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Two color femtosecond infrared pump/probe spectroscopy has been used to study the vibrational dynamics
and vibrational mode coupling of amide-A and amide-I/II modes within the same amide unit and those
connected by a hydrogen bond for several model dipeptides: AcAla(H)OMe, AcAla(D)OMe, and AcProNHMe.
Three spectral ranges were explored as follows: around 3µm (amide-A(H) mode), 4µm (amide-A(D) mode),
and 6-8 µm (amide-I/II modes). The lifetime of the excited amide-A mode in nonhydrogen-bonded amide
is found to be strongly dependent upon deuteration: 4.0 ps in AcAla(H)OMe and 0.58 ps in AcAla(D)OMe.
The diagonal anharmonicities are found to be∆N-D ) 110 cm-1 and∆N-H ) 144 cm-1, respectively, both
much larger than the ca. 15 cm-1 for the amide-I mode. By pumping the amide-A band and probing the
amide-I/II mode region, direct coupling between the amide-A and the amide-I/II modes has been observed.
The off-diagonal anharmonicity between amide-A(D) and amide-I within the same amide unit has been
measured to be 1.6 cm-1, and this anharmonicity is larger (4.6 cm-1) when a Fermi resonance component in
the amide-I mode is involved. A mixed mode coupling with an apparent time-dependent off-diagonal
anharmonicity is observed as a result of the relaxation of the amide-A mode to lower frequency modes,
which are in turn coupled to the amide-I mode. This is found to be significant within the first half picosecond
after the pump in the case of the deuterated AcAlaOMe since theT1 of the amide-A(D) vibration in that
example is short. The amide-A/amide-I coupling across the hydrogen bond in the self-hydrogen-bonded C7

conformation of AcProNHMe is 1.4 cm-1. The alignment of the transition dipoles (amide-I/II modes) relative
to the known directions for N-H and N-D was measured and used to obtain structural information on the
chemical structure of peptides. The direction of the amide-I transition moment in the molecular frame changes
upon deuteration of the amide and upon hydrogen bonding of the N-H group of the amide. The angle between
the amide-I transition moment and N-H in the same amide is determined to be 23( 3° for AcAla(H)OMe
where the N-H group of the amide is weakly hydrogen-bonded in the C5 conformation. This angle changes
to 13 ( 4° for the deuterated compound and to 34.5( 3° when the N-H group is involved in strong
intramolecular hydrogen bonding in the C7 conformation (AcProNHMe). Two different conformers were
observed for AcAla(H)OMe based on cross-peak anisotropy measurements. The structures of these conformers
are assigned to C5 (carbonyl) and C5 (ester) conformations, where a five-membered ring is formed by the
carbonyl or ester oxygen atom. A first principles simulation of the two color pump/probe signal based on the
third order nonlinear polarization, assuming a homogeneous line width for the amide-I and amide-A modes,
reproduces the data satisfactorily.

1. Introduction

Two-dimensional infrared (2D IR) spectroscopy has recently
been proposed as a means to determine the structural dynamics
of biological assemblies having amide-I modes.1-9 In 2D IR,
sequences of femtosecond infrared pulses are used to manipulate
vibrational coherences leading to knowledge of angular distribu-
tions of the amide groups and their intermode anharmonicities.
These anharmonicities are related to the couplings between
amide units and hence to their spatial arrangements. The same
2D IR experiment measures the dynamics of the distributions
of amide-I vibrational frequencies, which are related to the
distributions of structures that occur in equilibrium. Although
2D IR has great promise for biological applications,10-12 a
number of fundamental issues regarding the dynamical responses

of molecular vibrations in solutions first need to be addressed
quantitatively. In addition, models for the potential energy
surfaces of peptides suitable for generating mode coupling
mechanisms need to be more fully explored.

A significant improvement in the utility of 2D IR could be
expected if the infrared pulse sequence was chosen to manipulate
two or more different types of molecular vibrations. This
experiment could be done by constructing the sequences from
infrared sources having different frequencies. Such two color
experiments may yield intermode couplings and provide ad-
ditional structural constraints. A variety of two color pulse
sequences for 2D IR experiments were recently proposed along
with discussion of their response functions.13-15 Besides, the
amide-I mode, which is mainly the CdO stretch, the N-H
stretch, or the amide-A mode, is also a useful indicator of
secondary structure.16-20 Therefore, a two color 2D IR experi-
ment involving the amide-I modes at 6µm and the amide-A
modes at 3µm is expected to provide useful new information
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on peptide structure and dynamics. However, nothing is known
experimentally about the coupling of amide-I and -A modes,
even when they are on the same amide unit. This coupling must
be known in order to develop reliable models for the coupling
of different amide units. For example, for a dipeptide with two
amide units (1 and 2), there are four states in the amide-I/
amide-A combination band region: I1 + A1, I1 + A2, I2 + A1,
and I2 + A2. A structurally based model for the relative energies
of these states requires knowledge of the In and An coupling (n
) 1, 2). The through bond part of the coupling is expected to
be small because the N-H mode is highly localized and involves
mainly hydrogen motions. Nevertheless, the interamide coup-
lings that depend on secondary structure, perhaps through
transition charge interactions,1,21 will be important. Therefore,
it is important to have experimental measures, in solutions, of
the mixed mode anharmonic coupling within a single amide
unit and amide units separated by across hydrogen bonds.

Determining the relative orientations of bonds in an individual
peptide group is important in understanding higher order
structural elements of proteins and peptides. However, deter-
mination of the angular relationships among key functional
groups in small peptides is still a challenging task. One way to
obtain such information is through the determination of the
transition dipole moment directions of vibrational modes.
However, even for a simple single amide unit, the direction of
the various transition dipole moments can be molecular structure-
dependent, and large discrepancies are found between experi-
mental measurements and theoretical calculations. For instance,
the dipole moment derivative of the amide-I mode was found
experimentally between+15 and+25° from the CdO bond
direction in a model compoundN-methylacetamide (NMA),22

whereas the results obtained from ab initio calculations range
from -19 to+20° in NMA or for different model compounds,
depending on the selection of the force field.21,23-27 For the
amide-A mode, the direction of the transition moment relative
to the CdO bond was determined to be either+8 or +28° in
NMA,22 whereas it is+13° in acetanilide.28 The present
approach provides an effective way to determine the average
angles between different transition moments for peptides in
solutions.

The third order 2D IR experiment can be carried out by
heterodyning the radiated infrared field with either the probing
pulse itself29,30 or a fourth infrared pulse.2,6 The former is a
pump/probe technique in which an infrared pulse with a narrow
frequency bandwidth excites the sample and a shorter, broad
band pulse probes it before it is frequency-dispersed. The
ultrafast infrared pump/probe technique has proved to be an
effective way of examining intra- and intermolecular vibrational
relaxation in a wide variety of examples that include solu-
tions,15,31-37 neat liquids,38-40 surfaces,41-44 and numerous
theoretical descriptions of the expected IR/IR pump/probe
signals that have been developed.13,45-47 Two color infrared
pump/probe methods requiring the generation of two separate
infrared frequencies were previously used in studies of sur-
faces,41 liquid water,14 alcohols,15,48carbonmonoxy myoglobin
and hemoglobin,49 and aqueous molecular ions.33

In this work, we present IR pump/probe measurements of
the coupling and angular relations of the amide-A, amide-I, and
amide-II modes in single amide units and between units
connected by a hydrogen bond. To extract the structural
parameters from the pump/probe measurements, it was necessary
to characterize as fully as possible the underlying vibrational
dynamics.

