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Three pulse infrared nonlinear studies with 100 fs pulses at 3µm of the N-H mode of pyrrole in carbon
tetrachloride were carried out in various experimental configurations including integrated transient gratings,
polarized pump-probe, heterodyned three pulse echoes, and time integrated three pulse echoes. Essential
features of the N-H dynamics were obtained from the measured properties that include the population relaxation
time (T1 ) 81 ( 15 ps), the orientational diffusion coefficients (D⊥ ) (9.18( 1.09)× 1010 s-1, D| ) (3.23
( 0.71) × 1011 s-1), and the N-H vibrational frequency correlation function expressed as a sum of three
exponentials with correlation times 18 fs, 4.4 ps, and>10 ps.

Introduction
A very important challenge for physical chemistry is the

development of methods that determine the time dependence
of structural changes in complex systems. Already there have
been significant advances in time-dependent X-ray diffraction1-3

and NMR probes of equilibrium dynamics.4 In this regard
multidimensional infrared spectroscopy, 2D and 3D IR, can be
expected to contribute significantly,5-22 complementing the
knowledge on average structures obtained by the more estab-
lished methods of structural biology and their time-dependent
variants. The backbones of protein structures are the polypep-
tides whose amide units,-NHCH(R)CO-, have infrared spectra
that are ultrasensitive to the details of the many possible
secondary structures that exist in proteins. The 2D IR method
exposes much more information regarding the potential surfaces
of polypetides than conventional FTIR spectroscopy because it
accesses anharmonic contributions directly, but the interpretation
of the results depends on having a deeper understanding of the
dynamics of vibrational states than can be obtained from pump-
probe experiments. Already a few nonlinear-IR spectroscopic
investigations have been carried out on the amide-I and amide-
II transitions of polypeptides and peptides: these transitions
involve mainly the carbonyl stretching mode and in-plane CNH
bending modes. Another structure sensitive vibration of the
peptide group is the amide-A mode which is mainly the N-H
stretching motion. Recently the first series of experiments using
dual frequencies in 2D IR were used to examine the coupling
between the amide-I and amide-A modes.22 However, knowl-
edge of the dynamics of N-H modes in peptides and in model
systems has proved to be relatively scanty so we began a series
of experiments to begin to fill this gap.

Nonlinear-infrared spectroscopy can provide knowledge of
all the relaxation processes including some that do not manifest
themselves in the linear spectral line shapes. TheV ) 0 f V )
1 transition line shape is determined by the overall rotation of
the molecule, population relaxation timeT1, and vibrational
frequency correlation function. The experimental line shape is

not a very useful determinant of this correlation function23,24

because it provides experimental data only along one axis, either
frequency or time, and the line shape function is usually too
complex to be described by a few parameters. The third-order
nonlinear-IR experiments provide data along three axes in
principle, and even 2D IR obtains a square grid of data points.
These factors result in the correlation function being much better
determined than by linear methods. The nonlinear experiments
probe levels beyondV ) 0 andV ) 1 and so generate relaxation
properties that are not part of the IR line shape. Furthermore
by judicious choice of phase matching conditions and pulse
sequences, the nonlinear signal can be chosen to emphasize
different characteristics of the dynamics and of the correlation
function by means of the pump-probe, transient grating, and
two or three pulse photon echo experimental arrange-
ments.11,17,23,25-30

The N-H vibration in many model systems including
peptides is a mode that is localized on essentially two atoms,
and its structural sensitivity is related to the shifts that occur
on hydrogen bonding. This localized picture is confirmed by
force field calculations of modes and frequencies and by isotope
shifts.31 In systems with multiple N-H modes the excitations
may become delocalized as a result of through space interactions
which would be understood using molecular exciton methods.
The N-H potential is nevertheless relatively anharmonic so the
2D IR spectra have a character different from those obtained
for the CdO modes.19,22 Furthermore hydrogen bonding is
known to have a profound influence on the N-H vibrational
dynamics. For example the H-bonding of pyrrole significantly
alters the vibrational relaxation of the N-H excitations32 as does
the interactions between pyrrole molecules.33-35 In this paper
we examine the infrared nonlinear responses of pyrrole in a
non-hydrogen-bonding environment. Pyrrole is chosen in this
medium because it is known to have a relatively long population
relaxation time compared with the inverse of its linear-IR
spectral line width. Therefore, the line width is determined
largely by reorientation and by the frequency correlation
function, while the solvent, carbon tetrachloride, represents a
relatively inert medium for the N-H bond in which monomers
of pyrrole can be characterized.
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Experimental Methods

