionsυ ) 1 f 2. The diagonal anharmonicities were
determined to be 10.7, 11.0, and 12.4 cm-1 for the A, B, and C
peaks, respectively. The ratio of the areas of the excited-state
absorption and the ground-state bleach is proportional to the
ratio of the squared transition dipole moments for theυ ) 1 f
2 andυ ) 0 f 1 transitions. From the fits, ratios of 2.9, 2.0,
and 1.7 were found for the A, B, and C peaks, respectively.
These ratios indicate that the amide-I vibrators are nearly
harmonic. The line widths of the bleach are 23, 32, and 27 cm-1

for the A, B, and C peaks, respectively. The line width of the
corresponding absorption is similar to that of the bleach to within
1-2 cm-1. Figure 6 shows one of the pump-probe spectra

Figure 4. Absolute magnitude 2D IR spectra of AcProNH2 in CDCl3 and their simulations at the (0, 0, 0, 0) polarization condition. Experimental
spectra|SR(-ωτ, 0, ωt)|, |SNR(ωτ, 0, ωt)|, and|SRPE(0, ωT, ωt)| are arranged in panels (a1), (a2), and (a3), respectively. The corresponding simulations
based on a 4:1 population ratio of the solvatedtrans-C7 and cis conformers are arranged in the second row below each spectrum (b1-b3). Diagonal
slices of 2D IR spectra through the highest peak maximum from experiments (solid red) and simulations (dashed blue) are shown in the third row
(c1-c3). Doublet features labeled as B and B′ and C and C′ are resolved in the NR and RPE spectra. The central frequencies of the pulses are 1600,
1600, and 1640 cm-1 for R, NR, and RPE, respectively. The spectra were normalized and plotted using 40 evenly spaced contour lines.
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together with the fits. The presence of a second conformer is
clearly seen from the splitting of the ground-state bleach of the
B peak.

3.4. Heterodyne Transient Grating.The population relax-
ation time of theυ ) 1 states were measured by means of
heterodyne transient grating signals. Figure 7 shows plots of
|S(0, T, ωt)| versusT at three different values ofωt. The decay
of the signal along theT-axis is determined by the loss of
population of theυ ) 1 state or any intermediate state generated
from the υ ) 1 state that can couple with thekc pulse. The
decay curves in Figure 7 were fitted with double exponential
decays that were convolved with a Gaussian instrument
response. The parameters are quoted in the caption of Figure
7. The dominating faster decay is considered here to be the
actualT1 lifetime. The slower decay is attributed to arise from

rotational relaxation or from populational relaxation of states
that were not originally excited.

4. Discussion

Section 4.1 outlines a theoretical formalism to provide
guidelines for interpretation and simulation of 2D IR spectra.
Section 4.2 details the effects of the (45,-45, 90, 0) polarization
condition on 2D IR spectra. In Section 4.3, we discuss the origin
of the high resolving power of the RPE sequence and perform
a model calculation for two nearby vibrators. In Section 4.4,
we present the results from conformational analysis and normal-
mode calculations on AcProNH2 in vacuo and in chloroform.
Section 4.5 introduces an extended Hessian matrix reconstruc-
tion method to obtain the coupling constants of coupled amide-I
and -II vibrators, followed by diagonalization of two-exciton
Hamiltonian that provides the diagonal and off-diagonal anhar-
monicities. Finally, simulations of 2D IR spectra are presented
and comments on the conformations of AcProNH2 in CDCl3
are made in Sections 4.6 and 4.7, respectively.

4.1. Response Functions and Descriptions of 2D Spectra.
The principles governing the R, NR, and RPE contributions to
the 2D IR spectra of coupled vibrators have been described
previously9,49,50,53and are briefly summarized here to provide
guidelines for the following spectral interpretation. For a
multiple vibrator system, the third-order response of the system
is a sum of the individual responses from the eight Feynman
diagrams shown in Figure 8. Here we label the fundamental
states of theith andjth vibrator asi and j with frequenciesωi

andωj, respectively. The two quantum states are labeled ask,
where the overtone state of theith vibrator isk ) i + i with
frequencyωi+i ) 2ωi - ∆ii, and the combination band state of
the ith andjth vibrators isk ) i + j, with frequenciesωi+j )
ωi + ωj - ∆ij. The diagonal and off-diagonal anharmonicities
are denoted by∆ii and∆ij, respectively. These eight diagrams

Figure 5. Absolute magnitude 2D IR spectra of AcProNH2 in CDCl3 and their simulations at the (45,-45, 90, 0) polarization condition. Experimental
spectra|SR(-ωτ, 0, ωt)|, |SNR(ωτ, 0, ωt)|, and|SRPE(0, ωT, ωt)| are arranged in panels (a1), (a2), and (a3), respectively. Simulations based on a 4:1
population ratio of the solvatedtrans-C7 and cis conformers are arranged in the second row below each spectrum (b1-b3). For all three experimental
spectra, the E cross-peaks are the most intense. All three simulated spectra show similar cross-peak patterns to the experimental data, except that
F peaks are too strong. The central frequencies of IR pulses are 1600 cm-1 for all three spectra. The spectra are normalized and plotted using 40
evenly spaced contour lines.

Figure 6. Broad-band-pump/broad-band-probe spectrum (thick line)
of AcProNH2 in CDCl3 and the fit (thin line). The pulses have a central
frequency of 1600 cm-1 and a pump-probe delay of 200 fs. Also shown
are the six Voigt functions used in the fit: three negative peaks at the
fundamental frequencies (dashed) and three positive peaks at anhar-
monically shiftedυ ) 1 f 2 transition frequencies (solid).
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can be broken into three sets: 1-3, 4-6, and 7-8, which
produce the responses of the R, NR, and RPE sequences,
respectively.

In the case of impulsive excitation, the time intervalsτ, T,
andt between the centers of the pulses are the same as the time
intervals t1, t2, and t3 between excitations (Figure 2). The
complex response functions generated from the eight diagrams
can be expressed by

In these equations, it has been assumed that orientational
dynamics and vibrational dynamics are independent of each
other. The factors〈Rmânγuδw〉 denote the ensemble averaged
products of the projections of the angles of them, n, u, andw
transition dipoles in the molecular frame onto the polarization
directions of the laser pulsesR, â, γ, and signal fieldδ in the
laboratory frame. Transitions that are forbidden in the harmonic
and extreme weak coupling limit are labeled with “f” and the
angles of these transition dipoles depend on the details of how
the oscillators are coupled. The factors〈Rmânγuδw〉 can include
orientational diffusions or internal motions of transition dipoles
during the time of pulse excitations. Manipulation of these
factors through laser polarizations allows for enhancement and

suppression of specific peaks in 2D spectra.8,53-55 The vibra-
tional dynamics and time evolution of the system are contained
in the factorsF (mn|qr|uw) ) F(mn|qr|uw) exp[i(ωm - ωn)τ
+ i(ωq - ωr)T + i(ωu - ωw)t], wherepωm is the energy of the
statem involved in the transition. The factorsF(mn|qr|uw) can
include population relaxation as well as vibrational and rotational
dephasing, which are responsible for two-dimensional line
shapes in 2D spectra. These factors also include the product of
the transition dipoles involved in the Feynman path, which
determines the peak intensities. Additional response functions
are necessary to account for population and coherence transfer,
which are neglected here. The explicit forms ofF(mn|qr|uw)
for the RPE sequence including correlations effects are derived
in the Appendix. The corresponding equations for the R and
NR sequences have been reported previously.9

