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Two-dimensional infrared spectroscopy of peptides
by phase-controlled femtosecond vibrational
photon echoes
M. C. Asplund, M. T. Zanni, and R. M. Hochstrasser†

Department of Chemistry, University of Pennsylvania, Philadelphia, PA 19104

Contributed by R. M. Hochstrasser, May 17, 2000

Two-dimensional infrared spectra of peptides are introduced that are
the direct analogues of two- and three-pulse multiple quantum NMR.
Phase matching and heterodyning are used to isolate the phase and
amplitudes of the electric fields of vibrational photon echoes as a
function of multiple pulse delays. Structural information is made
available on the time scale of a few picoseconds. Line narrowed
spectra of acyl-proline-NH2 and cross peaks implying the coupling
between its amide-I modes are obtained, as are the phases of the
various contributions to the signals. Solvent-sensitive structural dif-
ferences are seen for the dipeptide. The methods show great promise
to measure structure changes in biology on a wide range of time
scales.

The notion of using multidimensional nonlinear infrared (IR)
spectroscopy to obtain molecular structures with high time

resolution appears to be very promising (1–4). Important applica-
tions of such methods include the identification of dynamic struc-
tures in liquids and conformational dynamics of molecules, pep-
tides, and perhaps small proteins in solutions. The optimum IR
methods must incorporate the ability to control the responses of
particular vibrational transitions depending on their coupling to one
another. In magnetic resonance this disentangling of complex
spectra is accomplished by multiple pulse sequences that manipu-
late the spin coherences and populations (5). An analogous ap-
proach in IR spectroscopy will require multiple IR pulses having
well-defined spectral bandwidth, phase, and amplitude. From such
experiments we can expect that vibrational spectra can be spread
into a number of dimensions so that the coupling between modes
at different spatial locations can be determined. Thus our strategy
has been to regard the liquid, peptide, or small protein as a network
of coupled vibrators. The couplings between the separated excita-
tions obtained from multiple-pulse IR experiments then could be
used to determine the three-dimensional structure on the basis of
our knowledge of the vibrational dynamics, the chemical bond
connectivity, and an intermode potential function. Although such
a procedure is not yet routine for even the simplest systems, the
benefit will be a significant advance in the ability to observe the time
evolution of structural changes and the couplings between different
pieces of macromolecules.

In the present work we use three phase-controlled IR pulses to
obtain the third-order response of the molecules to the IR fields.
Each pulse is sufficiently weak that the signal is proportional to the
product of the three field magnitudes. Related third- and higher-
order methods (6–9) have been demonstrated in visible laser
spectroscopy (1, 2, 10–24). The method of choice to provide
optimal spectral resolution by eliminating the inhomogeneous
broadening in the IR spectrum is the photon echo. Both two-pulse
(25) and three-pulse IR photon echoes (26) of vibrations have been
studied previously, but in these echo experiments the generated
third-order field creates a signal on a square law detector, which is
insensitive to the phase of the signal. Spectral resolution of the
vibrational echo permits some phase relations to be obtained, but
does not yield line-narrowed spectra. However, the complete
generated field amplitude and phase, free from any static inhomo-

geneous broadening, can be obtained in principle by means of IR
heterodyne echoes or spectral interferometry techniques.

Time gating (16–19), heterodyne detection (20–22), and spec-
trally resolved heterodyne detection (23, 24) have been demon-
strated for electronic two-level systems. By contrast the vibrational
response at the third order involves a multilevel system consisting
of the set of coupled v 5 0, v 5 1, and v 5 2 quantum states of the
vibrators in the molecule. In this work we report measurements of
the complete echo field generated from vibrators by three IR pulses
and its dependence on their timing. After a brief discussion of the
principles of the measurement of the electric field generated by
three IR pulses, the heterodyned echo method is used to examine
responses from the single peptide vibrator, N-methyl-acetamide
(NMA-d), and a dipeptide, acyl-proline-NH2. The Fourier trans-
form of these echo signals along two experimentally controllable
time axes yields the two-dimensional (2D) IR spectra of the
peptides from which structural and solvent effects and information
about the phases of the contributions that give rise to the signals can
be obtained. In addition, spectral interferometry of the free decay
of the echo signal is reported for acyl-proline. These results
completely characterize the fields generated during the vibrational
photon echo and demonstrate all of the weak signal IR analogues
of NMR using three pulses.