The experiments were based on the generation of pulses in
the 3µm region by femtosecond IR optical parametric ampli-
fication (OPA). A single-filament white light continuum was
amplified through a two stage KTP (KTiOPO4, type II, 3 mm
crystal thickness) amplifier, pumped by a home-built 1 kHz Ti:
sapphire regenerative amplifier/Murnane-Kaptein oscillator
combination, producing pulses with energy of 320µJ and a pulse
width of 100 fs. The OPA output was chirped when driven by
shorter pulses. The output beam of OPA was collimated by a
curved mirror and filtered by a long-pass germanium filter. A
typical pulse duration of 110 fs, a bandwidth of 140 cm-1, and
an energy 4.5µJ were obtained in the 2700-3600 cm-1 range.

The IR pulses were split into three equal-intensity excitation
beams (k1, k2, k3) and a fourth weak local oscillator beam (kLO).
The excitation beams were focused on the sample in the
geometry of a box configuration.14 The generated third-order
field in the -k1 + k2 + k3 phase-matched direction11,14 was
directly integrated on a liquid-N2-cooled HgCdTe detector for
the stimulated photon echo experiment. It was combined with
the kLO beam on the detector for the heterodyned experiment.

The optical path lengths of thek1, k3, kLO pulses were varied
separately by computer-controlled delay lines. The time delay
τ separated thek1 andk2 pulses,T referred to the delay between
k2 andk3, and t referred to the separation between thek3 and
kLO pulses.

The pump-probe experiments were carried on the same
apparatus. One of three beams was selected as the pump, and
another was attenuated to act as the probe. The probe was
dispersed and projected onto a 32 channel MCT array detector.

Sample.Pyrrole was purchased from Aldrich and distilled
before use. Pyrrole in CCl4 FT-IR absorption spectra (NH
stretching region) were recorded on a Perkin-Elmer Spectrum
2000 Explorer FT-IR spectrometer with 1 cm-1 resolution
(Figure 1). The concentration of the solution was 38 mM, and
the OD was∼0.3. The sample was placed in a cell between
CaF2 windows spaced by 250µm.

Description of Nonlinear Infrared Signals. To establish the
essential parameters of the vibrational dynamics of the N-H
stretching mode of pyrrole a number of different nonlinear-
infrared experimental approaches were used. Here we introduce
the vibrational response functions associated with these con-
figurations. These, and the analogous optical response func-
tions,36 have been discussed in detail previously7,11,17,37so they
are only summarized here.

The response functions for signals generated by three pulses
are written asGijkl

p (τ,T,t), where τ and T are the intervals
between the first and the second two pulses whilet is the time
elapsed after the third pulse. The indicesi, j, k, and l refer
respectively to the polarizations of the first, second, third, and
generated fields. When the orientational and vibrational motions
are not coupled, the response function can be written as the
product of an orientationalOijkl and an isotropic vibrational part
Rp corresponding to a particular pathway, designatedp, in
Liouville space, so that

Pyrrole is planar and close to being a symmetric rotor and a
symmetric diffuser for which the volumes swept out by rotation
around the two principal in-plane axes of diffusion (D⊥) are
similar. The unique axis, perpendicular to the molecular plane,
is ascribed the diffusion coefficientD|. The effect of orienta-
tional dynamics on the signals is caused by the rotation of the
vibrational transition dipole moment that is parallel to the N-H
bond. Standard methods38 can be used to obtain the relevant
orientational contributions to the response function for this type
of diffuser:

The isotropic responsesRp(τ,T,t) are different for each
Liouville pathway,p,36 One can use double-sided diagrams39

to specify these pathways in the space of the reduced density
matrix, but we will refer to the relaxation functionsIp(ab|cd|ef)
to designate the density matrix elements that characterize the
system after the first (Fab), second (Fcd), and third (Fef) pulses
of a sequence. In an earlier paper17 the explicit forms for the
Ip(ab|cd|ef) based on the cumulant expansion36 were given. The
overall responses include theI ’s and the oscillatory frequency
factors:

Here µ4 is a transition dipole factor that will be introduced
explicitly later. The relaxation functions depend on the vibra-
tional frequency correlation functions and on the population
relaxations of the various states involved in the particular
pathway. When the incident pulses are short enough to
encompass both theV ) 0 f V ) 1 and V ) 1 f V ) 2
transitions of the N-H oscillator, which are separated by ca.
140 cm-1, the response functions involved for each of the N-H
bands in the linear spectrum are the same as those used
previously for integrated echo experiments on N3

- 23 and acetic
acid,38 namely:

Figure 1. Linear-IR absorption spectrum (circles) of pyrrole in CCl4.
The solid line shows the spectrum obtained from the global fit of the
photon echo signals and linear spectrum.