Parts a-c of Figure 8 schematically illustrate the 2D IR
spectra as a result of these response functions for two coupled
vibratorsi and j. EachF term in eqs 1-3 is labeled with the
corresponding subscript together with the preceding sign in
Figure 8. SeveralF paths that are labeled with the same
subscript produce peaks at the same positions in the 2D spectra.
For the R sequence (Figure 8a), the peaks appear in the
quadrants whereωτ andωt are of the opposite sign. The real
part of the 2D spectra is expected to show two pairs of diagonal
peaks (blue) and two pairs of cross-peaks (pink). The diagonal
peaks are due to successive light interactions with the same
vibrators. They are located at the fundamental frequencies along
the -ωτ dimension, and each pair contains a positive (Fb’s)
and a negative (Fa) part that are separated by the diagonal
anharmonicity along theωt dimension. The cross-peaks result
from successive light interactions with two coupled vibrators.
They are located in the off-diagonal regions and the splitting
between the positive (Fd’s) and negative (Fc’s) parts corre-
sponds to the off-diagonal anharmonicity.

For the NR sequence (Figure 8b), the phase of the initial
coherence generated by the first pulse is not reversed by the
third pulse. The peaks appear in the quadrants whereωτ andωt

are of the same sign. Different from the R spectrum where two
sets of cross-peaks are located at the same frequencies, the NR
spectrum has one set of cross-peaks (Fc andFd) located in the
off-diagonal region with the other set of cross-peaks (Fb and
Fg) located along the diagonal, overlapping with the diagonal
peaks.

In contrast to the R and NR sequences, two successive
excitations in the RPE sequence create a two-quantum coherence
during theT period. Therefore, the RPE spectrum (Figure 8c)
has two pairs of diagonal peaks at the overtone frequencies along
theωT dimension and two pairs of cross-peaks at the combina-
tion band frequencies. If the peak positions are determined
accurately, the RPE sequence allows direct measurements of
the diagonal and off-diagonal anharmonicities.53 The off-
diagonal anharmonicity is a very important parameter because
it is related to the coupling constant between the vibrational

Figure 7. Heterodyned transient grating signals|S(0, T, ωt)| at specificωt. The solid lines are fits to a biexponential decay functionA1 exp(-T/τ1)
+ A2 exp(-T/τ2). The parameters are (a)ωt ) 1575 cm-1, A1 ) 1.82,τ1 ) 0.48 ps,A2 ) 0.23,τ2 ) 19.2 ps; (b)ωt ) 1628 cm-1, A1 ) 7.42,τ1

) 0.78 ps,A2 ) 1.25,τ2 ) 6.3 ps; (c)ωt ) 1682 cm-1, A1 ) 7.24,τ1 ) 1.1 ps,A2 ) 0.49,τ2 ) 10.3 ps. The dominating decay is considered here
as the actualT1 lifetime.

RR(τ, T, t) ) ∑
i*j

{〈Riâiγiδi〉[Fb(0i|00|i0) + Fb(0i|ii |i0) -

Fa(0i|ii |i + i,i)] + 〈Riâiγjδj〉[Fd(0i|00|j0) -
Fc(0i|ii |i + j,i)] + 〈Riâjγiδj〉[Fd(0i|ji |j0) -

Fc(0i|ji |i + j,i)] - 〈Riâiγfδf〉Fe(0i|ii |j + j,i) -
〈Riâjγjδf〉Fe(0i|ji |j + j,i) - 〈Riâjγfδi〉Fa(0i|ji |i + i,i)} (1)

RNR(τ, T, t) ) ∑
i*j

{〈Riâiγiδi〉[Fb(i0|00|i0) +

Fb(i0|ii |i0) - Fa(i0|ii |i + i,i)] +
〈Riâiγjδj〉[Fd(i0|00|j0) - Fc(i0|ii |i + j,i)] +
〈Riâjγjδi〉[Fb(i0|ij |i0) - Fg(i0|ij |i + j,j)] -

〈Riâiγfδf〉Fe(i0|ii |j + j,i) - 〈Riâjγiδf〉Fm(i0|ij |i + i,j) -
〈Riâjγfδj〉Fn(i0|ij |j + j,j)} (2)

RRPE(τ, T, t) ) ∑
i*j

{〈Riâiγiδi〉[Fb(i0|i + i,0|i0) -

Fa(i0|i + i,0|i + i,i)] + 〈Riâjγiδj〉[Fd(i0|i + j,0|j0) -
Fc(i0|i + j,0|i + j,i)] + 〈Riâjγjδi〉[Fh(i0|i + j,0|i0) -
Fg(i0|i + j,0|i + j,j)] + 〈Riâiγfδj〉Fn(i0|i + i,0|j0) -

〈Riâiγjδf〉Fm(i0|i + i,0|i + i,j) +
〈Riâfγfδi〉Fs(i0|j + j,0|i0) -

〈Riâfγiδf〉Fe(i0|j + j,0|j + j,i) +
〈Riâfγjδj〉Fq(i0|j + j,0|j0) -

〈Riâfγjδj〉Fp(i0|j + j,0|j + j,j)} (3)
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modes, which in turn is related to the molecular structure. A
recent theoretical study suggests that the RPE signal is more
sensitive to the coupling than the R signal.56 In terms of
dynamical parameters, the dephasing rate of the two quantum
states can be directly measured during theT period. The
dynamical information of these states is important for quantita-
tive simulation of 2D spectra in general. Similar to the NR
sequence, the RPE sequence is also “nonrephased” and the peaks
appear in the quadrants whereωT andωt are of the same sign.

4.2. The (45, -45, 90, 0) Polarization Condition. The
general expression for angular factors〈Rmânγuδw〉 for an
arbitrary set of transition dipoles in an isotropic media has been
reported previously.54 By selecting the polarization (pa, pb, pc,
ps) of the excitation pulses and the four-wave mixing signal,
the contribution of diagrams 1-8 to the diagonal or cross-peaks
can be strategically manipulated. In this paper, we employed
the (0, 0, 0, 0) and (45,-45, 90, 0) polarization conditions.
Table 1 lists a complete set of〈Rmânγuδw〉 factors for the (45,
-45, 90, 0) polarization condition for a spherical or rodlike
diffuser with diffusion coefficientD. All permutations of pulse
ordering that occur during pulse overlap are considered.
Experimental applications of this polarization has been dem-
onstrated in the R8,57 and RPE53 sequences. Here we apply it to
all three sequences simultaneously and show that the NR
sequence exhibits quite different behavior from the R and RPE
sequences.