2. Material and Methods

2.1. Two Color Midinfrared Pump/Probe Setup. A two
color midinfrared pump/probe transient spectrometer was con-
structed. It was based on a Ti-sapphire laser system (Clark-
MXR CPA2001) with a fiber oscillator and a regenerative
amplifier, operating at 775 nm (pulse duration, 130 fs; repetition
rate, 1 kHz; and pulse energy, 700µJ). The output of the
regenerative amplifier was split into two parts to pump two IR
OPAs, each producing ca. 60µJ/pulse total energy in signal
and idler beams. Two separate difference frequency generators
(DFG) produced mid-IR beams tunable from 3 to 10µm (at 6
µm: bandwidth ca. 120 cm-1, pulse duration ca. 150 fs, pulse
energy ca. 0.7µJ/pulse). The output of one DFG unit was used
as a pump and tuned to generate either a 3 or a 4µm beam that
could be centered at the amide-A band (N-H or N-D stretching
mode). A narrow band IR filter (Optical Coating Laboratory
Inc., CA) was used to further confine the bandwidth of the 4
µm pump beam to 37 cm-1 (full width at half-maximum
(fwhm)), which corresponded to a pulse duration of 390 fs and
overall instrument response time of 440 fs. A broadband
excitation (fwhm 100 cm-1) was used in the 3µm region
yielding an instrument response time of ca. 200 fs. Another DFG
unit was used to generate probe and reference pulses (bandwidth
ca. 160 cm-1; pulse duration, 140 fs; pulse energy ca. 0.05µJ/
pulse), which were tunable across the range from 1300 to 3550
cm-1. Polarization of the pulses was controlled by a set of wire-
grid polarizers. The time zero was determined by monitoring
the cross-phase modulation in the solvent.

2.2. Materials and Sample Preparation.The model peptides
used in this work, acetyl-alanine-OMe (AcAlaOMe) and acetyl-
proline-NHMe (AcProNHMe), were purchased from Bachem
Co. The deuteration of the AcAlaOMe compound was achieved
by dissolving it in D2O and lyophilizing it overnight, providing
a deuteration of 96% of the amides. The deuterated sample was
dissolved in CDCl3 whereas the nondeuterated ones were
dissolved in CHCl3, both at a concentration of ca. 20 mM.
Samples were held in a rotating CaF2 cell with a path length of
510µm. The AcProNHMe sample was prepared in CHCl3 at a
concentration of 120 mM with a path length of 100µm. All of
the measurements were performed at room temperature (22(
1 °C).

2.3. Fitting and Simulation Methods.The transient signal
for a single oscillator was a sum of a transient absorption (V )
1 f V ) 2), ground state bleach (decrease in 0f1), and
stimulated emission (1f0). The frequency of the 1f2 transition
was anharmonically shifted from the 0f1 transition, and its
extinction coefficient was approximately twice as large as that
of 0f1. The anharmonic shift determined the strength and shape
of the transient spectrum, which we refer to as the diagonal
signal. When combination bands were accessed, the off-diagonal
anharmonicity caused the appearance of a similarly shaped
signal, which we refer to as the cross-peak or off-diagonal
signal: of course, when there was no coupling between the
modes and all of the relevant transitions had the same width,
there was no such difference signal. Because of the finite line
widths, which can differ for 0-1 and 1-2 and combination
band transitions, and the effects of hole burning, which are
determined by the excitation pulse spectrum and the inhomo-
geneous distribution, the observed peak separations did not yield
the anharmonicities directly. An exception occured for the case
of N-H and N-D modes where the diagonal anharmonicity
was sufficiently large that it was essentially equal to the splitting
between the bleach and the new absorption. However, for the
combination bands, which generally exhibited anharmonic shifts
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that were smaller than the line widths, the underlying parameters
were only obtained by globally fitting the difference spectra
obtained for different times. The fitting of the spectra required
knowledge of the relative values of the peak extinction
coefficients and sufficiently accurate representations of the
spectral line shapes obtained from FTIR measurements. In the
present cases, Lorenzian representations of these line shapes
were found to be adequate. Because the amide-I and -A bands
were not symmetric or did not exhibit shoulders, the contribu-
tions of all of the contributing bands were required to fit the
data. One approach would be to just fit the kinetic spectra to a
number of components; another would be to curve fit the FTIR
to obtain its underlying components, which could then be used
to fit the kinetic spectra. We combined both of these approaches
by simultaneously fitting both FTIR and transient spectra. The
component bands from the combined fits are shown in some of
the figures. All fitting results incorporated convolution with the
instrument response function.

The two color pump/probe signals were also simulated from
the third order nonlinear polarization13 using the measured
dynamical and frequency parameters. The relevant Liouville
pathways are shown in Figure 1. The response functions were
similar to those reported previously.1,13 In Figure 1, the density
operator indices correspond to the ground state,|00〉, the amide-I
state excitations,|10〉 and |20〉, the amide-A state excitations,
|01〉 and|02〉, and the amide-I/amide-A combination band,|11〉.

Population flow into modes other than those amide modes
that are excited (IVR) is modeled by allowing the population
of the N-H mode to relax into a fifth level (labeledx in Figure
2) whose anharmonic coupling to amide-I can be parametrized.
The deexcitation ofx is assumed to repopulate the ground state.
The presence of the statex provides a model for the situation
in which the apparent N-H/amide-I anharmonicity is time-
dependent. The statex may represent the effect of many states

of the system. Its anharmonicity, which is a parameter found
by fitting experimental data to the model of Figure 2 at a given
delay time, is a population-weighted average of the off-diagonal
anharmonicities of these many states and the amide-A mode.
When the amide-A mode (N-D or N-H) is pumped, there will
be an immediate change in the amide-I mode spectrum if there
is a finite coupling between the modes. We know from previous
experiments that the intensities for amide-I mode excitations
obey harmonic rules1 to adequate experimental accuracy, in
which case when the lifetime of the pumped state is much longer
than the pulse width, the off-diagonal anharmonicities and the
line width of the induced transition from the amide-A state to
the combination band are the remaining variables in the fitting
procedure. Otherwise, the model of Figure 2 must be fitted to
the kinetic and spectral data. In fact, we find significant changes
with time of the amplitudes and peak separations of the signals
for the N-D mode excitation and amide-I probing. However,
the time resolution of the experiment is shorter than the
population relaxation time of amide-A and so a meaningful
extrapolation to zero time delay is possible.

In the spectral region of the N-H stretch mode, the linear
spectrum of the solvent (chloroform) has broad, weak absorp-
tion, which can be excited by the pump pulses. The transient
signals in this spectral region from the solvent only constitute
up to∼20% of the signals obtained from the peptides. The time
evolution of this solvent transient contains fast (∼300 fs) and
slow (several picoseconds) components. However, this signal
is quite reproducible and can be subtracted from the peptide
response. All of the relaxation measurements reported here
showed this small fast kinetic component, which was subtracted
off to obtain the quoted experimental relaxation times.

The overall response functions were calculated including all
of the diagrams of Figure 1 yielding the total pump/probe signal
as a function of the delay times and the shapes of the pump
and probe pulses. Calculations were performed by using the
MATLAB platform (The Math Works Inc.) on a Pentium III
computer. The time scale was from-1.5 to 9.5 ps in steps of
9 fs.

3. Results

The linear IR spectra are described in Section 3.1, the kinetics
and transient spectra are described in Section 3.2, and the
anisotropy results are described in Section 3.3. Summaries of
the main results are displayed in Table 1.

Figure 1. Liouville pathways that are involved in the pump/probe
experiment. Response functions from those diagrams are used to
simulate the experimental data.