Gijkl
p (τ,T,t) ) Ãijkl (τ,T,t)Rp(τ,T,t) (1)

Ãzzzz(τ,T,t) )

1/9e-(D⊥+D|)(t+τ)[1 + 0.2e-6D⊥T + 0.6e-(2D⊥+4D|)T]

Ãzzxx(τ,T,t) )

1/9e-(D⊥+D|)(t+τ)[1 - 0.1e-6D⊥T - 0.3e-(2D⊥+4D|)T] (2)

Rp(τ,T,t) ) iµ4Ip(ab|cd|ef)ei(ωbaτ+ωdcT+ωfet) (3)

∑
p)1

3

Rp )

iµ01
4 eiω10(τ-t)(2I1(01|00|10) - R I3(01|11|1 + 1,1)ei∆t)

∑
p)4

6

Rp )

iµ01
4 eiω10(-τ-t)(2I4(10|00|10) - R I6(10|11|1 + 1,1)ei∆t) (4)
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where thep ) 1-3 andp ) 4-6 represent the rephasing and
nonrephasing response functions, respectively, theV ) 2 state
is written as (1+ 1), ∆ is the diagonal anharmonicity, andω10

) ω(V ) 1) - ω(V ) 0) andω00 ) ω11 ) 0. The factorR is
the ratio of the 1f 1 + 1 and 0f 1 transition strengths,
µ12

2/µ01
2, which for a harmonic oscillator is precisely 2. The

double Fourier transform of this response gives spectral peaks
at ω10, alongτ, andω10 - ∆ along t. To illustrate the typical
content of theI ’s14,17,23 we give the form of these echo
relaxation terms:

Here the T1’s are the population relaxation times for the
indicated states andg(t) is related to the correlation function of
the vibrational frequency fluctuation:36,40,41

These relationships assume there are no rapid fluctuations in
the anharmonicity and that the inhomogeneous distributions of
the 0 f 1 and 1f 2 transitions are fully correlated. Both
experiments11,42 and theory14,17,23,43 suggest that this is a
reasonable set of assumptions for a single oscillator. In the case
of pyrrole, the N-H region of the linear spectrum consists of
two bands (a and b) so that additional cross terms must be
included in the response:

The total contribution from these terms is quite small for pyrrole
because the coupling between a and b is small as indicated by
their relative intensities in the linear spectrum shown in Figure
1. It is important to point out that these four cross terms would
vanish if there were no direct coupling between the modes or
no indirect coupling between them through the solvent, because
in that caseω1a+1b,1a ) ω1b, the population relaxation of the
state (1a + 1b) would be the sum of the relaxation rates of 1a

and 1b, and the joint third-order response would vanish.
The time integrated three-pulse echo signal, known as the

stimulated echo, is given by:

where the sum is over all the Liouville paths involved in the
response. The vibrational frequency correlation function is
obtained by least-squares fitting a two-dimensional grid of
experimentally determinedISE(τ,T) to models for the correlation
function. While this correlation function is in principle contained
in the linear-IR spectrum, there is usually insufficient experi-
mental information to extract it.23,24 The individual scans of
ISE(τ,T) alongτ do not necessarily peak atτ ) 0, giving rise to
the so-called echo peak shift which diminishes asT increases,

and the system loses memory of the initially excited inhomo-
geneous distribution of frequencies.18,23,25,26,29,44

The heterodyned experiments basically measure the generated
electric fields from the responses given above. In principle the
heterodyned function of three time intervals incorporates all
third-order experiments including pump probe, transient gratings,
and echoes carried out with the same pulses. From Maxwell’s
equations, we find that the complex generated field is propor-
tional to the imaginary part of the macroscopic polarization,
which in turn is proportional to the response function. The
detected field in a heterodyne experiment is the real part of the
complex generated field which corresponds to the imaginary
part of the response function, namely Im{Gijkl

p (τ,T,t)}.
In all of the foregoing formulations the assumption has been

made that the bandwidth of the laser pulses is large enough to
bracket all the possible states of the system of N-H vibrators.
Since in practice the pulses have limited spectral width, the
actual signals must involve a convolution with the incident laser
pulses. For example, the anharmonicity of the N-H mode is
sufficiently large that pulses could be chosen to pick out only
the first term in eq 4 yet they were still short enough to resolve
some of the dynamics associated with theV ) 0/V ) 1 two-
level system.