A couple of points should be noted in Table 1. First, whenT
is very small and/or systems have slow rotational diffusion, the
exponential factors e-6DT and e-2DTare essentially 1, and theK,
L, M, andN terms become close to 0, (P2 - 1)/18, 0, and (P2

- 1)/18, respectively, whereP2 ) (3 cos2 θij - 1)/2 andθij is

the angle between transition dipoles of vibrational modesi and
j. The diagonal peaks (iiii ) in the R, NR, and RPE are completely
suppressed. One set of cross-peaks (iijj for the R and NR, and
ijij for the RPE) is suppressed, while the other set of cross-
peaks (ijij for the R, andijji for the NR and RPE) survives if
P2 * 1. For the R and RPE sequences, the surviving sets of
cross-peaks are located in off-diagonal regions, and therefore,
only off-diagonal features will remain in the corresponding 2D
IR spectra. On the contrary, the off-diagonal cross-peaks (Fc

andFd in Figure 8b) are suppressed for the NR sequence, and
hence, its 2D IR spectrum will only contain cross-peaks along
the diagonal (Fb andFg).

Second, when rotational diffusion is fast andT is nonzero,
the K term will give rise to diagonal contributions to the 2D
spectra and theM term will give rise to cross-peak contributions.
To minimize the undesired diagonal contributions in the R and
NR sequences, one can set a well-separated time delay between
the second and third excitation pulses to include contributions
only from the a-b-c and b-a-c pulse ordering. In comparison
to the R and NR sequences, the RPE sequence at this
polarization is more susceptible to the diagonal contributions
from theK term becauseT is scanned and thus, not zero. The
cross-peak contributions from theM term will appear in the
off-diagonal region for all three sequences, and thus the NR
spectrum will exhibit off-diagonal cross-peaks in this case.

The behavior predicted by Table 1 is observed in the
experimental spectra for AcProNH2 in Figure 5a1-a3. Because
the R and NR spectra were obtained atT ) 0 and the measured
rotational diffusion time of AcProNH2 in CH2Cl2 is 8-10 ps,10

the first case described above should apply. The diagonal
features in the R and RPE spectra are largely suppressed as

Figure 8. Feynman diagrams contributing to the third-order nonlinear signals and the real part of the 2D IR spectra for two weakly coupled
vibratorsi andj for R (a), NR (b), and RPE (c) sequences. The peaks resulting from Liouville paths that excite vibratori during the first laser pulse
interaction are labeled a-s, corresponding to the subscript ofF in eqs 1-3. The F paths with the same subscript produce peaks at the same
positions in the 2D IR spectrum. Diagonal peaks, cross-peaks, and “forbidden” peaks are represented by blue, pink, and orange circles, respectively.

TABLE 1: 〈rmânγuδw〉 Factors for Polarization (pa, pb, pc, ps) ) (45, -45, 90, 0) Assuming a Spherical or Rodlike Diffuser with
a Diffusion Coefficient Da

mnuw
R

a-b-c
NR

b-a-c
RPE

b-c-a
R

a-c-b
NR

b-c-a
RPE

c-b-a

iiii 0 0 1/18 (1 - e-6DT) ≡ K -K K K
iijj 0 0 L
ijij 1/18 (P2 - 1) e-2DT ≡ L 1/54 (1 + 2P2) - 1/108 (5 + P2) e-6DT + 1/36 (1 - P2) e-2DT ≡ M -M M N
ijji L 1/54 (1 + 2P2) - 1/108 (5 + P2) e-6DT - 1/36 (1 - P2) e-2DT ≡ N N M

a The m, n, u, andw transition dipoles interact with laser pulses in a sequence generating diagonal (iiii ) and cross peaks (iijj , ijij , and ijji ).
Overlapping laser pulses for each pulse sequence (R, b-c; NR, a-c; RPE, b-c) produce two different angular factors depending on the temporal
order of the excitation photons. A common factor, e-2D(τ+t), is omitted
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compared to those at the (0, 0, 0, 0) polarization condition in
Figure 4a1 and a3. The off-diagonal cross-peaks are clearly seen
in the R and RPE spectra, but they are diminished in the NR
spectrum at (45,-45, 90, 0) polarization. The main spectral
features in the NR spectrum are along the diagonal. In principle,
the coupling between the two amide-I and one amide-II vibrators
should give rise to six sets of cross-peaks along the diagonal of
the NR spectrum, as indicated by labels D, E, and F in Figure
5a2. The fine structures observed here may be attributed to the
overlapping of and interference between cross-peaks and/or to
the presence of multiple conformers.

4.3. Resolving Power of the RPE Sequence.It has been
shown previously that the NR sequence has a higher resolving
power for closely spaced spectral features than the R sequence
because nodal lines in the real and imaginary parts of the NR
spectra are perpendicular to the diagonal.9 Destructive interfer-
ence in the overlapping region between vibrators can give rise
to doublet features in the absolute magnitude NR spectra,
whereas constructive interference in the overlapping region
results in the elongation of the diagonal peak in the absolute
magnitude R spectra. The manifestation of these effects was
observed in the R and NR spectra of AcProND2 in D2O and
attributed to the presence of two conformations whose amino
amide-I frequencies are separated by less than the line width.9

For the RPE sequence, we performed model calculations to
investigate its resolving power. The equations used in the
calculations are described in detail in the Appendix. The results
of our model calculations show that the RPE sequence also
exhibits enhanced resolving power (Figure 9), similar to the
NR sequence. This behavior happens because the RPE sequence
shares similar nonrephasing properties in that the frequencies
of the coherences involved in theT andt periods have the same
sign (diagrams 7 and 8 in Figure 8c). The nodal line in the real
part of RPE spectra intersects with the diagonal line at a sizable
angle (Figure 9b), leading to destructive interference between
the positive and negative peaks of nearby vibrators. Moreover,
the RPE sequence resolves spectral features more clearly than
the NR sequence (Figure 4c2 and c3) because the peaks in the
RPE spectra are further separated along theωT dimension, and
the diagonal profiles are not complicated by the presence of
overlapping weak cross-peaks as in the NR spectra (Fb andFg

in Figure 8b).

On the basis of the above discussion, we attribute the doublet
features in Figure 4c2 and c3 to the presence of multiple
conformations of AcProNH2 in CDCl3. The clearly resolved B′
and C′ peaks are assigned to the minor conformer. By line fitting
the diagonal profile of Figure 4c3, an area ratio of∼3:1 was
estimated between the two sets of peaks. Because the fitting
was performed on the absolute magnitude spectrum instead of
the real part and the same absorption cross sections for the two
conformers were assumed, this ratio does not reflect the true
population ratio of the two conformations. Nevertheless, this
ratio is comparable to previous studies of a similar dipeptide
AcProNHMe in CDCl3, where a population ratio of∼4:1
between the trans and cis conformations was determined.5,18,20,58,59

4.4. Conformational and Vibrational Analyses.To eluci-
date the multiple conformations of AcProNH2, and to obtain
molecular parameters for simulations of 2D IR spectra, we
carried out ab initio calculations using the Gaussian 03 program
package.60 Previous RHF/6-31G* work on AcProNH2 in vacuo
found seven local minima; three of these minima are of the
trans form, while the others are of the cis form.6 We chose the
most stable conformer as the starting point and calculated the
potential energy surface (PES) as a function of the backbone
dihedral angles in 20° intervals. Figure 10 illustrates the results
of PES calculations in vacuo done at the B3LYP/6-31+G(d,p)
level. Figure 10a shows a PES scan obtained by driving the
dihedral angleω′. The two local minima alongω′ indicate the
presence of a trans and a cis conformer. The following PES
scans alongψ, starting from the trans or the cis form, confirm
that thetrans-C7 structure is the most stable (Figure 10b, solid)
and that a stable cis conformer does exist (Figure 10b, dotted).
Figure 10c shows the 2D PES of the trans conformer as a
function of two dihedral anglesφ andψ (105 structures). The
global minimum at (-83°, 69°) corresponds to the C7 structure,