Figure 2. Three level model to describe the origin of the mixed mode
coupling in the observed pump/probe off-diagonal cross-peak signal.
It is assumed that the N-D relaxes to the unknown state “x” with the
rate constant of 1/T1,ND. This state is coupled with amide-I and relaxes
to the ground state with the rate constant of 1/T1,x. This model is applied
to both components in the amide-I mode in the case of the N-D
excitation.
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3.1. Linear IR Spectra. The relevant parts of the FTIR
spectra of AcAlaOMe, AcAla(D)OMe, and AcProNHMe in
chloroform are shown in Figure 3. The spectra of the three
different pump pulses used for excitation of the amide-A modes
are also shown in Figure 3. For AcAlaOMe, the acetyl CdO
forms the amide grouping along with the Ala N-H, yielding
an amide-I band in the 1645-1680 cm-1 region. A red shift of
4-5 cm-1 is found upon N-H/N-D exchange. The methyl
ester carbonyl band at higher frequency,∼1740 cm-1, is not
affected by N-H deuteration. The amide-I band of AcAla(D)-
OMe has evident overlapping components. The weakerb
component, on the low-frequency side, is slightly narrower (18
cm-1, fwhm) than the strongera component (22 cm-1, fwhm).
The relative intensity of these two components is 1:0.22. This
ratio was determined to be independent of concentration in the
range 0.2µM to 20 mM in CDCl3, supporting the notion that
these bands do not arise from aggregates of the peptide.
Therefore, theb component is either a minority conformation
of the peptide or a Fermi resonance due to a nearby combination
band. In AcAla(H)OMe, the amide-I band also exhibits two
components but they have a smaller splitting than that in the
deuterated compound, where their presence is evidenced only
as an asymmetry of the band in the FTIR spectrum (Figure 3B).
Further analysis reveals that Fermi resonance is the most
probable origin of the amide-I band substructure in both
isotopomers.

The N-D mode band at 2550 cm-1 (Figure 3A) has an
overall spectral width of ca. 35 cm-1 (fwhm), with an integrated
area of 13% of the amide-I band. There is a clear shoulder on
the high-frequency side of the band. The N-H band at ca. 3436
cm-1 in AcAla(H)OMe (Figure 3B) has an integrated area of
25% of the amide-I band. It shows clearer substructure than

AcAla(D)OMe with a weaker and narrower component at
3450.3 cm-1 (fwhm ) 16 cm-1) and a stronger component at
3435 cm-1 (fwhm ) 25 cm-1), with the area ratio of 1:5. The
former is in the frequency range for free N-H absorption, while
the latter is in the range found for weakly hydrogen-bonded
structures. The splitting of the amide-A band, as will be shown
below, probably originates from populations of different second-
ary structures in both isotopomers. At higher concentration, the
spectrum of the N-H region changes due to aggregation
evidenced by appearance of more red-shifted N-H absorption
bands at ca. 3300 cm-1. The concentration dependence shows
that the bands at 3435 and 3450.3 cm-1 belong to isolated
(nonaggregated) peptides.

The AcProNHMe dipeptide allows us to investigate the effect
of intramolecular hydrogen bonding on the coupling between
amide-A and amide-I modes in the same amide unit. The
coupling between the amide-A and amide-I modes on either
side of the intramolecular hydrogen bond has also been studied
for AcProNHMe. It is known that in nonhydrogen-bonding
solvents AcProNHMe adopts the C7 self-H-bonding conforma-
tion,11,36,50 thus presenting a model for theγ-turn motif. The
FTIR absorption spectrum of this compound in the amide-A
band region consists of two bands: a small sharp peak at 3452
cm-1 (fwhm ) 27 cm-1) caused by nonhydrogen-bonded
amides and a strong and broad band at 3333 cm-1 (fwhm )
119 cm-1) originating from the C7 self-hydrogen-bonded
conformation,18,51with an area ratio of 1:5.8. In the experiment
reported here, the pump frequency was tuned to excite pre-
dominantly the peptides in the C7 conformation, as shown in
Figure 3C.

The two amide-I bands of AcProNHMe, a lower frequency
band at 1625 cm-1 (acetyl end) and one at 1670 cm-1

(methylamino end), exhibit a substructure. The amide-I (me-
thylamino end) band is narrower and can be uniquely decon-
voluted into two bands at 1680 (fwhm 17 cm-1) and 1668.8
cm-1 (fwhm 20 cm-1) with the area ratio of 1:2. The amide-I
(acetyl end) band is broader and asymmetric. Spectral decon-
volution, supported by transient data, gives two components at
1626.5 (fwhm 30 cm-1) and 1619 cm-1 (fwhm 27 cm-1) with
the area ratio of 3.8:1. The amide-II (methylamino end) band
is observed at 1550 cm-1 and consists of two clear subbands:
at 1554 (fwhm 26 cm-1) and 1534 cm-1 (fwhm 34 cm-1).

3.2. Pump/Probe Spectra and Kinetics.We now present
the data on diagonal and cross-peak regions for each of the
peptides, including the results of fitting spectra and kinetics
leading to the diagonal and off-diagonal anharmonicity param-
eters and lifetimes of the various states. The results for AcAla-
(D)OMe are presented in most detail since they illustrate the
typical approach used in all examples.

3.2.1. Amide-A Excitation in AcAla(D)OMe. Diagonal Region.
Figure 4A shows the pump/probe transient spectrum of the N-D
mode of AcAla(D)OMe at a short delay time (∼150 fs). The
bleach (decrease of|00〉f|01〉 due to removal of population
from |00〉 and stimulated emission bands (|01〉f|00〉) is observed
at ca. 2550 cm-1 (full width of ∼35 cm-1), and the new
absorption (|01〉f|02〉) is observed at ca. 2440 cm-1 (fwhm
∼156 cm-1) with the diagonal anharmonicity of 110 cm-1. The
decay of the transient absorption at 2450 cm-1 is single
exponential with the decay time of 610( 60 fs (Figure 4B).
At the bleach region (2550 cm-1), the fit yielded 570( 40 fs
and an additional slow component of 5.5( 0.8 ps (9%). A full
analysis of the time evolution of the transient spectra (data not
shown) ensures that the fast component (average value, 580 fs)
is the population relaxation time of the amide-A(D) mode. The

Figure 3. Linear infrared absorption spectrum of AcAla(D)OMe (A),
AcAla(H)OMe (B), and AcProNHMe (C) in chloroform in the selected
regions. The spectra of the respective pump pulses and the sketches of
the chemical formulas are shown.
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slow component is assigned to another relaxation process and
is discussed in Section 4.5.

Cross-Peak Region.Figure 5 shows the pump/probe off-
diagonal signal in the 6µm region. Linear IR spectra are also
shown in Figure 5 for comparison. All of the observed transient
spectral features are in accordance with expectations from the
corresponding linear IR spectra. By pumping the N-D band at
2550 cm-1 (Figure 5), instantaneous responses at the amide-I
frequencies are observed, indicating a direct mode-coupling
between these modes and amide-A. However, the N-D

relaxation time is sufficiently short that at zero delay time the
optically pumped mode is not the only populated mode.

One negative feature at 1673 cm-1 and two positive features
at 1643 cm-1 and 1662 cm-1 are found. This transient spectrum
indicates that the signal is composed of two pairs of bleach
and absorption signals, corresponding to the two components
(a andb) observed in the amide-I mode linear spectra (Figure
3A). The transient peaks on the low- and high-frequency sides
(1640 and 1673 cm-1) are most clearly separated from the
others. A spectral deconvolution yields two bleach signals at
1652 and 1671 cm-1 and two new absorptions at 1640 and 1650
cm-1. The observation of the off-diagonal signals at the higher
frequency Ala carbonyl region (1740 cm-1) indicates that there
is an anharmonic coupling between the free amide-A and the
CdO stretch mode at the ester end.

