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emtosecond visible and IR analogues of multiple-pulse NMR
techniques provide snapshot
probes of molecular structure
and vibrational motions, interactions,
and relaxation processes (1). The work
of Larsen et al. (2) in a recent issue of
PNAS makes a novel application of 2D
IR spectroscopy to a rotaxane system
whose mechanically interlocked architecture is often used in nanoscale molecular machines to provide large-amplitude
controllable, reversible mechanical motion. Intermolecular noncovalent (e.g.
hydrogen) bonding interactions provide
multiple bonding sites between the macrocycle and thread, with the hysteretic
character necessary for the operation of
bistable switching devices in many applications, including nanocomputing and
molecular electronics (3). The study reports a weak 3-cm⫺1 coupling between
the ⬇1,600-cm⫺1 carbonyl stretching
modes of the thread and macrocycle
that is very difficult to measure in any
other way. This coupling, combined with
cross-peak anistropy, allowed the extraction of the distance and angle of the
two interlocked groups. Similar modes
(the amide I vibrations) have been
widely used in earlier studies of peptides
and proteins (4–7). An exciting potential application of this technique to the
real-time probing of molecular devices
should be possible by combining it with
a fast triggering (8).
Virtually all of the important developments in the field of nonlinear laser
spectroscopy have followed the footsteps
of NMR work done 20–30 years earlier.
The celebrated work of Feynman, Vernon, and Hellwarth (9) had established
the equivalence of spin 1兾2 with an optically driven two-level system; coherent
transients observed optically could then
be associated with their NMR analogues. The spin-echo discovered by
E. Hahn (24), a remarkable example of
interference and time reversal, was followed by the photon echo observed in
the nanosecond, picosecond, and eventually in the femtosecond regimes (10).
These are only a few examples of NMR
techniques that have been extended to
optics. A new era began in the 1970s
with the introduction of multidimensional NMR techniques by Richard
Ernst (see ref. 25). The response of a
system of coupled spins to a series of up
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Fig. 1. Multiple pulse sequence and 2D IR correlation plots of coupled vibrations. (Top) Pulse configuration for a heterodyne four-wave mixing experiment. Signals are recorded vs. the three time delays and
displayed as 2D correlation plots involving two of the time delays, holding the third fixed. (Middle) 2D
photon echo spectra of two coupled vibrations in the direction ks ⫽ ⫺ k1 ⫹ k2 ⫹ k3. 1 and 3 are the Fourier
conjugate variables to t1 and t3. (Left) The frequency fluctuations of the two modes are slow and
anticorrelated. (Center) Slow and correlated. (Right) Fast and anticorrelated. (Adapted from ref. 23.)
(Bottom) Linear absorptions for the three models, plotted as a function of ⫺1.

to a few hundred pulses, when properly
processed, gives extremely valuable information about complex molecular
structure and dynamics (11). These techniques have now been extended to study
molecular vibrations by using IR and
visible pulses (12).
Spins are elementary quantum systems
whose Hamiltonian depends on a few universal parameters. Vibrational and electronic motions are far more complex than
spins and require new concepts and tools
for designing of pulse sequences and extracting the desired information. Inversion
algorithms (13) that could yield the interchromophore couplings and ultimately the

distribution of structures directly from the
signals may be used to produce real-time
movies of dynamical events.
Optical four-wave mixing (Fig. 1) is the
generic analogue of multidimensional
NMR. Three pulses with wavevectors k1,
k2, k3 interact with the sample to generate
a signal in one of the directions ks ⫽ ⫾ k1
⫾ k2 ⫾ k3, which is then detected by mixing it with a fourth (heterodyne) pulse.
See companion article on page 13378 in issue 38 of volume
102.
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Coherent femtosecond multidimensional probes
of molecular vibrations