Figure 9. (a) Calculated absolute magnitude 2D RPE spectrum for
two closely spaced independent vibrators atωi

0 ) 1700 cm-1 andωj
0

) 1686 cm-1 with identical dynamical parametersΓi ) 6.4 cm-1, and
σi ) 6.0 cm-1, andfi ) 0. (b) The real part of 2D RPE spectrum for
the vibrator atωi

0 ) 1700 cm-1. To illustrate the effect of interference
between two vibrators, the spectrum for the other vibrator atωi

0 )
1686 cm-1 is shown schematically by a pair of positive and negative
ellipses (dashed lines). See Figure 6 in ref 9 for the effects of
overlapping vibrators on R and NR spectra.

Figure 10. Potential energy surface (PES) of AcProNH2 in vacuo
calculated at the B3LYP/6-31+G(d,p) level. Optimized structures are
obtained in 20° intervals. (a) The dihedral angleω′ scan shows two
local minima that correspond to a trans and a cis conformer. (b) The
PES scans alongψ, starting from the trans or the cis form show one
minimum in the trans conformer (solid line) and ensure the presence
of a stable cis conformer (dotted line). (c) The 2D PES of the trans
conformer as a function of the (φ, ψ) dihedral angles. The global
minimum at (φ, ψ) ) (-83°, 69°) corresponds to thetrans-C7 structure.
The six circles indicate the dihedral angles of the six conformations
employed in the 2D spectral simulations shown in Figure 12. The
regions enclosed by the white solid and gray dashed lines indicate
possible conformations that satisfy the transition dipole orientations
obtained from ref 10. See Section 4.7 for details.
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somewhat different from (-80°, 87°) obtained at the HF/6-
311++G(d,p) level in ref 11.

Further geometry optimization and normal-mode analysis
were carried out for thetrans-C7 and cis forms at the B3LYP/
6-311++G(d,p) level. The calculations were done in vacuo as
well as in chloroform, using the self-consistent reaction field-
polarizable continuum model (SCRF-PCM), as implemented
in Gaussian 03. Table 2 shows the dihedral angles of the fully
optimized structures and normal-mode frequencies. The dihedral
angles of the structures in vacuo are very close to those reported
for AcProNH2 and AcProNHMe in previous theoretical stud-
ies6,12,61,62and only slightly deviate from those of the solvated
structures. Also, the optimized structure, normal-mode frequen-
cies, and the intensities of AcProNH2 in vacuo at this level is
essentially the same as those optimized at the B3LYP/6-31+G-
(d,p) level in Figure 10. The amide-I and -II normal-mode
frequencies of both conformers in Table 2 have been scaled by
a factor 0.9701 and 0.9927 for the gas-phase and solvated
structures, respectively. These factors were determined by least-
squares fitting the three calculatedtrans-C7 frequencies to the
corresponding FT-IR peaks, considering that the C7 conformer
is the dominating species in the solution. The scaling factor for
the gas-phase vibrational frequencies is very close to those
obtained in other studies; 0.9679 with a similar basis set63 or
0.97 with the same basis set.64 The scaled transition frequencies
for the solvated structure are within(3.0 cm-1 of the
experimental values. The vibrational frequencies for the amide-I
bands of the trans form is lower than those of the cis form.
This red-shift can be attributed to internal hydrogen bonding in
the trans-C7 conformer.

The calculated IR transition strengths are listed in Table 2.
For both conformations, IR intensities of these three vibrators
are within a factor of 2-3 of the FT-IR measurements (Section
3.1). However, the relative intensities of the three vibrators are
quite different from the ratios between the experimental peak
areas. This discrepancy cannot be resolved by taking into
account a range of possible population weightings. It appears
that IR intensities from DFT calculations are still not accurate
enough for quantitative analysis even with the large basis set
used here. This problem becomes even more severe in simulat-
ing 2D IR spectral intensities because they depend on transition
dipole strength to the fourth power.

The relative angles between the amide-I and -II transition
dipoles, θij, are important factors that affect 2D IR spectra
through their involvement in the〈Rmânγuδw〉 terms (eqs 1-3).
Table 2 lists these angles obtained directly from the normal-
mode analysis performed on the gas-phase and solvatedtrans-
C7 and cis structures. The calculated anglesθAB, θBC, andθCA

of the solvatedtrans-C7 conformer are 35°, 140°, and 117°,
respectively. They agree well with the averaged experimental
angles∼35°, ∼130°, and∼121° deduced from pump-probe
anisotropy measurements of AcProNH2 in CH2Cl2.10 On the
basis of these measurements, the authors of ref 10 concluded

that AcProNH2 adopts thetrans-C7 structure, but we found that
these angles could also represent other conformations of
AcProNH2, as we will discuss below in Section 4.7.

For weakly coupled vibrators, it seems reasonable to ap-
proximate the angle between the transition dipoles of two normal
modes by that of two parent local modes because these normal
modes are highly localized. Such a practice has been adopted
in previous studies of AcProNH2.7,8,10,11,47Also, the direction
of the amino amide-II transition dipole was assumed to be along
the C-NH2 bond.10,47To test the validity of these approaches,
we predictedθij using our optimized structures by assuming
the transition dipole of the amide-I mode to be 10° away from
the CdO bond,65 and that of the amide-II mode to be parallel
to the C-NH2 bond.10,47 The angles from the local transition
dipole model (listed inside the parentheses in Table 2) are quite
different from those of the vibrational analysis. The main reason
for the discrepancy results from the fact that the transition dipole
of the amide-II normal mode intersects with the C-NH2 bond
at a large angle: 25° for the trans-C7 structure and 48° for the
cis conformer.

To further explore the dependence of relative transition dipole
angles on peptide conformation, normal-mode analysis was
performed on the same 105 trans structures from Figure 10c at
the B3LYP/6-31+G(d,p) level. Parts a-c of Figure 11 show
the contour maps ofθij as a function of (φ, ψ). Figure 11c
indicates that the angleθAC between the amide-I and -II modes
within the same peptide unit depends on the dihedral angles
and hence is not a constant. In fact, the angle between the amide-
II transition dipole and the C-NH2 bond is found to range from
15° to 60° depending on the peptide conformation. This behavior
confirms that the previous assumption of them being parallel is
not adequate. In comparison to Figure 3b in ref 11, where the
local transition dipole model was assumed, theθBC map between
the two amide-I modes (Figure 11b) looks somewhat similar in
trend, but on the average, theirθBC values differ by∼9° (room-
mean-square difference). Although this difference seems small,
an inaccurate map could give rise to quite differentφ and ψ
angles. We will further discuss the use of theθij contour maps
and the importance of obtaining the transition dipole orientation
from quantum chemical calculations for each conformation in
(φ, ψ) space in Section 4.7.