Figure 6 shows the cross-peak signals at various delay times
in the amide I region after pumping the N-D band at 2550
cm-1. The coupling between N-D and amide-I appears to
change with delay time. Two positive bands and one negative
signal are always seen in the region of 1620-1700 cm-1 as the
delay time changes from 0 to 1.6 ps, indicating that two pairs
of bleach and absorption signals are always involved. These
are the signals related with the componentsa and b of the
amide-I mode as indicated above. However, their relative
intensities (and peak positions) change as a function of time,
as if the anharmonicity was time-dependent. The persistence
of the off-diagonal cross-peak signal even when the N-D
population is completely relaxed proves that the shifts are caused
by coupling of the amide-I to other modes besides N-D. The
off-diagonal anharmonicities obtained from the analysis of these
spectra and kinetics are listed in Table 1. They are smaller than
the spectral line widths of the amide-I or carbonyl transitions.

Figure 4. (A) Pump/probe transient spectrum of the N-D stretching
mode of AcAla(D)OMe in the amide-A region measured at a 150 fs
delay. The dotted lines show the fit to bleach and new absorption
signals. (B) Kinetics at 2550 and 2450 cm-1 measured at magic angle
polarization. The decay at 2450 cm-1 is inverted for comparison. The
instrument response function is shown as a dotted line. Best fits of
exponentials are shown as thin solid lines.

Figure 5. Off-diagonal transient spectra in the amide-I/CdO stretch
region of AcAla(D)OMe at a time delay of 150 fs along with the FTIR
spectrum. The best fit (using transients and linear FTIR) is shown by
a thin solid line. Dotted lines show the spectral components of the
amide-I band obtained by the fit.

Figure 6. Off-diagonal pump/probe spectra in the amide-I region of
AcAla(D)OMe acquired at different time delays: 0 fs, 150 fs, 530 fs,
and 1.6 ps. The simulated transient spectra are shown as thick solid
lines (see text for details). The following are the modeling parameters.
(i) Amide-A data: 2550 cm-1, ∆AA ) 110 cm-1, T1 ) 0.58 ps,T2

(|00〉f|01〉) ) 0.26 ps; (ii) amide-A/amide-Ia combination: 1671 cm-1,
∆AIa ) 1.6 cm-1, T2 (|0a1〉f|1a1〉) ) 0.41 ps; amide-Ia:T1 ) 1.17 ps,
T2 (|0a0〉f|1a0〉) ) 0.40 ps; (iii) amide-A/amide-Ib combination: 1651
cm-1, ∆AIb ) 4.6 cm-1, T2 (|0b1〉f|1b1〉) ) 0.55 ps; amide-Ib:T1 )
1.17 ps,T2 (|0b0〉f|1b0〉) ) 0.48 ps; (iv) amide-Ia/x combination:∆xIa

) 4 cm-1; T2 (|0a0x〉f|1a0x〉) ) 0.38 ps; (v) amide-Ib/x combination:
∆xIb ) 7 cm-1; T2 (|0b0x〉f|1b0x〉) ) 0.54 ps.
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For the N-D peptide, Figure 7 shows the apparent off-diagonal
anharmonicities as a function of delay time. Each point is
obtained by fitting the time-dependent spectra in the manner
described in Section 2.3: we assume that a population-weighted
distribution of anharmonically shifted modes is being observed.
The off-diagonal anharmonicity for the amide-I componentsa
and b at zero delay time is 2.1( 0.5 and 5( 1 cm-1,
respectively. At 1.6 ps delay time, these two apparent anhar-
monicities become 4( 0.5 and 7( 1.5 cm-1. The solid line in
Figure 7 is a simulation that will be described later.

Figure 8 shows the cross-peak kinetics measured at 1672
cm-1. The kinetic signal shows finite growth time of the signal,
evidenced in Figure 8 by the peak in the kinetic trace occurring
at the delay times in excess of 1 ps. There is clearly a time
evolution of the effective anharmonic shift. At times beyond 1
ps, the N-D population is greatly diminished (T1 ) 580 fs) so
the amide-I transitions seen in the transients must originate in
levels that were reached by the N-D relaxation. These modes
(or mode) display an overall relaxation time of 7.0( 0.8 ps.
By global analysis of the spectral and kinetic data in terms of
these populations, we find an apparent time-dependent anhar-
monicity, presumably because these levels to which N-D
relaxes couple more strongly to the amide-I mode than does
the N-D mode. The decay time of 7 ps represents an average
time for the cooling process; it is comparable to the time of 10
ps obtained recently for AcProNH2 in methylene chloride after
amide-I band excitation.36 The off-diagonal anharmonicities for
amide-A and amide-Ia/-Ib of the same amide unit are found to
be, respectively, 1.6( 0.4 and 4.6( 0.7 cm-1 from this
analysis. The averaged coupling of the amide-A mode and the
ester carbonyl (1740 cm-1) determined from the magic angle
(Figure 5) is much smaller, at 0.45( 0.2 cm-1.

3.2.2. Amide-A Excitation in AcAla(H)OMe. Diagonal Peak
Region.Figure 9A shows the spectrum of AcAlaOMe obtained
for the N-H band excitation at 350 fs time delay. By using
low concentration of the sample and tuning the pump to the
high-frequency side of the amide-A band, it was possible to
ensure that 95% of the excited population corresponded to the
isolated peptides. The bleach and stimulated emission contribute
to the spectrum at 3436 cm-1, and the new absorption
(|01〉>f|02〉) is at 3292 cm-1. As the pump spectrum is broader
than the whole N-H absorption band of the isolated peptides,
both subbands at 3435 and 3450.3 cm-1 are excited. While the
diagonal anharmonicity of the main component at 3435 cm-1

can be accurately determined, the diagonal anharmonicity for
the minor component (3450.3 cm-1) is less certain and is
assumed to be the same as that for the major component. A
diagonal anharmonicity of 144( 7 cm-1 is obtained, which is
significantly larger than that found for the amide-A(D) mode.
The spectral width of 43 cm-1 for the transient absorption
(|01〉f|02〉) at ∼3292 cm-1 is about twice the ground state
absorption width of 25 cm-1 for the main component (see Figure
3B). However, it is considerably less than the 156 cm-1 width
found for the transient absorption band of the amide-A(D) mode
(Figure 4A).

TABLE 1: Experimental Relaxation and Angular and Coupling Data for AcAla(D)OMe, AcAla(H)OMe, and AcProNHMe a

dipeptide T1 (ps) ∆AA (cm-1) ∆AI (cm-1) 〈cos2êAI〉 θAI (°)
In the Same Amide

AcAla(D)OMe 0.58( 0.04 (91%)
5.5( 0.8 (9%)

110( 7 1.6( 0.4b

4.6( 0.7c 0.94( 0.05 13( 4

AcAla(H)OMe 4.0( 0.4 144( 7 1.4( 0.4b

2.6( 0.8c 0.88( 0.05 23( 3

AcProNHMe (C7) 0.58( 0.05d 165( 15 3.5( 0.3
3.5( 0.3

0.67( 0.05 34.5( 3

Between N and C Terminal Ends
AcAla(D)OMe 0.45( 0.2e

AcAla(H)OMe C5(carbonyl)
C5 (ester)
Free N-Hf

1.8-3
0.3-1
0.2-1.2

1-0.67
0-0.22

0-35
62-90

AcProNHMe (C7) 1.4( 0.4
5.5( 1

0.19( 0.05 64( 4

a Amide-A mode lifetime (T1), diagonal (∆AA), and off-diagonal (∆AI) anharmonicities and angles (θAI) between amide-A (NH or ND) and
amide-I transition dipoles.b For amide-Ia band.c For amide-Ib band.d The lifetime for the hydrogen bonded N-H. e Averaged across the band (the
value for the H isotope is 1.2 cm-1). f Conformation with nonhydrogen-bonded N-H.

Figure 7. Apparent off-diagonal anharmonicity for two components
(a andb) in AcAla(D)OMe as a function of delay time.