The Third-Order IR Echo Field
Three phase-locked IR pulses, labeled 1, 2, and 3, and with
wavevectors k1, k2, and k3 are incident on the sample at time
intervals t, between 1 and 2, and T, between 2 and 3 (see Fig. 1).
They create a polarization P(t;t,T) in the sample for times t after the
third pulse (7). This sample polarization generates an in quadrature
electric field E(t;t,T), the characterization of which is the aim of the
current experiments. The IR photon echo emitted in the phase-
matched direction 2k11k21k3 for a system of vibrators involves a
number of intermediate coherences or Feynman paths (27). The
angle phase matching guarantees the separation of the echo signal
from other nonlinear processes. For a pair of structurally inequiva-
lent vibrators a and b, such as in a dipeptide, whose coupling is less
than their energy separation, the important paths are shown in Fig.
1. If the transition dipoles of the a and b amide fundamentals are
set to unity, the transition dipoles from the one- to the two-particle
states, a and b (see Fig. 1), are also unity, and the transitions from
v 5 1 to v 5 2 states of either oscillator have dipoles of length =2
(1). After averaging over the isotropic angular distribution of
transition dipoles and choosing the example T 5 0, the complex
field generated by impulsive excitation is obtained from the sum of

Abbreviations: NMA-d, N-methyl-acetamide; 2D, two-dimensional; LO, local oscillator; IR,
infrared.

†To whom reprint requests should be addressed.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073ypnas.140227997.
Article and publication date are at www.pnas.orgycgiydoiy10.1073ypnas.140227997

PNAS u July 18, 2000 u vol. 97 u no. 15 u 8219–8224

BI
O

PH
YS

IC
S

CH
EM

IS
TR

Y



all of the diagrams of Fig. 1 using the notation outlined earlier (27),
as follows:

E~t, t! 5
2
5 O

i5a,b

eiv,t ~e2v,t 2 e2i~vi2Di!t!Gi~t, t!

1
2
45

~5 1 4P2~cosu!!O
iÞj

eiv,t~e2ivjt 2 e2i~vj2Dij!t!Gij~t, t! . [1]

The fundamental frequencies are vi, the overtones are at 2vi 2 Di,
and the combination tone is at va 1 vb 2 Dij. The projection of one
of the amide I transition dipoles onto the other is cosu. Only one
of the first set of terms in Eq. 1 is needed for a single oscillator (26).
The coupling between amide units comes in through the terms
containing the off-diagonal, or mixed mode, anharmonicity Dij,
weighted by the angular function. In general, the relaxation func-
tions G(t,t) will depend on the nature of the dynamics of each of
the amide modes including population relaxation, dephasing, ori-
entational relaxation, and spectral diffusion. As seen from the
Feynman diagrams the system always contains 0-a or 0-b coherence
(0-a represents a coherence between the ground and a-fundamen-
tal states) during time t while during time t it may be transferred
into coherences between the fundamental and two-quantum states,
or into the a-0 and b-0 coherences. In general, all of these
coherences have different dynamics. Some more general forms of
the relaxation for vibrators are given in ref. 26.

In an ideal heterodyne experiment, the signal field interferes on
the detector with a short local oscillator field pulse ELO(tLO 2 t)
centered at t 5 tLO. The slow square law detector integrates the
signal over t. The heterodyne signal remaining after subtraction of
the local oscillator intensity measures Re{E(t,tLO)}. Both t and tLO
can be scanned independently. In general, the real generated field
consists of sine and cosine parts (i.e., it has a phase) that can be
separately measured for a given t from the real and imaginary parts
of the Fourier transform of the signal along the t axis. The complex
2D IR spectrum is obtained from the Fourier transform of the
Re{E(t,t)}, along t and t, yielding frequency axes Vt and Vt.