4.5. Coupling Constants, Local Mode Frequencies, and
Anharmonicities. Although ab initio vibrational analysis pro-
vides two amide-I and one amide-II normal modes, we need to
further extract information on the amide-I and -II local modes
and coupling constants for 2D IR spectral simulations. To this
end, we extended the Hessian matrix reconstruction method,
carbonyl population analysis,66 to include the amide-II mode.
The amide-II local mode was represented by the ab initio
eigenvector elements of the amino nitrogen and hydrogen atoms
in the mass-weighted Cartesian coordinates, and the amide-I
local mode was approximated by those of the carbonyl carbon
and oxygen atoms. The 3-by-3 unitary transformation matrix,

TABLE 2: Optimized Structures and Vibrational Properties of AcProNH 2 in Vacuo and in Chloroforma

conformation dihedral angleb
normal-mode

frequencyc
IR transition

strengthd
transition dipole

anglee

(ω′, φ, ψ, ω) ωA ωB ωC IA IB IC θAB θBC θCA

trans-C7
f (-173,-83, 69,-176) 1568 1635 1700 229 248 410 35 (30) 139 (129) 113 (134)

cisf (10,-91,-6, 179) 1547 1669 1705 124 424 353 95 (60) 158 (164) 97 (133)
trans-C7

g (-172,-84, 65,-178) 1583 1636 1686 408 415 674 35 (34) 140 (127) 117 (133)
cisg (9, -88,-10,-180) 1576 1657 1686 174 775 574 102 (62) 154 (161) 91 (133)

a Backbone dihedral angles, amide-I and -II normal mode frequencies, IR transition strengths, and relative angles between transition dipoles are
obtained from DFT calculations and normal mode analysis at the B3LYP/6-311++G(d,p) level.b Defined in Figure 1; units in degrees.c Units in
cm-1. d Units in km/mol.e Units in degrees. Values in parentheses are calculated based on the local transition dipole model (see Section 4.4).f In
vacuo.g In chloroform using SCRF-PCM.
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U (matrix elementUjJ), between the normal modes (J ) A, B,
andC) and local modes (j ) a, b, andc) was constructed. We
assumed that the weight of the-NH2 group in theJth normal
mode is proportional toUaJ

2 by

whereumi,J is the Jth eigenvector element of the nitrogen or
hydrogen atoms of the amino group and the subscripti denotes
thex, y, andz components. A positive sign was assigned toUaJ

if the ∠HNH bond angle of thea amide-II local mode increased
during theJth normal mode motion. The weight of the CdO
group and signs ofUbJ andUcJ were determined based on the
same procedure used in ref 66. TheU matrix thus obtained was
used to reconstruct the Hessian matrix of local modes by the
similarity transformationH ) UΛU-1, whereΛ is the eigen-
value matrix from the ab initio vibrational analysis. The resulting
Hessian matrix was almost symmetrical. We enforced the
symmetry of the Hessian matrix by taking the mean value of
the upper and lower off-diagonal elements.

From Hessian matrix reconstruction, we obtained the local
mode frequencies,ωi

0, and coupling constants,âij, for thetrans-
C7 and cis conformers in chloroform, as listed in Table 3. The
coupling constantâCA that comes from amide-I and amide-II
modes in the same peptide unit is(23.8 cm-1 for the trans-C7

form and (30.6 cm-1 for the cis form. These values are
comparable to experimental values of 27 cm-1 for NMA in
DMSO34 and (31 cm-1 for AcProNH2 in CH2Cl2.10 The
coupling constantâAB ((16.5 cm-1 for the trans form), arising
from amide-I and -II modes in different peptide units, shows a
good agreement with that reported in ref 10 ((18.7 cm-1). The
coupling constantâCA between amide-I modes (-4.7 cm-1 for
the trans form) is close to the-4.9 cm-1 value calculated by
Hahn et al.11 but it is somewhat smaller than the experimental

estimate ((10 cm-1) in ref 10. Parts d-f of Figure 11 show
the conformational dependence of the coupling constants
obtained from applying the Hessian matrix reconstruction
method to the 105 gas-phase trans conformers.

To calculate the diagonal and off-diagonal anharmonicites
for 2D spectral simulations, the local mode frequencies and the
coupling constants were used to construct vibrational one- and
two-exciton Hamiltonians.67 Here a harmonic approximation was
used, in which the part of the bilinear transfer matrix element
betweenυ ) 1 andυ ) 2 states of individual vibrators isx2
times those forυ ) 0 toυ ) 1. The zero-order anharmonicities,
∆, of the amide-I and amide-II local modes were assumed to
be the same because these modes have been shown to exhibit
similar diagonal anharmonicities (Section 3.3 and ref 10). The
one- and two-exciton normal modes were obtained from
diagonalization of the Hamiltonians. The association between
each normal mode and its parent local modes was established
by identifying the eigenvector element that has the largest
magnitude. Table 3 shows the resulting∆ii and∆ij of the amide-I
and amide-II normal modes by setting∆ ) 15.0 cm-1 for the
solvated structures. Here the value of∆ was chosen to yield
the best fit of∆ii to the diagonal anharmonicity obtained from
our pump-probe experiments (Section 3.3). For thetrans-C7

conformer, the amide-I/II mixed-mode anharmonicity of the
amide modes within the same amide unit is found to be 3.5
cm-1, in good agreement with the experimental value of 3.5(
0.5 cm-1 for NMA in DMSO68 and 6.5( 1 cm-1 for AcProNH2

in CH2Cl2,10 and with the ab initio calculated value of 4.4 cm-1

for AcProNHMe in vacuo.69 The mixed-mode anharmonicity
of the amide-I and -II modes from different amide units has
∆AB ) 7.0 cm-1, very close to the 6.5( 1 cm-1 value
determined for AcProNH2 in CH2Cl2.10 The two amide-I modes
have an off-diagonal anharmonicity of∆BC ) 0.5 cm-1,
somewhat smaller than the measured value (1.5( 1 cm-1) in
CH2Cl2.10 This is to be expected because the calculatedâBC is

Figure 11. Conformational dependence of transition dipole orientations and coupling constants of the trans AcProNH2 in vacuo as a function of
the dihedral anglesφ andψ. Angles between transition dipoles [θAB (a), θBC (b), andθCA (c) in deg] were obtained from DFT calculations and
normal-mode analyses at the B3LYP/6-31+G(d,p) level. Coupling constants [âAB (d), âBC (e), andâCA (f) in wavenumbers] were calculated from
an extended Hessian matrix reconstruction method.

TABLE 3: Local Mode Frequencies, Coupling Constants, Diagonal Anharmonicities, and Off-Diagonal Anharmonicities of
AcProNH2 in Chloroform (Units in cm -1)

conformation
local mode
frequency

coupling
constant

diagonal
anharmonicity

off-diagonal
anharmonicity

ωA
0 ωB

0 ωC
0 âAB âBC âCA ∆AA ∆BB ∆CC ∆AB ∆BC ∆CA

trans-C7 1599 1628 1678 (16.5 -4.7 (23.8 10.6 10.7 12.7 7.0 0.5 3.4
cis 1586 1655 1675 -9.6 6.4 (30.6 12.4 14.1 12.1 1.4 0.5 4.6

UaJ
2 ) NJ ∑

m)N,H
i)x,y,z

umi,J
2
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also smaller than the experimental estimates. On the basis of
the second-order perturbation theory, the mixed-mode anhar-
monicity has a squared dependence on the associated coupling
constant.67

It should be noted that there are two possible signs forâAB

andâCA listed in Table 3. The signs in the top row correspond
to the phase definition as described at the beginning of this
section. Those in the bottom row correspond to the opposite
definition, namely that a negative sign is assigned toUaJ if the
∠HNH bond angle increases during the normal mode motion.
This ambiguity in the sign does not affect the eigen frequencies
of the one- and two-exciton bands. Hence the calculated diagonal
and off-diagonal anharmonicities are independent of the sign.