Figure 8. Cross-peak dynamics measured at 1672 cm-1 in AcAla-
(D)OMe with N-D excitation. The signal from solvent measured at
the same wavelength and contributing at zero time delay was subtracted.
The fit to two exponentials is shown as a thin solid line.τrise ) 670(
50 fs,τdecay) 7.0( 0.8 ps, andT2 ) 0.49 ps. The instrument function
is also shown.
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Decay kinetics at bleach (3292 cm-1) and new absorption
(3430 cm-1) peaks can be fitted satisfactory by a single
exponential function with the decay times of 4.2( 0.5 and 3.8
( 0.5 ps, respectively. However, a better fit is obtained with
two exponentials; for example, for the decay at 3292 cm-1, the
decay times are 2.4( 1 and 6.3( 1.7 ps, with relative
amplitudes of 1.3( 0.8 and 1.5( 0.9, respectively. This
suggests the presence of several structures with nonequalT1

values. However, the error bars for the decay times are large;
therefore, only the averaged value of 4 ps is presented in Table
1. The transient spectra continue to show the diagonal anhar-
monicity of 144 cm-1 throughout theT1 decay, proving that
the N-H mode remains populated and that the measured
dynamics corresponds to the excited amide-A mode. The long
lifetime of the amide-A mode provides a large observation time
window to monitor the off-diagonal cross-peaks so that reliable
off-diagonal anharmonicity values are obtained from global fits.

Cross-Peak Region. A slightly broadened bleach band (1679
cm-1) and one relatively broad new absorption band (maximum
at 1652 cm-1) are found in the cross-peak region (Figure 10).
The direct coupling between amide-A and amide-I in a single
amide unit is clearly observed in this case free from the
relaxation process that is present for AcAla(D)OMe. Similarly
to AcAla(D)OMe, two subbands are required to fit the data.
The main band at 1677 cm-1 exhibits an off-diagonal anhar-
monicity of 1.4 ( 0.4 cm-1, while the weak subband at the
low-frequency side (1665 cm-1) has a larger anharmonicity of
2.6 ( 0.8 cm-1. The anharmonic coupling between N-H and
amide-I (main components) (1.4 cm-1) is close to that found

for the deuterated compound (1.6 cm-1). This result is interesting
considering that the N-H motion is more localized than that
of N-D. The coupling of the amide-A mode and the ester
carbonyl is also determined from the magic angle data such as
that in Figure 10, at 1.2( 0.3 cm-1. However, the anisotropy
is found to be not constant across this band, implying existence
of more than one conformation. As discussed in Section 4.6,
these conformers have different anharmonicity values.

3.2.3. Coupling of the Amide-A and Amide-I Modes in the
C7 Conformation of AcProNHMe. Diagonal Peaks.In this
experiment, the pump pulse predominantly excites the internally
H-bonded C7 conformational distribution of the peptide. The
transient spectra in the amide-A spectral region shown in Figure
11 exhibit a bleach and new absorption anharmonically shifted
by 165( 15 cm-1. The population relaxation time of the N-H
mode is found to be 585( 60 fs (data are not shown).

Cross-Peak Region: On the Same Amide. The transient peaks
in the spectral range of both amide-I bands of AcProNHMe are
observed (see Figure 11). The spectrum at the amide-I (methyl-
amino end) band near 1670 cm-1 shows the same substructure
as seen in the linear spectrum. The same off-diagonal anhar-

Figure 9. (A) Diagonal transient spectrum of the amide-A mode of
AcAla(H)OMe measured at 350 fs time delay along with the linear
absorption spectrum (FTIR). The fit of both spectra is shown as a thin
solid line for transient spectrum and dotted line for FTIR spectrum.
(B) Decay dynamics measured at 3292 cm-1 with magic angle
polarization after amide-A band excitation. A single exponential fit
with the time constant of 4.2( 0.5 ps is shown.

Figure 10. Magic angle transient spectra for AcAla(H)OMe in the
amide-I/CdO stretch band region (line with dots) measured at 350 fs
time delay after excitation of the amide-A mode along with the FTIR
absorption spectrum (thick solid line). The fits of the transient and linear
spectra are shown by dashed lines.

Figure 11. Magic angle transient spectra for AcProNHMe measured
at 200 fs time delay after excitation of the hydrogen-bonded amide-A
mode along with the FTIR absorption (with deconvoluted components)
and the pump laser spectrum (upper panel). Dashed lines show fits of
the transient and linear spectra.
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monicity of 3.5 cm-1 is found for each subband coupled to the
methylamino N-H band. The coupling of the amide-A and
amide-I on the methylamino end of the peptide is about twice
that found for AcAlaOMe.

Cross-Peak Region: Across the Hydrogen Bond. The tran-
sient signal at∼1620 cm-1 arises from the coupling of amide-A
and the acetyl end amide-I mode that are spatially separated by
the hydrogen bond of the C7 conformation. Two components
are necessary to fit the linear and transient spectra (see Section
3.1 and Figure 11). The dominant component at higher
frequency (1626 cm-1) has the C7 amide-A/amide-I off-diagonal
anharmonicity of 1.4( 0.4 cm-1 (see Table 1). The minor
component at 1619 cm-1, which is probably caused by Fermi
resonance, has a larger off-diagonal anharmonicity of 5.5( 1
cm-1.

3.2.4. Coupling of the Amide-A and Amide-II Modes in
AcProNHMe.The transient signal at the amide-II (methylamino
end) band position after pumping the N-H stretch is also
observed (see Figure 11). The fitting of the transient spectra
required the inclusion of two components: a dominant one with
anharmonicity of 2.5( 0.8 cm-1 and a small contribution (20%)
with a large anharmonicity of∼20 cm-1. We ascribe the
dominant component of 2.5 cm-1 to the anharmonic coupling
between the amide-A and the amide-II modes. The other
component is considered to arise after energy transfer between
the amide-A and the amide-II bands both localized at the
methylamino end of the peptide. The large anharmonicity would
then arise from the population in the amide-II mode. About 30%
of the excited amide-A mode population has decayed at the
delay time of 200 fs, when the spectrum of Figure 11 was
measured.

3.3. Transition Moment Orientation and Geometric In-
formation. The angular relationships between vibrators were
studied by polarization anisotropy measurements, which were
performed by changing the polarization of probe with respect
to that of the pump. The characteristic rotation times of these
dipeptides are about 6-10 ps1,36 so the depolarization caused
by overall rotation of the molecule is negligible at time delays
in the range of 200 fs at which the early time spectra are
reported. The polarization ratio,R ) S|/S⊥, or the anisotropyr
) (S| - S⊥)/(S| + 2S⊥), therefore relate to a mean square cosine:

in which êij is the angle between the transition dipole moments
of the modesi andj and the average is over the distribution of
molecular structures. The signals with pump and probe polariza-
tion parallel and perpendicular areS| andS⊥. The angles referred
to in the text areθij ) cos-1(x〈cos2êij〉) and -θij, the latter
arising because the experiment does not distinguish betweenθ
which is on line withπ + θ, andπ - θ which is on line with
-θ, so it measures two possible alignments of the pairs of
transition moments.

Representative parallel and perpendicular componentsS| and
S⊥ are shown in Figure 12 for AcAlaOMe (D) and (H). For
both compounds, the anisotropy is practically constant across
the probed amide-I band near 1680 cm-1. In contrast, the
anisotropy is not constant near the carbonyl mode at the ester
end near 1750 cm-1, indicating that more than one structure
involving the ester group is contributing to the signal. The
variation of anisotropy is similar for both isotopomers, but a
detailed analysis was carried out only for AcAla(H)OMe.