Alternatively, a spectral interferogram is obtained when the
signal plus local oscillator fields are dispersed in a monochromator,
a procedure that amounts to a Fourier transform of the signal along
the t axis. After subtraction of the local oscillator spectrum, the
interferogram remains as the Fourier transform of Re{E(t,t)}
along the t axis. Assuming that the monochromator is ideal, this
approach is more economical because it requires only a scan over
t (rather than t and t) to obtain the 2D spectrum.

Fig. 2 shows simulations of the signals with parameters typical of

peptides. The simulation for a single oscillator is shown in Fig. 2
Upper. In this spectrum, there are peaks, at {Vt,Vt} 5 {vi,vi} and
{vi,vi 2 Di}. When the system consists of two or more vibrators, as
in Fig. 2 Lower, two types of peaks arise. The peaks on the diagonal,
at {vi,vi} and {vi,vi 2 D} are from the first sum in Eq. 1 and
represent single oscillator spectra. Other types of peaks occur at
points {vi,vj} and {vi,vj 2 Dij} (i Þ j), which are cross peak terms
from the second sum in Eq. 1. The frequency and intensity of these
cross peaks are related to the size of the couplings between the
oscillators, which are in turn related to the spatial locations and
relative orientations of the vibrators, and hence to the molecular
structure.

Experimental Methods
Femtosecond IR pulses (120-fs duration, 1-mJ energy, 1-kHz rep-
etition rate, 150-cm-1 bandwidth, 1,600-cm-1 center frequency) were
generated by mixing the signal and idler pulses from an 800-nm
pumped optical parametric amplifier (26) in a AgGaS2 crystal. This
beam was split into three equal excitation beams ('300 nJ each),
k1, k2, and k3, and a fourth beam ('3 nJ), which was used a the local
oscillator (LO) beam. The timing of the k1, k3, and LO beams could
be varied with a mechanical translation stage with respect to the k2
beam. The signal contains oscillations at the frequencies of the
vibrators, which are around 1,600 cm21, and so have a period of 20
fs. Experimental time steps were kept below 10 fs to completely
sample these oscillations. The generated echo emitted in the
2k11k21k3 direction (see Fig. 1) was combined with the local
oscillator field at a calcium fluoride beam splitter. The combined
beams were focused onto the slits of a 0.28-m monochromator.

Fig. 1. (a) Feynmann diagrams for the third-order photon echo signal gener-
ated in the 2k11k21k3 direction. i and j are the states a or b in a two-oscillator
model, i 1 i is an overtone state, and i 1 j is a combination band. (b) Pulse
sequence and geometry used in the generation of the three-pulse photon echo.

Fig. 2. Simulations of absolute values of 2D-IR spectra, with a dephasing time
of 900 fs, static inhomogeneous broadening of 9.5 cm21, and an anharmonicity
of 16 cm21. (Upper) The 2D-IR spectrum for a single oscillator such as NMA-d,
showing a single diagonal peak. (Lower) The 2D-IR spectrum for two oscillators,
with a coupling of 5 cm21.
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Spectral interferometry signals were measured by a 32-element
mercury-cadmium-telluride (MCT) array. Heterodyne echo signals
were measured by placing a single-channel MCT detector at the exit
slits of the monochromator, and rotating the grating to zero order,
so that it reflects all frequencies onto the detector. To correct for
scattered light, and allow for subtraction of the local oscillator
intensity, the k3 beam was chopped at one-half of the laser
repetition rate.

NMA-d was made by repeatedly dissolving NMA in D2O,
allowing it to equilibrate, and then evaporating the D2O. Acyl-
proline-NH2 was used as received from Bachem. Samples were
dissolved in D2O or CHCl3 such that the optical density of the
amide IR transition was ca. 0.3, and the samples were placed in a
cell between CaF2 windows, spaced 25 mm apart.