4.6. Simulation of 2D IR Spectra.We used eqs 3 and A5-
A10 to simulate the RPE spectra and the equations in ref 9 to
simulate the R and NR spectra of AcProNH2. These equations
ignore dynamics due to coherence and population transfer
between vibrational modes. This is a reasonable assumption in
the present case because the measured energy transfer time
ranges from 3 to>20 ps in CH2Cl2.10 Because our laser pulses
have a finite bandwidth, the response functions were convolved
in the time domain with electric fields of the laser pulses
represented by a Gaussian function. All time orderings of the
pulses during pulse overlap were included.

Simulations of 2D IR spectra require a large number of input
parameters. In ideal situations, all parameters could be deter-
mined experimentally. In reality, we need to make reasonable
assumptions and simplifications. In the following discussion,
we will briefly explain what assumptions were made, and how
molecular parameters were determined.

We first considered two conformers, thetrans-C7 and cis
forms, with a population ratio of 4:1 based on previous
studies5,18,20,58,59and also on our RPE spectrum taken at (0, 0,
0, 0) polarization (Figure 4a3 and c3). For every vibrational
mode, the transition dipole moment of each conformer was
allowed to vary slightly from the value measured by linear FT-
IR (Section 3.1), but the integrated vibrational intensity with
population weighting was kept close to the experimental value.
The diagonal and off-diagonal anharmonicities of both conform-
ers were set to the values shown in Table 3. The fundamental
frequencies,ωA, ωB, andωC, of the major conformer were set
to within 3 cm-1 of the peak positions taken from the FT-IR
measurements. Those of the minor conformer were chosen to
best simulate the diagonal slices of the R and NR spectra at (0,
0, 0, 0) polarization (Figure 4c1 and c2).

We assumed that the vibrational dynamics of the two
conformers were the same. The frequency fluctuations of the
0-1 and 1-2 transitions of the A, B, and C vibrators were
considered to be strictly correlated and the correlation coef-
ficientsfA , fB , andfC were set to 1. Assuming that the frequency
fluctuations of the amide-I and -II modes were nearly uncor-
related to one another, we set the correlation coefficientscAB,
cBC, and cCA to 0. This assertion is consistent with previous
experimental and theoretical studies of the alanine dipeptide that
found the two amide-I bands of the peptide to be nearly
uncorrelated.39,70The experimentally measured correlation coef-
ficient between the amide-I and amide-II frequencies of NMA
is also small.34

The population decay times of the three vibrators were set
to the values obtained from the transient grating measurements
(Figure 7). For the 0-1 transitions, the Lorentzian and Gaussian
contributions to the pure dephasing ratesΓA, ΓB, ΓC, σA, σB,
andσC were allowed to vary. The diagonal anharmonicity was
assumed to have no fast fluctuations (Γ∆i ) 0) and no static
inhomogeneity (σ∆i ) 0). The decay of coherences during the
T and t period due to finite lifetimes of the overtone and

combination bands were set to take the form of (T1
i+i)-1 )

2(T1
i)-1 and (T1

i+j)-1 ) (T1
i)-1 + (T1

j)-1, respectively, making
our system approximate a harmonic oscillator linearly coupled
to bath modes.71-73

Noting that the relative intensity ratio and the line shapes of
the peaks in the R and NR spectra are very sensitive to the
contributions of homogeneous and inhomogeneous broadening,
we utilized the intensity ratios of A, B, and C peaks in the R
and NR spectra (Figure 4a1 and a2) to determine the bestΓi

and σi parameters in a systematic way. ManyΓi and σi pairs
were first chosen from a grid of a (Γi, σi) map with a 1 cm-1

resolution using the criterion that each pair could produce a
Voigt profile satisfying the linear FT-IR line width for each
peak. This large set of parameters was used to calculate R and
NR spectra, and only those pairs that could reproduce the
measured peak intensity ratio between the R and NR spectra
(∼1.4, ∼4, and∼4 for peaks A, B, and C, respectively) were
selected. Further refinement of the parameters was achieved by
matching the calculated and experimental relative peak intensi-
ties in each 2D spectrum. Because the doublet features in the
NR spectrum sensitively depend on the line widths and the peak
positions of the minor conformer, the fundamental frequencies
and line widths were fine-tuned iteratively to simulate the
diagonal profiles of the R and NR spectra. The resulting
parameters were used to simulate the RPE spectrum without
further refinement. The simulated 2D (0, 0, 0, 0) spectra are
shown in Figure 4b1-b3, and their diagonal slices (dashed blue)
in Figure 4c1-c3. The parameters are:ΓA ) 0.02,ΓB ) 3.7,
ΓC ) 2.3, σA ) 4.7, σB ) 6.5, andσC ) 7.0 cm-1. The
fundamental frequencies of peaks A, B, and C are 1581, 1630,
and 1686 cm-1 for the trans conformer, and 1591, 1645, and
1699 cm-1 for the minor conformer, respectively. The general
features of the simulated 2D IR resemble these measurements
quite well.

Simulations of the (45,-45, 90, 0) spectra using the same
set of parameters are presented in Figure 5b1-b3. The relative
intensities of the cross-peaks reasonably agree with the experi-
mental data (Figure 5a1-a3) in their overall trends; E peaks are
the most intense, D peaks show moderate intensity, and F peaks
are the weakest. However, a closer comparison shows that the
calculated intensity of the F peaks is much stronger than the
experimental data suggested.

4.7. Conformations of AcProNH2. To check whether a
different major conformer may exist that provides a more
quantitative agreement between the simulation and experiment,
we carried out further simulations of 2D IR spectra using each
trans structure in the (φ, ψ) space of Figure 10c as the major
conformer. We focused on the (45,-45, 90, 0) cross-peaks
because they are free from intense diagonal contributions. The
simulation incorporated the relative transition dipole angles
(Figure 11a-c) and off-diagonal anharmonicities of the amide-I
and -II modes derived from the coupling constants (Figure 11d-
f), as calculated in Sections 4.4 and 4.5. No other parameters
were changed. Out of the 105 simulated spectra, those obtained
atφ ) -80° resemble the experimental data most closely. This
is not unexpected because of the restriction onφ imposed by
the pyrrolidine ring structure. Parts a-f of Figure 12 show six
spectra in which the major trans conformations are indicated
by the six circles (from bottom to top) in Figure 10c. These
conformers are in the vicinity of (a) theRR structure (ψ ≈-50°),
(b) the crystal structure (ψ ) -14°),3 (c) the average conforma-
tion from MD simulation (ψ ) 15°),11 (d) the C7 structure (ψ
≈ 70°), (e) an intermediate conformation between C7 and PII,
and (f) the PII conformation (ψ ≈ 150°). As the dihedral angle
ψ varies, changes in the cross-peak patterns are clearly seen.
Figure 12d atψ ) 60° shows a nearly identical cross-peak
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pattern to that in Figure 5b1 which employs the solvatedtrans-
C7 structure as the major conformer. Among these spectra, the
best matched cross-peak pattern to the experimental data (Figure
5a1) occurs atψ ) 100° (Figure 12e). This simulation result
suggests that the ensemble averaged conformation of AcProNH2