Results and Discussion

The linear spectrum of pyrrole, shown in Figure 1, consists
of two bands, a main band at 3495 cm-1 having a full width at
half-maximum of 11 cm-1 corresponding to “free” N-H and a
band at 3473 cm-1 having 7% of the strength of the main band.
This weak band could be a Fermi resonance or a hot band.
Grubbs et al.32 identified this small band as “self-associated”
pyrrole-pyrrole complex, yet we have seen no change in the
ratio of two peaks on diluting the sample from 45 mM to 200
µM. In the gas phase there is a weak satellite to the main N-H
stretch displaced to lower frequency by 24 cm-1 which is
definitively assigned as a hot band involving the N-H bend at
475 cm-1.45 These gas-phase spectra provide no evidence for
the existence of a strong Fermi resonance in the region of the
fundamental. The Fermi resonance and hot band are expected
to have quite different effects on the overall nonlinear response
and therefore should be distinguishable by nonlinear spectros-
copy as discussed in more detail below.

The predicted form of the heterodyned broad band echo signal
is given by eq 4 for each oscillator. The Fourier transform of
this response gives, by inspection, two peaks for each oscillator
(a and b), one peak atω10 and the other atω10 - ∆. The results
are shown in Figure 2 which indicates that∆a ) 139 cm-1 for
the main N-H stretch of pyrrole32,45-48 and ∆b ) 142 cm-1

for the weak shoulder forτ ) 300 fs andT ) 0 fs. Figure 2a
shows the observed heterodyned signal of the generated photon
echo field as a function of the local oscillator delay time with
respect to the third laser pulse. It shows clear beatings with a
period of about 240 fs. Since these are from the superposition
of two emitted fields (nonassociated N-H and anharmonically
shifted free induction decays) which have a frequency difference
of about 140 cm-1, one cannot see these beatings in the response
of the two-level systems excited with narrower bandwidth pulses
(as in Figures 3 and 4). The Fourier transform of the heterodyned
echo signals give the frequency spectra of the generated echo
fields, Figure 2b. This spectrum shows four peaks: the main
N-H stretching peak (V ) 0 f V ) 1) and its anharmonically
shifted partner (V ) 1 f V ) 2) and the weak N-H band and
its anharmonically shifted partner. These anharmonically shifted
peaks are also clearly seen forτ ) 300 fs andT ) 300 fs (data

I2(01|11|10) ) I1(01|00|10) )

e-(t+2T+τ)/2T1(V)1)e-g(τ)+g(T)-g(t)-g(τ+T)-g(t+T)+g(t+T+τ)

I3(01|11|1 + 1,1)) I2(01|11|10)e-t/2T1(V)2)

I5(10|11|10) ) I4(10|00|10) )

e-(t+2T+τ)/2T1(V)1)e-g(τ)-g(T)-g(t)+g(τ+T)+g(t+T)-g(t+T+τ)

I6(10|11|1 + 1,1)) I5(10|11|10)e-t/2T1(V)2) (5)

g(t) ) ∫0

t
dt1∫0

t1 dt2〈δω(t1)δω(t2)〉 (6)

Ip(01a|1b1a|1b0), Ip(01b|1a1b|1a0),

Ip(01a|1b1a|1a + 1b,0) andIp(01b|1a1b|1a + 1b,0)