Results
Fig. 3 shows a heterodyne echo scan for NMA-d as a function of the
local oscillator delay, for several values of time t. For all of the
measurements discussed in this paper, the time T, the delay between
pulses 2 and 3 is set to zero. The variations of signal with T will be
discussed in a future publication. The measured signal for finite
pulse widths is a convolution of the emitted electric field with the
local oscillator field.‡ The observed echo signal is shown in Fig. 3a
as a function of the local oscillator delay time, measured with

respect to the third laser pulse. The signal shows oscillations with
a period of 20 fs, corresponding to the vibrational frequency of
1,620 cm21. This oscillation has an envelope that is a function of the
time t. The Fourier transform of this signal gives the frequency
spectrum of the emitted field (see Fig. 3b). This spectrum shows a
peak at 1,620 cm21, the frequency of the amide stretch, and the
width of this peak is insensitive to the time t.

When the time variable t is varied at fixed tLO, an oscillatory
signal also is generated. The complete two-time signal involves
scanning over all t for each possible value of tLO. The Fourier
transform, in both time dimensions, of this two-time signal is the
complex 2D frequency spectrum (the 2D-IR spectrum). The ab-
solute value of the 2D-IR spectrum for NMA-d is shown in Fig. 4a.
NMA-d has only one oscillation in this region of the spectrum, and
so we see only one resonance in the 2D-IR spectrum. Fig. 4b shows
the real part of the 2D-IR spectrum, corresponding to the real part
of the dielectric susceptibility, we see that the v 5 03 v 2 1 and
v 5 13 v 5 2 portions of the spectrum are separated because they
have a different sign. Thus we see two peaks with opposite signs in
the Vt direction, but only a single peak in the Vt direction. These
data also can be examined by plotting the Wigner distribution of the
time-dependent signal (see Fig. 5 legend). This distribution is shown
in Fig. 5 for NMA-d in D2O, and it shows that there is a
time-dependent frequency shift in the echo signal field.

These same experiments have been performed on systems with
more than one amide unit. Fig. 6 shows the heterodyne echo signal
for the acyl-proline dipeptide in chloroform. Here again there is an

‡The convolution of the local oscillator and echo field is defined as:
E(t, tLO) 5 *2`

` E (t, t)ELO(t 2 tLO)dt .

Fig. 4. 2D-IR spectra for NMA-d in D2O. (a) The absolute value of the 2D-IR
spectrum, showing a single peak in both frequency dimensions. The asymmetry
in the signal (compare simulation of Fig. 2) is sensitive to the choice of the center
frequency of the laser pulses in relation to the resonances. (b) The real part of the
2D-IR spectrum, showing the fundamental and anharmonically shifted peaks,
which have opposite signs.

Fig. 3. Heterodyne photon echo signals for NMA-d in D2O at several values of
time t as a function of the time tLO. (a) Time-dependent interferograms of the
echo signal. (b) Fourier transforms along the t axis showing the normalized
spectra of the signal.
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oscillation with a period of 20 fs, and also a second lobe, which
appears about 1 ps after the first one. This is caused by the
interference between the two oscillations at 1,610 cm21 and 1,645
cm21. When this signal is Fourier-transformed across the local
oscillator delay, we obtain the spectra in Fig. 6b, which show the
signals from both of the amide oscillators and their decay as a

function of t. When the data are collected as a function of both of
the delays, t and t, and then Fourier-transformed along both time
axes, the complex 2D-IR spectra for the acyl-proline are obtained.
Fig. 7 shows the absolute value of these spectra for acyl-proline in
D2O and chloroform. The spectra in both solvents show diagonal
peaks at the frequencies of the oscillators. The 2D spectrum in
chloroform also shows peaks off of the diagonal, in the spectral
region where cross peaks are expected as described above. No
off-diagonal peaks were seen in the 2D-IR data of acyl-proline
in D2O.