deviates from thetrans-C7 structure, the gas-phase global
minimum, to an extended intermediate between C7 and PII

structures in CDCl3.
To test the robustness of the above simulation procedure for

structure determination, we extensively explored the dependence
of the (45,-45, 90, 0) cross-peak patterns and the (0, 0, 0, 0)
diagonal profiles onθij, ∆ij, Γi, andσi. It is found that the cross-
peak patterns are very sensitive toθij and ∆ij but much less
dependent onΓi andσi. On the contrary, the diagonal profiles
exhibit the opposite sensitivity on these parameters. Judging
from the quality of our systematic search for the best fitΓi and
σi, we are confident that the validity of the major conformation
determined here depends mainly on the accuracy ofθij and∆ij.
Because we obtainedθij directly from ab initio normal-mode
analysis, its accuracy is only determined by the level of quantum
chemical calculations employed in this study. It is free from
the inaccuracy inherent in the local mode transition dipole
approximation used in previous studies. As discussed in Section
4.4,θij obtained from this approximation can be quite different
from that of normal-mode analysis. In fact, when we generated
the 2D cross-peak patterns based on this approximation in our
initial stage of simulations, we reached an erroneous conclusion
that the best matched conformation has (φ, ψ) ≈ (-120°, 120°),
close to a parallelâ-sheet structure. Thus, using the correctθij

maps in Figures 11a-c is critical for structure determination.
The accuracy of∆ij is determined by the approximations
involved in the Hessian matrix reconstruction method. As
discussed in Section 4.5, the corresponding coupling constants
âij are quite reasonable. Therefore, the structure, (φ, ψ) ≈ (-80°,
100°), determined here should be representative of the trans
conformation of AcProNH2 in CDCl3.

To understand how the solvent CDCl3 influences the domi-
nant conformation of AcProNH2 compared to that in the gas
phase, it is instructive to examine the gas-phase PES of the trans
conformer in Figure 10c. It has a global minimum around (φ,
ψ) ) (-80°, 70°) with a valley elongated along the dihedral
angleψ. This indicates that angleψ is rather flexible but angle
φ is relatively rigid. The solvent could displace the global
minimum along the vertical valley to a differentψ location with
somewhat similarφ angle and/or stabilize shallow potential wells
such as those in the solid curve of Figure 10b. In other words,
in the presence of weakly polar CDCl3, the potential energy
landscape could be modified to favor other trans conformations
and depopulate the C7 conformation.

Previous CD, NMR, and IR studies on a closely related
peptide AcProNHMe support this idea.5,17,19,20The population

of the trans-C7 conformation decreases from 95% in tetrachlo-
romethane (CCl4)17 to 80% in CDCl3 5,20and 60% in CD2Cl2.19

The population of other conformations increases in more polar
solvents. In CDCl3 and dimethyl sulfoxide (CD3SOCD3), the
PII conformation is increasingly populated, and the PII andRR

conformations seem to be equally populated with the C7

structure in acetonitrile (CD3CN).5

According to a long-established rule for solvent effects on
molecular conformation, the conformation of the higher dipole
moment will be preferentially stabilized in media of higher
relative permittivity.74 The calculated dipole moment of
AcProNH2, listed in Figure 12, decreases with increasingψ.
The rule would predict that the dominant conformation of
AcProNH2 shifts from C7 toward RR when it is solvated by
weakly polar CDCl3, but our results indicate an opposite shift
toward PII. In addition, previous studies suggest that trans
AcProNH2 takes the PII conformation in water, a very polar
solvent.2,13 The behavior of AcProNHMe in various solvents,
as summarized above, does not follow this rule, either. The PII

conformation is increasingly populated as solvent polarity
increases. The dielectric constant of DMSO is higher than that
of acetonitrile, butRR is not observed in DMSO. These results
suggest that the simple electrostatic consideration of molecular
conformation is not sufficient for predicting solvent-dependent
conformations for systems such as AcProNH2 and AcProNHMe
where specific solute/solvent interactions, such as hydrogen-
bonding and steric hindrance, can play important roles. Although
CDCl3 has a low relative permittivity, experimental evidence
has shown that CDCl3 is capable of making hydrogen bonds
with other molecules.75 A recent MD simulation observed a
weak hydrogen bond between CDCl3 and the carbonyl of
N-methylacetamide.76 Thus, specific interactions between
AcProNH2 and CDCl3 may affect its conformations.

Contrary to our results, a recent MD simulation of AcProNH2

in CDCl3 obtained a unimodal distribution of conformations with
ensemble-averaged dihedral angles of (φ, ψ) ) (-70°, 15°),11

predicting a conformation shift from C7 toward decreasingψ,
i.e., toward the crystal structure of AcProNH2

3 and RR. The
discrepancy between their simulation and our experiment may
come from the limitation of force field employed in their
simulation. It has been shown that the AMBER program favors
the RR conformation but not an extended structure.77

Last, it is insightful to use our ab initio maps in Figure 11a-c
to reinterpret the cross-peak anisotropy data of ref 10 by finding
the (φ, ψ) coordinates where the contours of experimentally
determinedθAB, θBC, and θCA intersect. The two regions
enclosed by the solid white lines in Figure 10c indicate the
allowed (φ, ψ) coordinates for the major conformer when all
possible experimental values were considered. This finding
suggests that the major trans conformation of AcProNH2 in CH2-
Cl2 is either C7 or PII or both. If we exclude the map in Figure

Figure 12. Simulations of R spectra at (45,-45, 90, 0) polarization at a fixed dihedral angleφ ) -80°. Shown here are six representativeψ
angles from-60° to 140° in 40° intervals; each spectrum is near (a) theRR structure (ψ ≈ -50°), (b) the crystal structure (ψ ) -14°), (c) an
average conformation from MD simulation (ψ ) 15°), (d) the C7 structure (ψ ≈ 70°), (e) an intermediate conformation between C7 and PII, and
(f) the PII conformation (ψ ≈ 150°). Cross-peak patterns are distinct enough to specify the dihedral angleψ. The simulated spectrum withψ ) 100°
(e) best reproduces the experimental cross-peak pattern in Figure 5a1. The dipole momentµ below each figure is given in Debye. The frequency
axes of these spectra span the same range as those in Figure 5a1.
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11c based on the usual assumption thatθCA is independent of
peptide conformation because it is the angle between the amide-I
and -II modes within the same peptide unit, the region enclosed
by the gray dashed line in Figure 10 also becomes allowed.
Thus, utilizing the conformation dependence of all three angles
in conformation analysis can greatly narrow down the allowed
conformational space. The same analysis was performed on the
θAB′ and θB′C of a minor trans conformer reported in ref 10.
We found a broadly allowed region centered at (φ, ψ) ≈ (-95°,
105°), very different from their proposedRR conformation. We
also found that if the same conformation analysis was instead
performed using the angle maps generated under the local mode
transition dipole approximation, the resulting dihedral angles
could differ by as much as∼30° depending on which definition
of the transition dipole orientations in the literature51,65was used.
These results demonstrate the importance of using angle maps
from quantum-chemical calculations to guide experimental data
interpretation.