This high directionality of the signal is
characteristic to a coherent phase-sensitive
process: the electric fields generated by
different molecules in the sample add up
in-phase only in these specific phasematching directions and cancel otherwise.
Recent advances in pulse-shaping technology allow us to vary the envelopes, polarization directions, durations, and time intervals, tune the frequencies, and even
control the phases of optical pulses (14).
By scanning these various parameters it is
possible to custom-design a multiple-pulse
technique for a specific application (as is
routinely done in NMR). Displaying the
signal by varying n parameters results in n
dimensional correlation plots, which form
the basis of nD spectroscopies. In an ideal
time-domain experiment we control the
intervals tj between ⬇50-fs pulses (Fig. 1).
Frequency-domain techniques use long,
temporally overlapping pulses (15), the
time ordering of interactions with the various pulses is not enforced, and the control
parameters are the frequencies. Spreading
the spectroscopic information in more
than one dimension helps resolve congested spectra, selectively eliminates certain static broadening mechanisms, and
provides ultrafast structural and dynamical
information unavailable from 1D measurements. Even when the 1D spectra are
well resolved, 2D spectra can provide
valuable fine details (e.g., couplings
among chromophores).
Linear absorption provides a 1D projection of molecular interactions onto a single-frequency (or time) axis. Usually,
many different microscopic models are
consistent with the two-point correlation
functions derived from conventional linear
spectroscopy. In contrast, the molecular
response to sequences of pulses provides a
multidimensional view of their structure;
correlation plots of dynamical events taking place during controlled evolution peri-

ods can be interpreted in terms of multipoint correlation functions that carry
considerably more information than linear
spectroscopy. This information can help
distinguish between possible models
whose 1D responses are virtually identical
(1). Coupled vibrational modes show up
as new resonances at combinations of single-mode resonant frequencies. These
cross peaks, their intensities, and profiles
give direct zero-background signatures of
molecular structure (distances between
chromophores) and dynamics (the spectral
density of the chromophores’ local environment). This is illustrated in the simulated photon echo ⫺k1 ⫹ k2 ⫹ k3 signals
for a model of two coupled vibrations
shown in Fig. 1. Fig. 1 represents different
frequency fluctuation time scales and degrees of correlations of these fluctuations.
The 2D lineshapes and cross peaks are
very sensitive to these details. The linear
absorption spectra of these three models
have two peaks and are very similar.
The common thread of mulidimensional NMR and optical techniques is the
coherent excitation of a collection of coupled chromophores (spins or localized
vibrations). The multiple excitations of the
various chromophores interact in a way
that depends on molecular geometry and
fluctuations, thus providing specific spectroscopic signatures through multiple
quantum coherences.
Larsen et al. (2) used the pump-probe
technique (16), which is the simplest
member of the four-wave mixing family.
Even though it uses only two pulses, it can
be viewed as a four-pulse measurement
whereby the system interacts twice with
the pump and twice with the probe, and
the signal is generated in the probe direction ks ⫽ k1 ⫺ k1 ⫹ k2. The control parameters are the frequencies 1 and 2
rather than the time delays. In that sense
this measurement is a frequency-domain

technique. Other multiple-pulse techniques may be used to provide successively high levels of information (17, 18).
Coherent nonlinear signals depend on
delicate interferences among the possible
sequences of population and coherence
periods, which is the primary reason for
their high sensitivity to fine structural and
dynamical details. By manipulating and
controlling interferences one can eliminate certain peaks, highlight desired features, and design pulse sequences for
chiral structures (19, 20). One dramatic
interference effect is that for harmonic
vibrations whose dipole is proportional to
the coordinates, the positive and negative
contributions overlap and interfere destructively, and the nonlinear signal vanishes; the response is strictly linear (12).
Cross peaks are associated with a different type of interference that closely resembles the double-slit experiment. The
signal of two coupled vibrations A and B
is not equal to the sum of their nonlinear
responses; new pathways coming from the
interaction of some of the laser pulses
with A and others with B are responsible
for the nonadditivity of the signal and give
rise to the cross peaks.
Much of the activity in this field focuses
on the IR response of molecular vibrations. However, the same ideas apply as
well to electronic excitations of chromophore aggregates by visible pulses (21),
as has been demonstrated recently for
photosynthetic antenna complexes (22).
Multidimensional signals provide unique
probes for the excitation coherence size
and the degree of cooperativity among
chromophores, determined by the interplay of intermolecular interactions
and dephasing effects caused by coupling to the environment.