Discussion
The origin of the 2D-IR spectrum is exemplified by the case of two
vibrators, a and b, separated in frequency by more than their
coupling. The initial step, pulse 1, excites the coherent superposi-
tions 0-a and 0-b, which evolve for time t. In the second step pulses
2 and 3, with T 5 0, transfer these coherences into their conjugates,
a-0 or b-0, or into superpositions of v 5 1 and v 5 2 states. If the
second step generates the a-0 or b-0 coherence, then the same
oscillations will occur along the t and t axes and therefore the 2D
spectra, along Vt and Vt, will be diagonal. If, after initial excitation
of the 0-a coherence, the next step produces the mixed mode
(two-particle state), an a-peak will appear in Vt and a b-peak in Vt.
These cross peaks will only be manifest if the a and b modes are
coupled in some way, so the 2D-IR spectrum provides a quantita-
tive measure of this coupling.

The simplest example of these heterodyned spectra is a molecule
that has only one mode (say, a) in the spectral region of interest. In
this case, the response is a sum of the R1, R2, and R3 terms from
Fig. 1. The system responds with a frequency of va during the time

Fig. 5. A plot of the Wigner distribution for the NMA-d heterodyne echo signal,
showing a time-dependent frequency shift in the echo field. For a real signal S(t),
the Wigner distribution is defined as w(n#, t) 5 *2`

` dt9S(t 2 t9y2)S(t 1 t9y2)ei2pcn#t9.
The laser pulse shows a chirp-free, symmetric Wigner distribution.

Fig. 6. Heterodyne photon echo signals for acyl-proline-NH2 in chloroform at
several values of the time t as a function of time tLO. (a) Time-dependent echo
signal and (b) the Fourier transforms showing the spectra of the echo signal.

Fig. 7. 2D-IR spectra of acyl-proline-NH2, in (a) D2O, showing diagonal peaks at
1,620 and 1,670 cm21, and (b) chloroform, which shows similar diagonal peaks,
but also off-diagonal peaks. Because of the anharmonicity, the ellipses are not
pointing exactly along the diagonal.

8222 u www.pnas.org Asplund et al.



t for all of the diagrams, and with frequencies of either va via R1
and R2 or va 2 Da via R3 during the time t. Therefore, the 2D
Fourier transform of the total signal will have a single peak in the
Vt dimension, from the va term, but will have two peaks in the Vt
dimension, separated by the anharmonicity Da. This corresponds to
the expectation for NMA-d, which is simulated in Fig. 2 Upper and
for which data are shown in Fig. 4. For systems, such as hemoglobin-
CO, in which the anharmonicity is large (24 cm21) compared with
the peak width (14 cm21), it was possible to see the peaks at vi and
vi 2 Di by frequency resolving the photon echoes (28). In the case
of NMA-d the two peaks are only visible in the real part of the
spectrum (see below) but not in the absolute value of the spectrum.
Fig. 4a shows the absolute value of the 2D-IR spectrum of NMA-d.
The anharmonicity of 16 cm21 is not resolved, and the spectrum
shows a single peak alone the Vt axis. Nevertheless the very
existence of this third-order echo signal depends on the presence of
anharmonicity as can be seen from the first terms in Eq. 1, which
would vanish if D 5 0.

Eq. 1 predicts that the fields at va and va 2Da should have
opposite signs. In a heterodyne measurement, the electric field is
measured directly, and so this sign information can be obtained.
The measured echo signal, S(t) shown in Fig. 3a is the real part of
the complex generated field, E(t,t) 1 E*(t,t). The double Fourier
transform of this signal is related to the complex susceptibility, the
real part of which is a 2D spectrum, S(Vt,Vt), which exposes the
signs of the contributions (Feynman pathways) to the signal. Fig. 4b
shows the real part of the 2D-IR spectrum of NMA-d. The sign
difference between the two peaks is apparent and assists in the
spectral resolution. The two peaks for NMA-d in the Vt axis are
clearly separated by the anharmonicity of 16 cm21 (see Fig. 4b)
although the frequency resolution is inadequate to fully resolve
them in a conventional spectrum. Further information about the
echo signal can be derived from the Wigner distribution W(V#,t) of
the signal (29) shown in Fig. 5. The plot of W(V#,t) shows the
time-dependent frequency shift of the signal. In the example of
NMA-d the mean frequency of the emitted field is shifting to higher
values with increasing t. The signal consists of two peaks, corre-
sponding to the transitions v 5 03 v 5 1 at vi, and v 5 13 v 5
2 at vI 2 Di. As time progresses, W(V#,t) at the lower frequency,
corresponding to the v 5 1 3 v 5 2 transition, diminishes faster
than at the higher frequency, corresponding to the v 5 03 v 5 1
transition. This result can be caused by the faster dephasing of the
coherence between v 5 1 and v 5 2 states arising because of the
faster population relaxation of v 5 2 compared with v 5 1. In
harmonic systems, the v 5 2 state decays twice as fast as the v 5 1
state.