5. Conclusions

In this study, we have shown that acquiring 2D IR spectra
with multiple pulse sequences simultaneously at two polarization
conditions can provide a substantial amount of structural
information on a small peptide in solution. In particular, we
have derived the major backbone structure of AcProNH2 in
CDCl3 from its 2D IR spectra and discussed our findings in
relationship with those from previous studies. In comparison
to the recent applications of the 2D IR R sequence and transient
pump-probe technique to the study of AcProNH2, our combined
experimental and simulation approaches offered distinct advan-
tages. First, the multiple 2D spectra were utilized in a systematic
way to extract the molecular parameters that these spectra are
most sensitive to: obtaining vibrational frequencies and line
widths from the peak positions and relative intensities of the
(0, 0, 0, 0) R and NR spectra, resolving trans and cis conformers
by the (0, 0, 0, 0) RPE and NR spectra and determining dihedral
angles by simulating the (45,-45, 90, 0) cross-peak patterns.
This procedure circumvents the severe interference from the
diagonal contributions encountered in previous studies and
allows for quantitative determination of structure and dynamics.

Second, our approach involved extensive 2D IR spectral
simulations for a large region of the Ramachandran space.
Relative transition dipole angles, coupling constants, and mixed
mode anharmonicities were obtained from normal-mode analy-
sis, Hessian matrix reconstruction, and the vibrational excition
model, respectively. Obtaining these molecular parameters
directly from quantum-chemical and semiempirical calculations
is proven to be critical for structure determination.

The major trans conformation of AcProNH2 in CDCl3,
determined by our 2D IR measurements, is an intermediate
between the C7 and the PII form centered at (φ, ψ) ≈ (-80°,
100°). The effect of CDCl3 on the conformations of AcProNH2
does not follow the simple predictions based on solvent polarity.
This suggests that specific peptide-solvent interactions may
play an important role. In light of previous studies of AcProN-
HMe using conventional spectroscopic techniques, another
possible explanation of our results would be that trans AcProNH2

adopts a bimodal distribution centered at the C7 and PII structures
with certain population weighting. To gain insight into the details
of conformational distribution, higher-level MD simulations and
quantum-chemical calculations that properly include solvent
effects are needed to provide more accurate structures and
molecular parameters for further simulations of 2D IR spectra.
We hope that our results will stimulate further work in this
direction.
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Appendix: RPE Response Functions

To simulate 2D IR spectra, the dynamical factorsF(mn|qr|uw)
in the response functions of eqs 1-3 need to be expressed in
specific models. Here we describe the general expressions for
the RPE sequence including the effects of vibrational frequency
correlations. Corresponding factors for the R and NR sequences
have been reported previously.9 The vibrational dynamics of
the system are modeled by assuming that the system-bath
coupling is governed by stochastic processes that follow
Gaussian statistics and neglecting the vibrational relaxation
between level pairs. The population relaxation of theith level
is taken into account phenomenologically by a decay time of
T1

i. Applying cumulant expansion, theF(mn|qr|uw) factors in
eq 3 can be written as

Here the forbidden terms have been omitted. The line shape
functions are generally defined as

F(i0|i + i,0|i0) ) 2µi
4 exp[- τ + t

2T1
i

- T

2T1
i+i

+ gii(τ) -

gi∆i
(τ) - gii(T) + 2gi∆i

(T) - g∆i∆i
(T) + gii(t) - gi∆i

(t) -

gii(τ + T) + gi∆i
(τ + T) - gii(T + t) +

gi∆i
(T + t) - gii(τ + T + t)] (A1)

F(i0|i + i,0|i + i,i) ) F(i0|i + i,0|i0) exp[- t

2T1
i+i

-

gi∆i
(T) + g∆i∆i

(T) - gi∆i
(τ + T) + gi∆i

(T + t) -

g∆i∆i
(T + t) + gi∆i

(τ + T + t)] (A2)

F(i0|i + j,0|j0) ) µi
2µj

2 exp[- τ
2T1

i
- T

2T1
i+j

- t

2T1
j
+

gij(τ) - gij(T) + gij(t) - gii(τ + T) - gjj(T + t) -

gij(τ + T + t)] (A3)

F(i0|i + j,0|i0) ) µi
2µj

2 exp[- τ + t

2T1
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- T

2T1
i+j
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F(i0|i + j,0|i0) exp[- t

2T1
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gab(t) ) ∫0

t
dτ1 ∫0

τ1 dτ2 〈δωa(τ2)δωb(0)〉
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where 〈δωa(τ2)δωb(0)〉 is the correlation function of the
frequency fluctuationsδωa(t) and δωb(t) about their mean
values. The line shape functions included in this model aregii(t),
g∆i∆i(t), gi∆i(t), and gij(t), corresponding to autocorrelation
functions 〈δωi(τ2)δωi(0)〉 and 〈δ∆i(τ2)δ∆i(0)〉 and cross-cor-
relation functions〈δωi(τ2)δ∆i(0)〉 and〈δωi(τ2)δωj(0)〉, respec-
tively. The fluctuation in the off-diagonal anharmonicity,δ∆ij(t),
is not included.

In the case of a strict separation of time scales of homoge-
neous and inhomogeneous broadening, i.e., Bloch dynamics,
the line shape functionsgii(t), g∆i∆i(t), gi∆i(t), andgij(t) become
[Γit + (σi

2t2/2)], [Γ∆it + (σ∆i
2t2/2)], fiσiσ∆it

2/2, andcijσiσjt2/2,
respectively:Γi is the motionally narrowed pure dephasing rate
of the 0-1 transition for vibratori, Γ∆i characterizes the
motionally narrowed part of the diagonal anharmonicity fluctua-
tions, andσi and σ∆i characterize the widths of the Gaussian
inhomogeneous distributions of the 0-1 transition and diagonal
anharmonicity, respectively. The statistical correlation
coefficients fi and cij are defined as〈δωi‚δ∆i〉/(σiσ∆i), and
〈δωi‚δωj〉/(σiσj), respectively. Under these assumptions, and
settingτ to 0, theF(mn|qr|uw) factors in eqs A1-A4 become

On the basis of these equations, it is clear that the vibrational
dephasing of the two quantum coherences during theT period
will be significantly faster than that of the single quantum
coherences during thet period. For instance, eq A7 shows that
the contribution of the pure dephasing rateΓi in T is 4 times
that in t. In addition, these equations can be readily used to
investigate the effects of vibrational frequency correlations on
RPE spectra. If the frequency fluctuations of the two vibrators
are correlated, the cross-peaks will be line-broadened. If the
vibrators are anticorrelated, the cross-peaks will be line-
narrowed, elongated toward the antidiagonal.
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