ISE(τ,T) ) ∫0

∞|||∑p

Gijkl
p (τ,T,t)|||

2
dt (7)
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not shown), and the data provide the anharmonicities,∆a and
∆b. Although a broader spectral width was used to encompass
both theV ) 0 f V ) 1 andV ) 1 f V ) 2 transitions of the
N-H, the excitation pulses are still not sufficiently broad to
generate the same signals for each transition. Therefore the
relative intensities of the four Fourier transformed peaks are
significantly influenced by our laser pulses. The intensity of
the weak band (V ) 0 f V ) 1) at 3473 cm-1 was
overemphasized compared with the main band at 3495 cm-1

due to the larger laser intensity at 3473 cm-1, but even after
considering the convolution with the laser pulses, the weak N-H
stretching band is still 1.7 times larger than expected. This gives
some idea of the experimental error in the intensity measure-
ments. The intensity ratio of the pair of anharmonically shifted
peaks (V ) 1 f V ) 2) matches reasonably with expectations
from the linear spectrum and from the ratio obtained from the
two level response with a narrower pulse in theV ) 0 f V )
1 region. On the basis of the double-sided Feynman diagrams,14

two diagrams result in emission from the 1-0 coherence at

center frequency 3495 cm-1 and one diagram in emission from
the 2-1 coherence centered at 3356 cm-1; however, since the
ratio µ12

2/µ01
2 is precisely 2 for a harmonic oscillator, the

emission intensities for the 1-0 and 2-1 coherences are
expected to be about same. Figure 2b shows that the intensity
of the anharmonically shifted peak is 20% larger than the free
N-H main peak, which represents reasonably good agreement.

The two-level response is given by the first part of eq 4 for
each oscillator which yields the heterodyned signal and its
Fourier transform shown in Figure 3 forτ ) 400 fs andT )
400 fs and Figure 4 forτ ) 1500 fs andT ) 400 fs. These
Fourier-transformed spectra show peaks at 3495 and 3473 cm-1.
However, they have contributions from scattered light. Applying
an appropriate window function to the data before Fourier
transforming can reduce these wings and improve the signal-
to-noise ratio.11,12 A window function,h(tLO) ) ce-λt/tmax sin-
(πt/tmax), was used, wheretmax is the largestt that signal was
collected andc is a constant. This window function is shown
in Figures 3a and 4a (dashed) forλ ) -4, and Figures 3b and
4b show its effect on the unprocessed data. As mentioned above,
although pulses were chosen to pick out only the first term in
eq 4, information was still not enough to resolve some of the
dynamics associated with theV ) 0/V ) 1 two-level system
using a 1-D heterodyned echo experiment. The 2-D heterodyned
photon echo experiment, which is not dealt with in this paper,
could give more information about the dynamics including
coupling between two oscillators.

If we return to the issue of Fermi resonance versus hot band,
the results of the photon echo suggest the hot band interpretation
is the correct one. The Fermi resonance would be associated
with some combination of modes that closely matches the N-H
frequency. The excitation of the N-H mode on the basis of
this combination state would not involve the full anharmonicity
of the N-H mode. However, the experiment measures∆b )
142 cm-1 for this transition, which is almost equal to the value
of 139 cm-1 obtained for∆a. The similarity between these two
values strongly suggests that the final state of the transition
involved in the echo of the weak transition contains two quanta
of the N-H mode, thereby favoring a hot band interpretation.
This conclusion is also consistent with the absence of the
combination tone 1a+ 1b in any of the spectra: for example

Figure 2. (a) Heterodyned broad band signal of the generated photon
echo field forT ) 0 fs, τ ) 300 fs as a function oftLO, and window
function withλ ) -2.4 (dashed) and (b) the Fourier transform of this
signal after application of the window function to the heterodyned signal
and OPA spectra (dashed).

Figure 3. (a) Unprocessed heterodyned signal of the generated photon
echo field forT ) 400 fs, τ ) 400 fs as a function oftLO, and the
window function withλ ) -4 (dashed), (b) the heterodyned signal
after applying the window function, and (c) the Fourier transform of
this signal.

Figure 4. (a) Unprocessed heterodyned signal of the generated photon
echo field forT ) 400 fs,τ ) 1500 fs as a function oftLO, and the
window function withλ ) -4 (dashed), (b) the heterodyned signal
after applying the window function, and (c) the Fourier transform of
this signal.
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for two coupled modes we would have seen this combination
in the echo spectrum of Figure 2 in accordance with the
predictions discussed above. These results imply that the echo
signals from the strong and weak components involve inde-
pendent sets of Liouville paths, one set initiating on a population
of the ground state and the other on a population of a mode at
475 cm-1. The signal field on the detector is therefore the sum
of two independent signals with no field generated jointly by
both the main and subsidiary peaks.

The pump probe signal was used to obtain the value ofT1(V
) 1) and the rotational diffusion coefficient. The measured value
of T1 ) 81 ( 15 ps was comparable with the valueT1 ) 60 (
10 ps reported previously32 (see Figure 5). The value ofT1(V )
2) was assumed to beT1(V ) 1)/2 in accordance with a model
for a harmonic vibrator that is linearly coupled to a bath.