As described before for AcAlaOMe (see Figure 3B), the small
and narrow shoulder at 3451.6 cm-1 was assigned to a

conformer where the N-H group is not hydrogen-bonded. This
conformer contributes only to about 12.5% of all existing
structures at this concentration as calculated from the areas.
Therefore, to account for the observedS| and S⊥, spectral
components of two more conformations have to be included.
To fit the data, these two structures must have carbonyl bands
significantly shifted with respect to each other and different
angles between the carbonyl and the N-H groups. Particularly,
the conformer with the red-shifted carbonyl band should have
high positive anisotropy, while the conformer with the carbonyl
band at higher frequency should have negative anisotropy. It
turns out that to fit the data the carbonyl frequency of the red-
shifted band should be at ca. 1730-1734 cm-1, which is
significantly shifted from the band maximum (by ca. 10 cm-1),
and the band should be broadened. This limits the contribution
from this conformer to ca. 35%, which makes the conformer
with the carbonyl band at higher frequency a dominant
conformer.

The combined fit results of the off-diagonal transient spectra
with parallel and perpendicular polarizations, the diagonal
amide-A magic angle transient spectrum, and the linear spectrum
are shown in Figure 13. The conformer with the free N-H
groups was assumed to have a carbonyl frequency at the high-
frequency side of the band (1747.5 cm-1, fwhm ) 16 cm-1);
this assignment, however, does not affect the conclusions, as
the contribution of these structures is small. The fit required
the anisotropies to be-0.13( 0.07 and 0.3( 0.1, respectively,
for the CdO bands at 1741.7( 1 and 1734( 2 cm-1 with

Figure 12. Polarized transient spectra in the amide-I region for AcAla-
(D)OMe at 0 fs delay (A) and AcAla(H)OMe at 350 fs (B) after
amide-A band excitation. The spectra of the respective pump pulses
are shown in Figure 3. The polarization of the probe is tuned to parallel
(||, opened circles) or perpendicular (⊥, filled circles) to the pump
polarization.

〈cos2êij〉 ) 2R - 1
R + 2

) 5r + 1
3

(1)
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widths 19( 2 and 25( 2 cm-1. Naturally, the off-diagonal
anharmonicities have larger uncertainties, being 0.3-1, 1.8-3,
and 0.4-1.1 cm-1 for the bands at 1741.7, 1734, and 1747.5
cm-1, respectively. The assignment of these two structures is
presented in Section 4.6.

The off-diagonal polarized transient spectra of the AcProN-
HMe show practically constant anisotropy across each of the
three probed bands: amide-I (amino end), amide-I (acetyl end),
and amide-II (amino end) (Figure 14). This confirms that
dominantly the C7 conformers are excited in that case.

4. Discussion

The N-H vibrational mode of peptides and polypeptides is
highly localized, being almost a pure N-H stretching motion.
Its diagonal anharmonicity in the range of 150 cm-1 makes it
a very anharmonic motion as compared with other amide modes.
The N-H mode region is also very sensitive to molecular
structure, but the complexity of its Fermi resonances with
combination bands and overtones has resulted in the amide-I
region being more widely used in structural studies. In order
that the N-H and N-D modes are rendered more useful in
multidimensional spectroscopies, it is necessary to obtain

information on their coupling to other amide modes. The energy
for a pair of amide-A and amide-I region modes, up to second
order in their vibrational quantum numbersυA andυI, is

whereωA andωI are the zero order frequencies andøij is the
anharmonicity. In the present notation, the fundamental frequen-
cies areωA0 ) G(1,0) - G(0,0) andωI0 ) G(0,1) - G(0,0);
the 1f2 transitions are atωA0 - ∆A andωI0 - ∆I where the
diagonal anharmonicity is, for example,∆A) -2øAA - 1/2øAI;
and the combination band frequency isωA0 + ωI0 - ∆AI. The
off-diagonal anharmonicity is∆AI ) -øAI. We also refer to∆AI

as the mode coupling. Both mechanical interactions and through
space electrostatic effects will contribute to the mode coupling.
Sometimes, these contributions can be treated separately.27 We
have generated models for the anharmonicities in peptides with
spatially separated amides based on through space electrostatic
interactions.7,52,53 For amide units that are adjacent to one
another in polypeptides, the mechanical coupling, or through
bond forces, is likely to be the dominant contribution30,36,52so
coupling models will require other modes to be involved. As
far as we know, no simple model for the coupling constantøAI

has been reported.
4.1. Substructure of Bands.For the amide-I and amide-A

bands that are examined here, more than one transition is often
seen in the region of interest even though the molecule contains
only one amide group. Accidental degeneracies (Fermi reso-
nances), multiple conformations of the peptides, or the presence
of aggregates of the peptide can cause these additional bands.
The occurrence of Fermi resonances in the spectra of carbonyls
and N-H stretch modes is well-known: in fact, the strong
carbonyl stretch IR transitions are seldom ever found as single
symmetric bands and nearby combination bands are often
intensified.

In the case of AcAlaOMe, the presence of two amide-I band
components at 1678 and 1665 cm-1 (1670 and 1650 cm-1 for
the deuterated compound) is probably a result of Fermi
resonance. The extra band is unlikely to be caused by the
presence of a subpopulation of a hydrogen-bonded conformation
since this structure would introduce a coupling of the N-D(H)
and the Ala CdO at 1740 cm-1. The Fermi resonance
hypothesis is consistent with the observed significant difference
between the off-diagonal anharmonicities of thea andb amide-I
components in combination with the amide-A mode for both
isotopomers (see Table 1); we expect that the off-diagonal
anharmonicity of a combination band would be dominated by
properties of the combining modes, not necessarily by the amide
mode providing the intensity. On the contrary, the substructure
of the amide-A band in AcAlaOMe, most clearly evident in
the H-form (see Figure 3B), is attributed to different conforma-
tions, as discussed in Section 4.6.

4.2. Simulations and Global Fitting of Data.For simulations
of the data, dephasing times (see Table 1) were obtained from
the linear IR or transient spectra. The population relaxation times
(T1) were either measured from the diagonal pump/probe
experiments or assumed from previous studies of model amide-I
mode relaxation that showed the relative insensitivity of the
amide-I relaxation to structure.1 The relaxation times of higher
excited states were estimated from harmonic models. The fitting
was done by calculating the response functions based on these
parameters, carrying out the appropriate convolutions with the
driving fields and Fourier transforming along the time axis after

Figure 13. Linear absorption spectrum with deconvoluted components
(A) and polarized transient spectra (B) of AcAla(H)OMe in the carbonyl
band region. The solid lines in B are the fits.

Figure 14. Polarized transient spectra in the amide-I/amide-II band
regions for AcProNHMe, 200 fs after amide-A band excitation along
with the linear spectrum (dashed line). The spectrum of the pump pulses
is shown in panel C.

G(υA,υI) ) ωA(υA + 1/2) + øAA(υA + 1/2)
2 + ωI(υI + 1/2) +

øII(υI + 1/2)
2 + øAI(υA + 1/2)(υI + 1/2)
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the third field interaction to calculate the pump/probe spectrum.
The linear spectrum of AcAla(D)OMe was calculated by
assuming a homogeneous line width for botha andb compo-
nents in the amide-I mode and for the amide-A mode. The
simulated spectra fit the experimental results reasonably (Figure
6). The simulated off-diagonal cross-peak spectra (thick solid
lines) are superimposed on the experimentally obtained transient
spectra at similar delay times in Figure 6, and satisfactory
agreement is found between the calculated and measured data.