For molecules with more than one amide group, the signal is
more complex. It now contains a sum of contributions for each
oscillator as well as from their coupling, as formulated in Eq. 1. In
the case of zero coupling, Dij 5 0, the terms in the second sum go
to zero, and only diagrams R1, R2, and R3 from Fig. 1 where i 5 j
need to be considered. The signal is then a sum of isolated vibrator
signals, which corresponds to the diagonal of the 2D-IR spectrum.
The 2D-IR spectrum for acyl-proline in D2O shown in Fig. 7a
exhibits this behavior. The data show peaks on the diagonal, at 1,620
and 1,670 cm21, but no other signals. This result indicates that there
is no coupling manifested between the two oscillators. In the case
of nonzero coupling, the terms in the second sum in Eq. 1 need to
be included. These terms will exhibit oscillations at different
frequencies during the different time periods t and t, and so the
2D-IR spectrum should show off-diagonal peaks at {vi,vj} and at
{vi,(vj 2 Dij)}. These two peaks have opposite signs, so when Dij is
small, they will cancel each other out in the real part of the 2D-IR
spectrum. However, when the coupling is large enough, there will
be two peaks, with opposite signs. Thus we can tell by the frequency
separation of the cross peaks the exact value of the coupling
element. The intensity of the cross peaks in the absolute value of the
2D-IR spectrum also enables the measurement of the coupling

between the peaks. The data for the acyl-proline molecule chloro-
form (see Fig. 7b) shows off-diagonal peaks in its absolute value
2D-IR spectrum, as expected for the signature of the coupling
between the two oscillators. In CHCl3, acyl-proline-NHMe has an
internal hydrogen bond and adopts mainly a C7 structure whereas
in D2O the structure is less well defined (30). The electrostatic
dipole-dipole coupling between amide units is calculated to be
smaller for the C7 structure than for other structures so that the
absence of 2D-IR coupling peaks in D2O is possibly due to there
being different structures for the -NH2 and -NHMe acylprolines.
The separation of the amide vibrational peaks of acyl-proline in
CHCl3 is much larger (60 cm21) than the estimated coupling ('3
cm21), a fact that could not be deduced from the linear IR
spectrum.

An important feature of photon echo measurements is their
spectral line narrowing capability. The generated field arises in
general from an inhomogeneous distribution of vibrational fre-
quencies representing the range of chemical environments and
structures of the amide groups. Eq. 1 therefore must be averaged
over this distribution to obtain the observed field. The effect of this
averaging, represented by ,. . .., is readily seen if the first terms in
Eq. 1 are written in the form:

2
5 O^@eivi~t2t! 2 ei~vi2Diy2!~t2t!#Gi~t, t!&eiDi~t1t!y2 . [2]

For simplicity we are assuming the vibrational dephasing is in the
motional narrowing limit and that there is a slowly varying, essen-
tially static inhomogeneous distribution of frequencies. In reality
the inhomogeneous distribution may be time dependent as in the
case of N3

- (26) and standard methods have been developed to
handle this case also (7).

This result (Eq. 2) shows that the effect of the inhomogeneous
distribution of frequencies, vi, only shows up on the time axis (t-t),
assuming there is no fluctuation of the anharmonicity (28). When
the double Fourier transform is performed, the resulting 2D-IR
spectrum is broadened by this distribution only along the axis Vt 5
Vt (the diagonal axis of the 2D-IR spectrum). Along the perpen-
dicular axes, Vt 5 const. 2 Vt, the spectrum should show no
inhomogeneous broadening and can be optimally resolved.