The anisotropy data was fitted to two exponentials which were
assumed to measure the combinations ofD| and D⊥ given
above. The diffusion coefficients obtained from the fit are
D⊥ ) (9.18( 1.09)× 1010 s-1 andD| ) (3.23( 0.71)× 1011

s-1. Using known rotational constants,48 the orientational
relaxation times for free rotor38 are estimated to be 0.331 (axis
a), 0.334 (axisb), and 0.471 ps (axisc). From the data of bond
lengths and angles of pyrrole and standard van der Waals radii,48

we obtain semiaxis lengths ofa )3.08 Å,b ) 3.21 Å, andc )
1.7 Å. In the “stick” hydrodynamic limit, with pyrrole ap-
proximated as an oblate symmetric diffuser with its vibrational
transition perpendicular to the symmetry axis (axisc), the
diffusion coefficients are found to beD⊥ ) 9.12× 109 s-1 and
D| ) 7.38× 109 s-1. These coefficients are 10 times smaller
than those obtained from experiment. In the “slip” hydrodynamic
limit,49,50 the principal diffusion coefficients of pyrrole are
calculated to beDa ) 4.10× 1010 s-1, Db ) 5.10× 1010 s-1,
and Dc ) 1.49 × 1012 s-1. For an oblate symmetric diffuser
approximation,D⊥ ) Da≈Db andD| ) Dc. The slip rotational

diffusion time around the symmetry axis (axisc) is faster than
the free rotor decay. So some inertial dynamics is predicted to
be involved in the rotational motion.51

The rotational dynamics was also seen clearly in the integrated
transient grating echo signal shown in Figures 6. The integrated
echo signal corresponds to the integral overt of the absolute
square of the first term in eq 4 with the orientational response
function (eq 2) forτ ) 0.

The three-pulse integrated photon echo is aimed at obtaining
the vibrational frequency correlation function as displayed in
eq 9. For each value ofT an echo signal versusτ was obtained.
Two examples such traces are shown in Figure 7a. The peak

Figure 5. Transient absorption decay (circles) of pyrrole in CCl4: (a)
perpendicular polarization; (b) parallel polarization. Solid lines represent
fits of experimental data to double-exponential decay of rotational
diffusion model (see eq 2).

Figure 6. Integrated transient grating signal decay (circles) of pyrrole
in CCl4 as a function ofT. The solid line represents a fit of experiment
data to double-exponential decay of rotational diffusion model (see eq
2).

Figure 7. (a) Stimulated photon echo signal (circles) of pyrrole in
CCl4 as a function oft in the-k1 + k2 + k3 direction for two selected
values ofT. The solid lines represent a global fit of the 59 scans (from
700 fs to 10 ps) to the model correlation function. (b) First moment
M 1(T) of the data measured in the-k1 + k2 + k3 direction of pyrrole
in CCl4 (circles). The solid line is the first momentM 1(T) obtained
from the global fit.
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shift of the photon echo signal was measured to be about 70 fs
at T ) 400 fs. The first moment of the photon echo signal

was used to measure asymmetry between the rephasing and the
nonrephasing signal.14,23The decay of the first moment versus
T was the evidence of the spectral diffusion processes in our
experimental time window (see Figure 7b). The signals were
simulated using eqs 1, 2, and 4 for both oscillators and
integrating the absolute square of the sum of all relevant terms
over the time intervalt (t g 0). The collection of echo signals
for 59 different values ofT ranging from 700 fs to 10 ps, their
normalized first moments, and the linear spectrum were globally
least-squares fitted to a model function:

The optimum values ofA in ps-1 andτ in ps wereA1 ) 4.6 (
2.0, τ1 ) 0.018( 0.015,A2 ) 0.59 ( 0.01,τ2 ) 4.4 ( 0.2,
andA3 ) 0.18( 0.01, andτ3 was larger than the delays so that
A3 represents an inhomogeneous distribution fixed on the time
scale of the experiment. These parameters enabled us to simulate
the linear spectrum, Figure 1, and the first moment as illustrated
in Figure 7b. The agreement is excellent in both cases. The
weak transition was attributed the same dynamics as the main
band because its contribution to the signal is too small to permit
the experimental determination of an independent correlation
function.