1. Tanimura, Y. & Mukamel, S. (1993) J. Chem.
Phys. 99, 9496–9511.
2. Larsen, O. F. A., Bodis, P., Buma, W. J., Hannam,
J. S., Leigh, D. A. & Woutersen, S. (2005) Proc.
Natl. Acad. Sci. USA 102, 13378–13382.
3. Collier, C. P., Jeppesen, J. O., Luo, Y., Perkins, J.,
Wong, E. W., Heath, J. R. & Stoddart, J. F. (2001)
J. Am. Chem. Soc. 123, 12632–12641.
4. Asplund, M. C., Zanni, M. T. & Hochstrasser,
R. M. (2000) Proc. Natl. Acad. Sci. USA 97,
8219–8224.
5. Zhuang, W., Abramavicius, D. & Mukamel, S.
(2005) Proc. Natl. Acad. Sci. USA 102, 7443–7448.
6. Demirdoven, N., Cheatum, C. M., Chung, H. S.,
Khalil, M., Knoester, J. & Tokmakoff, A. (2004)
J. Am. Chem. Soc. 126, 7981–7990.
7. Chung, H. S., Khalil, M., Smith, A. W., Ganim, Z.
& Tokmakoff, A. (2005) Proc. Natl. Acad. Sci.
USA 102, 612–617.
8. Bredenbeck, J., Helbing, J., Sieg, A., Schrader, T.,
Zinth, W., Renner, C., Behrendt, R., Moroder, L.,

Wachtveitl, J. & Hamm, P. (2003) Proc. Natl.
Acad. Sci. USA 100, 6452–6457.
Feynman, R. P., Vernon, F. L. & Hellwarth, R. W.
(1957) J. Appl. Phys. 28, 49–52.
Becker, P. C., Fragnito, H. L., Bigot, J. Y., BritoCruz, C. H., Fork, R. L. & Shank, C.V. (1989)
Phys. Rev. Lett. 63, 505–507.
Wuthrich, K. (1995) NMR in Structural Biology: A
Collection of Works by Kurt Wuthrich (World Scientific, New York).
Mukamel, S. (2000) Annu. Rev. Phys. Chem. 51, 691.
Lindorff-Larsen, K., Best, R. B., DePristo, M. A.,
Dobson, C. M. & Vendruscolo, M. (2005) Nature
433, 128–132.
Brixner, T. & Gerber, G. (2003) Chem. Phys. 4,
418–438.
Zhao, W. & Wright, J. C. (2000) Phys. Rev. Lett. 84,
1411–1414.
Hamm, P., Lim, M., DeGrado, W. F. & Hochstrasser, R. M. (1999) Proc. Natl. Acad. Sci. USA
96, 2036–2041.

17. Cowan, M. L., Bruner, B. D., Huse, N., Dwyer,
J. R., Chugh, B., Nibbering, E. T. J., Elsaesser, T.
& Miller, R. J. D. (2005) Nature 434, 199–202.
18. Zheng, J., Kwak, K., Asbury, J., Chen, X., Piletic,
I. R. & Fayer, M. D. (2005) Science 26, 1338–1343.
19. Scheurer, C. & Mukamel, S. (2002) Bull. Chem.
Soc. Jpn. 75, 989–999.
20. Zanni, M. T., Ge, N. H., Kim, Y. S. & Hochstrasser, R. M. (2001) Proc. Natl. Acad. Sci. USA
98, 11265–11270.
21. Chernyak, V., Wang, N. & Mukamel, S. (1995)
Phys. Rep. 263, 213–309.
22. Brixner, T., Stenger, J., Vaswani, H. M., Cho, M.,
Blankenship, R. E. & Fleming, G. R. (2005)
Nature 434, 625–628.
23. Venkatramani, R. & Mukamel, S. (2002) J. Chem.
Phys. 117, 11089.
24. Hahn, E. L. (1950) Phys. Rev. 80, 580–594.
25. Ernst, R. R., Bodenhausen, G. & Wokaun, A.
(1987) Principle of Nuclear Magnetic Resonance in
One and Two Dimensions (Clarendon, Oxford).

9.
10.

11.

12.
13.

14.
15.
16.

13718 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0506874102

This work was supported by National Institutes of Health Grant GM59230-05 and
National Science Foundation Grant CHE0446555.

Mukamel and Zhuang