In Figure 8, the signal at negative delay time (probe before
pump) contains the perturbed IR free induction decay,45,46which
is determined by the inverse of the total width of the absorption
band. The small discrepancy near zero time delay between
experiment and simulation is from the contribution of solvent
present in the experimental data (see Experimental Section).
The data were fit by assuming the two subpopulations (amide-A
and x) having different anharmonic couplings to the amide-I
mode. The solid lines through the data points in Figure 7
correspond to this global fit, which yields the two anharmonic
couplings and the relaxation times. Because the relaxation out
of the N-D mode is comparable with the time resolution, 40%
of the observed signal at zero time delay is due to the intermode
coupling between a relaxed mode or modes and the amide-I
mode. The time-dependent apparent off-diagonal anharmonicity
can also be simulated from first principles by including the
diagrams involvingx shown in Figure 2. The fitting requires
the coupling between thex modes and amide-I to be stronger
than between amide-A and amide-I. For the N-H peptide, the
apparent coupling is not initially time-dependent: as a result
of the much longer lifetime of N-H as compared with N-D,
the vibrational relaxation does not influence the signals signifi-
cantly in this case and the off-diagonal anharmonicity is
measured directly and free from interference from the transitions
of other modes.

4.3. Angular Properties.As described above, the anisotropy
measurements yield the transition dipole alignments. The
alignments of the transition dipole moments of the amide-A
and amide-I (CdO) in the same amide unit are found to be
different for different peptides (see Table 1). For example, we
find values forθij of (20° ((3) in AcAlaOMe and(35° ((3)
in AcProNHMe. This indicates a diversity in the angular
relationship between the N-H and the CdO groups in different
molecular environments, in agreement with previous re-
sults.22,28,54We also found that the alignment depends on N-H/
N-D exchange: the angleθij is (20 ( 3° in the N-H form
and(13 ( 4° in the N-D form. Because the amide-A mode is
a localized vibrator, its transition dipole moment direction must
be close to the N-H bond axis21 and we will assume in the
ensuing discussion that it is precisely along the N-H axis. The
deuterated amide-A transition dipole is also assumed to be along
the N-D bond axis although, because of its proximity to the
mid-IR fundamentals and the mass change, the mode should
not be as localized as N-H. On the otherhand, it is well-known
that the direction of the transition dipole moment of the amide-I
mode is not parallel to the CdO bond axis.21,27

Amide groups in proteins generally adopt planar conforma-
tions55 because of the partial double bond character of the C-N
bond.56 Both isolated amides and those participating in external
hydrogen bonding are planar (ω g 178°)56,57 with average
angles,∠OCN ) 123.2°, ∠CNH ) 119.5°, and∠CO,NH )
3.7°,57 which are very close to the angles calculated at the ab
initio 6-31G* level for the AcAlaOMe dipeptide (∠OCN )
122.4°, ∠CNH ) 119.8°, and∠CO,NH ) 2.6°). The γ-turn
structure discussed herein is an example where the amide can

be less planar (ω ∼ 173-175°) due to the strain involved in
forming a seven-membered ring in the self-hydrogen-bonded
conformation.58,59

To clarify the discussion of transition dipole alignments, we
define a right-handed coordinate system withzalong the NfH
or NfD bond axis,y pointing toward the carbonyl end of the
amide group andx perpendicular to the plane of the amide
group. For AcAla(D)OMe, the measurement locates the amide-I
transition dipole at either of the polar anglesθ ) 13 or 180-
13°, both withφ ) π/2. The latter choice is consistent with the
calculations and measurements of Krimm and co-workers (ref
21 and references therein). The CdO bond axis has the polar
angle (180-3) ) 177° (φ ) π/2) according to numerous
experiments and calculations.21,57,59On this basis, the amide-I
transition moment is measured to be 10° to the CdO axis.

Both thea and theb amide-I band regions of AcAla(D)OMe
exhibit the same cross-peak anisotropy; therefore, they have the
same alignments of amide-A and amide-I. This is again
consistent with them being Fermi resonances. This alignment
of the N-H and amide-I transition dipoles for AcAla(D)OMe
was found to be 157( 3° (φ ) π/2), yielding an angle of 20
( 3° between the amide-I transition dipole and the CdO bond,
which agrees well with the value of 20° obtained from theory.21

Both thea and theb subbands of the amino end amide-I of
AcProNHMe also show the same alignment to the amide-A
mode dipole (see Table 1). On the basis of the above discussion,
the angle between the transition moments is identified as 145.5
( 3° (φ ) π/2). The N-H of AcProNHMe participates in an
intramolecular H-bonded seven ring C7 structure. However, in
this case, the value of 34.5° for the alignment of the amide-I
transition dipole and the CdO group is 11.5°, larger than found
for the isolated amide (AcAla(H)OMe). The angle of the NH
group to the CO group in the C7 conformation is computed as
8.5°,59 which suggests that the amide-I transition dipole is rotated
to be 25° to the CdO bond axis in the H-bonded structure.

The amide-II (methylamine end) transition dipole is aligned
at 75( 3° to the amide-A mode dipole in AcProNHMe. The
computed angle between the CN and the NH bonds in the C7

structure is 63°59 so the amide-II transition dipole must make
an angle of 12° to the CN bond direction. This is close to the
value of 73° previously reported for the angle between the
amide-II transition dipole and the CdO bond.21

For AcProNHMe, the acetyl amide-I band shape is asym-
metric but the transient anisotropy is again constant across the
band giving an angleθij between the N-H and the amide-I
transition moments of(64 ( 4° (see Table 1). The angle
between NH and CO bonds is calculated at the ab initio 6-31G*
level to be 69-72° in the C7 self-H-bonded structure. If the
amide-I transition moment was assumed to be at 20° to the CO
bond, the angle between the amide-I and the amide-A dipoles
would be 52°. An angle of 7-10° instead of 20° for the amide-I
dipole/CdO bond alignment gives good agreement of the
anisotropy data. This result suggests that the amide-I mode
transition dipole may be more parallel to the CO bond for proline
as compared with other peptides.

4.4. Coupling Magnitudes.The N-H and N-D stretching
modes are considered to be localized, and this is consistent with
their frequencies: if the modes involved only two atoms, the
zero order frequencies would exhibit a deuterium isotope
downshift of 27%, as compared with an observed value of 24%.
For a Morse potential, the cubic anharmonicity is inversely
proportional to the reduced mass predicting a ratio∆A(H)/∆A-
(D) ) 1.89 whereas we measure a change in the right direction
but only a factor of 1.36. It could be that the force fields are
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not the same for the isotopomers, consistent with the transition
dipole directions being different, or just that the Morse model
is too inaccurate. However, there is at least an indication that
ND is not so localized as N-H. The diagonal anharmonicity
of the N-H mode is approximately the same in two different
peptides AcAlaOMe and AcProNHMe, which is again useful
information for modeling potential surfaces and 2D IR spec-
troscopy.

The coupling DAI of the N-H and amide-I modes across the
H-bond is determined for AcProNHMe in the C7 conformation
to be 1.4( 0.4 cm-1 (Table 1). The coupling of the N-H mode
in AcProNHMe with the acetyl carbonyl is comparable with
its coupling to the carbonyl (amide-I) associated with the same
amide group. This anharmonic coupling must derive from the
CdO- - -H-N potential function since there is unlikely to be
any significant coupling of these groups through the backbone.
All of the couplings are comparatively small presumably because
of the localized character of the N-H bond mode. However,
no simple model for these couplings seems apparent at this time
although they represent a significant challenge to modern
computational methods of determining the potential energy
surfaces of peptides and hydrogen-bonded peptides. These
anharmonic couplings are also essential parameters for the
development of models needed to interpret multidimensional
infrared spectra.53

The anharmonic coupling between the amide-I and the
amide-A modes in the same amide group is similar for the two
AcAlaOMe isotopomers. This result is consistent with the three
state model in which the NH-CO (or ND-CO) combination
band couples to both the NH (or ND) and amide-I overtones
through a bilinear interaction. Such a model predicts an
anharmonic shift of

whereâ is the coupling. The experimental values of∆AI predict
â ) 113 and 67 cm-1 for N-H and N-D isotopomers,
respectively. The fact that the N-D mode has the smaller
transition dipole moment and that the implied coupling mag-
nitudes are in the few tens of cm-1 range suggest that there is
a substantial electrostatic contribution toâ. However, this model
is greatly oversimplified and there is as yet insufficient data
available to provide a thorough test.