The specification of a correlation function for the N-H
vibrational frequency as a sum of three exponentials (eq 9) is
somewhat arbitrary. We would expect that the correlations in
the vibrational frequency of a solute in a solution would be
lost gradually and not necessarily in well-separated exponential
steps, although there are theoretical reasons for bimodality in
the case of liquid water.52 Therefore, other functions would also
describe the limited data set that we have obtained, but the
signal-to-noise ratio of the data, which decreases with increasing
delay time T, is not high enough at present to justify an
assessment of the appropriateness of different decay functions.
The slow correlation time of 4.4 ps measured in the three-pulse
echo experiments, which corresponds to that part of the
vibrational frequency distribution that is not averaged by solvent
fluctuations, must arise from solvent motions and might be
expected to be seen in other experiments that measure the
solvent spectral density. The fastest component of the correlation
function satisfiesA1τ1 , 1 so these fluctuations motionally
narrow the distribution of vibrational frequencies represented
by A1. Because theT1 relaxation is so slow compared with the
observation time scale, the decay of the correlation function
should mainly involve the response of the N-H mode fre-
quency. In the case of peptidesT1 is often a dominant mode of
decay so that relaxation into other states occurs during the
heterodyne signal acquisition.12,20The resulting coherence and
population transfer causes other modes to become involved in
the signals, which can then persist for time scales corresponding
to the cooling of the molecule. However such is not expected
to be the case here although it could not be completely ruled
out as a contributor to the small long-lived component in the
correlation function discussed in the next paragraph.

The 4.4 ps process is longer than the orientational relaxation
time of 1.7 ps, measured by NMR53 and Raman scattering54

for liquid CCl4. It is comparable to the longest time constant

computed from molecular dynamics simulations of the liquid
which finds valuest1 ) 4 ps andt2 ) 1.7 ps.55,56 The slowest
process we see is longer than all the correlation times reported
in the time dependence of the optical photon echo peak shift of
a nonpolar perylene derivative in CCl4 that was recently
reported.57 In that experiment the solvent CCl4 exhibits relax-
ation time scales of 80 fs, 500 fs, and 2 ps which were attributed
to inertial, diffusional, and structural relaxation of the solvent,
respectively. It is clear from our data that the structural relaxation
of the solvent associated with pyrrole molecules stretches out
to time scales that are significantly slower than expected from
these results. Furthermore, there appears to be a distribution of
vibrational frequencies, represented byA3, that does not relax
significantly on our experimental time scale. These results are
counterintuitive for the case of a small molecule in a relatively
inert, nonviscous solvent, especially one that is rotating rapidly
on the time scale of the spectral diffusion, unless there is a
specific solvent interaction that leads to a complex having a
significant lifetime. One possibility is a weak interaction
between a Cl atom and theπ-electron system of pyrrole, leaving
the solute the opportunity to rotate around the vertical axis
without disturbing the solvent above and below the plane. There
have been dynamics simulations of benzene in carbon tetra-
chloride that show the tendency for chlorine atoms to cluster
around theπ-electron “holes.” These simulations also show that
benzene molecules rotate three times faster about the axis
perpendicular to the molecular plane.58 Therefore, we might
expect that an inhomogeneous distribution of frequencies could
be maintained for times longer than the measured rotational
diffusion time, which is dominated by the fast process. High-
level ab initio calculations have shown that the benzene-
chloroform interaction is larger than that of a hydrogen bond
between two waters.59 However the interaction between carbon
tetrachloride and benzene is not short range as expected from
charge-transfer effects but is long range, originating from
electrostatic effects and dispersion forces.59 Such interactions,
which may also exist for pyrrole, could possibly give rise to
the slowly varying distribution of N-H frequencies. The
variance in frequency, or inhomogeneous width, corresponding
to A2 and which averages on the time scale of 4.4 ps, is 6.3
cm-1. The spectral diffusion we measure would then be
attributed to structural relaxation from changes in many body
interactions in clusters of solvent molecules above and below
the molecular plane. However, with pyrrole the N-H interac-
tions with solvent must also be considered, although any such
structures would be likely to break up during the process of
rotational diffusion about the axis perpendicular to the plane.

Of great interest will be the dynamics of N-H modes
undergoing hydrogen-bonding interactions. Examples of this that
are accessible to ultrafast infrared spectroscopic methods include
proteins and peptides as well as liquids, and these will form
our future work, building on the baseline measurements reported
here of N-H modes in a relatively inert environment.
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