In the NMA-d 2D-IR spectrum, the signal has similar width in
both diagonals, and so static inhomogeneous broadening is absent
from this spectrum. As a result the echo field is not noticeably
delayed as t is increased (Fig. 3a). In the spectrum of the acyl-
proline, however, the diagonal peaks have an elliptical shape, with
their longest axis in the Vt 5 Vt direction. Along this axis the full
inhomogeneous width of the transition is displayed, while in the
dimension perpendicular to this, the spectral line is narrowed. In
this case the signal is a true echo that is progressively delayed as t
increases (see Fig. 6a). This line narrowing is particularly important
because in solution, the amide band will be in general inhomoge-
neously broadened, which causes peaks in the spectrum to overlap.
This line narrowing effect optimizes the resolution of peaks in the
2D spectrum.

The frequency fluctuations of a vibrator depend on its solvent
environment. Thus each vibrator should have its own relaxation
function G(t,t), dependent on its spatial location, chemical, and
solvent environment. It has been shown in previous work (28) on
hemoglobin-CO that the relaxation functions for the different
vibrational coherences were the same. This result implies that the
inhomogeneity is in the harmonic part of the potential and varies
little between the vibrational states. These differences in local
perturbations can be measured from the dependence of the echo
spectrum on the time t. Such an experiment measures the effects
of dephasing dynamics on each oscillator and on the coupling
between them. The spectra for acyl-proline shown in Fig. 6b show
the peak at 1,640 cm21 decays much faster then the peak at 1,680
cm21. Previous work has suggested that in nonpolar solvent, an
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internal hydrogen bond forms between the N-terminus end and the
acyl CO group (30). The two amide groups are therefore in very
different environments, which is clearly signaled by their different
dephasing dynamics. Experiments of this type will contribute
significantly to obtaining microscopic views of peptide conforma-
tional dynamics and spatial aspects of solvent effects.

A related technique to the measurement of heterodyned echoes
is the measurement of spectral interferometry of the echo signals.
Here instead of measuring the frequency integrated signal at a
number of local oscillator delay times, the frequency-dependent
signal at a single value of the local oscillator delay time is measured
by dispersing the signal plus local oscillator fields in a monochro-
mator. The signal after subtracting the intensity spectrum of the
local oscillator is then the product of the echo spectrum, the local
oscillator spectrum, and an oscillation whose frequency depends on
the time delay of the local oscillator relative to the echo field. This
interferometric signal is shown in Fig. 8 for acyl-proline. Fourier
analysis of the oscillatory part of the signal recovers the spectrum
of the echo field as also shown in Fig. 8. This spectrum shows peaks
at 1,610 and 1,670 cm21, the two frequencies of the acyl-proline
dipeptide. These measurements provide complementary informa-
tion to the heterodyne experiments, but allow more rapid data
collection, because of the use of the detector array.

Conclusions
The use of phase-controlled femtosecond IR pulses enables the full
measurement of 2D vibrational spectra. These measurements are
the direct IR analogues of the multidimensional spectra measured
in NMR experiments including multiple quantum transitions. They
require phase matching and heterodyne mixing techniques to
isolate and measure the electric field of vibrational photon echo
signals as a function of three possible time variables. The Fourier
transformed 2D-IR spectra provide information on couplings be-
tween modes and hence on peptide structures. The experimental
time scale is less than a few picoseconds so there is no significant
averaging of the signals by any structural dynamics slower than this.
Spectra that are free from inhomogeneous broadening were ob-

served for acyl-proline-NH2. On the contrary, the amide transition
of NMA-d showed no fixed inhomogeneous distribution of vibra-
tional frequencies, so its inhomogeneous distribution is probably
dynamic on the observation time scale. The measurement of the
electric field of the echo enables separation of peaks in the real and
imaginary parts of the echo spectrum on the basis of their signs, as
shown in the 2-D spectrum of NMA-d (Fig. 4b). These methods
show great promise for elucidating the dynamics of structures in
biology.
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