4.5. Relaxation Dynamics.The N-H modes of AcProNHMe
and AcAlaOMe have remarkably different values ofT1 with
the AcAlaOMe, N-H relaxation being almost 10 times faster
(see Table 1). In both peptides, the nitrogen atom is directly
bonded to a carbonyl and to a saturated carbon atom, which
for one case is theR-carbon of the alanyl and for the other it is
a methyl group. Because these N-H environments are similar,
we could have expected them to exert comparable forces on
the N-H bond and lead to similar relaxation times. A major
structural difference between the two is that in acetylproline
the structure is an internally hydrogen-bonded C7 configura-
tion.11,18,36,50Therefore, it is suggested that the H-bonding to
the acetyl CdO in the acetylproline shortens the N-H lifetime
by an order of magnitude. There is precedent for the effect of
H-bonding on vibrational relaxation of N-H modes through
the work of Heilweil and co-workers on pyrrole.60

The decay of the transient bleach signal (2550 cm-1) in
AcAla(D)OMe exhibits two exponentials with components of
570 ( 40 fs (91%) and 5.5( 0.8 ps (9%), while the transient
absorption signal at 2450 cm-1 is exponential with a decay time

of 610 ( 60 fs (Figure 4). The fast component clearly
corresponds to the lifetime of the excited amide-A mode, and
the slow component in the bleach signal decay is assigned to
the relaxation of the other modes that are coupled to the amide-A
mode. In a recent paper,36 we showed that a nonexponential
decay of the amide-I mode can be caused by a fast relaxation
to other modes, which then decay more slowly. These distinc-
tions can be made only when the probe spectrum is measured
as a function of delay, and they dramatize the possible pitfalls
of single pulse pump/probe experiments. The effect is clearer
for the amide-A mode whose diagonal anharmonicity is much
larger than the off-diagonal anharmonicities. As a result, the
diagonal and off-diagonal signals are overlapping only at the
bleach spectral region|00〉f|01〉 but not at the spectral region
of the new absorptions|01〉f|02〉 and|00x〉f |01x〉 (Figure 2).
Thus, different decay dynamics are expected at the bleach
(|00〉f |01〉) and new absorption (|01〉f |02〉) frequencies, in
agreement with our observations. The slow component of 5.5
ps thus belongs to the relaxation dynamics of thex group of
states. This effect is not pronounced for AcAla(H)OMe where
the average amide-A band lifetime is long (4 ps) and not very
different from the relaxation times of other states.

The observation of a significant effect of deuteration on the
T1 relaxation of AcAlaOMe has not been quantitatively rational-
ized. However, qualitatively, it is not unexpected. The N-D
mode is less local than N-H and hence is more effectively
coupled to displacements of neighboring atoms thereby provid-
ing more effective pathways of relaxation. Furthermore, because
of its lower frequency than N-H, it can relax through fewer
numbers of quanta of accepting modes. Quite different effects
have been reported for the O-D mode. It relaxes more slowly
than O-H in liquid water.61 The O-H and O-D vibrational
relaxations for a number of alcohols and silanols are very
similar32 and have much longer lifetimes than we find for N-H
or N-D. The N-H mode of free pyrrole relaxes in 50 ps, much
longer than observed in the present work60,62 although in that
example it was found that the N-D stretch mode relaxed much
more rapidly.60 Clearly, the N-H and N-D modes of peptides
are significantly more strongly coupled to other modes than the
N-H, the O-H, or the O-D in these examples, perhaps with
the exception of the N-D mode of pyrrole.

The spectral width of 62 cm-1 for the transient absorption
(|01〉f|02〉) of AcAlaOMe at∼3290 cm-1 is about twice that
of the ground state absorption (|00〉f|01〉) width of 33 cm-1

but less than the 125 cm-1 width found for the transient
absorption band of the amide-A(D) mode. According to the
theory of anharmonicity-induced dephasing,63 all of the one
quantum transitions should have the same width from pure
dephasing so this is unlikely to be the effect that is observed.
Therefore, we conclude that these line width changes reflect,
at least in part, large changes ofT1. This is supported by the
expectations for an harmonic oscillator where the line width of
the 0f1 transition contains a contribution from population decay
of 1/2T1, which increases to 3/2T1 for the 1f2 transition.

4.6. Analysis of the AcAlaOMe Conformations.The results
that provide the essential clues to the nature of the AcAlaOMe
structures present in the solution are the amide-A and amide-I
band frequencies and the anisotropy induced in the ester CdO
transition by pumping the amide-A band. The amide-A fre-
quency at 3435 cm-1 is significantly shifted from the free N-H
region at 3450-3460 cm-1. A probable cause of this N-H
frequency shift is a H-bonding in a five ring structure (C5).18

This conclusion is firm because other possible causes of the
shift such as aggregation or hydrogen bonding to the solvent

∆AI )
-2â2(∆A + ∆I)

(EA - EI - ∆A)(EA - EI + ∆I)
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are eliminated. There are two possible C5 structures for
AcAlaOMe: the one caused by interaction of the N-H with
the ester CdO (C5(carbonyl)) and the other where N-H
interacts with the ester oxygen (C5(ester)) (Figure 14).

The ester carbonyl band anisotropy shows that the frequency
for one conformer is significantly downshifted, suggesting that
the carbonyl group is involved in hydrogen bonding. The high
positive anisotropy of ca. 0.3 observed for this structure indicates
that CdO and N-H transition dipoles are close to being parallel
and allows us to assign this structure to C5 (carbonyl). However,
the carbonyl band anisotropy in the second conformer is negative
and is not downshifted, indicating that the carbonyl is not
participating in hydrogen bonding. This structure is assigned
to the C5 (ester), where the ester CdO and N-H bond axes
make a large angle. The angle between the N-H and the
carbonyl (ester end) bonds of 69° calculated at the ab initio
6-31G* level falls into the range determined experimentally of
62-90° for the dominant conformer (Table 1). The results of
fitting the data show that the populations of the C5 (carbonyl)
and C5 (ester) conformers are similar, suggesting that they have
similar hydrogen bond strength and that both of these structures
contribute to the N-H mode in the 3435 cm-1 region.

The off-diagonal anharmonicity is larger for the C5 (carbonyl)
conformer (Table 1). With reference to the structure in Figure
15, the larger off-diagonal anharmonicity for the C5 (carbonyl)
is consistent with the absence of direct bonding between the
N-H and the CdO groups in the C5 (ester) conformer. The
alignment of the transition dipoles in the C5 (carbonyl) also
favors a larger through space electrostatic interaction for that
case.

5. Summary

We have shown that two color infrared pump/probe spec-
troscopy is an effective approach for obtaining the vibrational
coupling between amide-I and amide-A modes in small peptides.
The intermode anharmonic coupling constants have been
measured to be in the range of a few cm-1. The vibrational
relaxation-induced intermode coupling was also revealed from
the time-dependent spectral shifts. The vibrational lifetime of
the amide-A mode is shortened upon forming an intramolecular
hydrogen bond. The alignments of the transition dipole moments
of amide-A and amide-I modes are found to depend on
molecular structure and on hydrogen bonding, consistent with
previous experimental results and theoretical calculations. The
two color transient spectra can be calculated and fit satisfactorily
to experimental data.
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