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Since the first experiment was performed
nearly a decade ago,' ultrafast two-dimen-
sional infrared (2D-IR) spectroscopy has
emerged as an exciting non-linear ultra-
fast laser technique for probing molecular
structure and solute—solvent interaction
dynamics in a range of systems of chem-
ical and biological relevance. Additionally,
the unique combination of structural
information and ultrafast time resolution
allows 2D-IR spectroscopy to probe non-
equilibrium and even reacting systems,
effectively making real-time movies of
molecular processes. This article provides
a brief introduction to the experimental
methodologies behind ultrafast 2D-IR
spectroscopy before using applications
to illustrate the additional information
afforded by this new approach.

While linear (1D) infrared spectroscopy
is a powerful probe of molecular struc
ture and of the solute—solvent envi-
ronment, much of this information is
lost because we obtain an ensemble-
averaged response projected onto one
frequency axis causing information relat-
ing to vibrational coupling and structural
fluctuations to be unrecoverable. 2D-IR
circumvents this, spreading the molec
ular response over two frequency axes
to produce a spectrum not unlike that
obtained via 2D-nuclear magnetic reso-
nance (2D-NMR) spectroscopy, in which
the 1D spectrum is present along the
spectrum diagonal with cross- or off-
diagonal peaks revealing vibrational
coupling between the individual modes
of the studied molecule. These cross-
peaks yield much of the new informa-
tion available from 2D-IR, including
molecular structural information through
the angles between coupled transition
dipole moments and vibrational energy
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Figure 1. (a) Molecular structure of RDC. (b) Vibrational energy level diagram for the CO stretch-
ing modes of RDC. (c) FT-IR spectrum of 5mM RDC in heptane. (d) 2D-IR spectrum of 5mM
RDC/heptane recorded using the double-resonance method and a pump-probe delay time of
2ps.

Both employ a series of short-duration
(100fs) infrared laser pulses tuned to
resonate with the vibrational modes of
interest. It has been shown that both
methods rely upon the same third
order molecular response function and
yield the same peaks, with both having
advantages and disadvantages. Double
resonance, being based upon a narrow-
band pump-broadband probe opti-
cal geometry, is experimentally more
straightforward and faster to perform,
requiring less complex manipulation
of the acquired data, while vibrational
echo 2D-IR, which uses a train of three
pulses to generate an echo signal anal-
ogous to NMR methods, yields greater
spectral and temporal resolution and

relaxation mechanisms through the abil-
ity to observe energy flow between
vibrational modes. Additionally, the line-
shapes obtained by 2D-IR methods give
insight into solute—solvent dynamics and
inhomogeneous broadening effects,
while the rates of chemical exchange
processes between hydrogen-bonded
species can also be measured. It is not
possible to mention every application of
2D-IR individually but the technique has
been the topic of excellent recent review
articles.??

There are two experimental
approaches to recording ultrafast 2D-
IR spectra, the quasi-frequency domain
double resonance approach* and the
time domain vibrational echo method.®
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greater control over the experimental
parameters.*

A basic introduction to 2D-IR
spectroscopy both in terms of the differ-
ences with respect to Fourier transform
infrared (FT-IR) spectroscopy and the
peak assignments of a 2D spectrum can
be given with reference to Figure 1. The
molecular structure and a diagram of the
relevant vibrational energy levels of acetyl-
acetonato-rhodiumdicarbonyl (RDC),
which has been widely studied using 2D-
IR*> are shown in Figure 1(a) and (b),
respectively. Figure 1(c) shows the FT-IR
spectrum of RDC dissolved in heptane;
the antisymmetric (a) and symmetric
(s) stretching modes can be seen at
2015cm™" and 2084cm™, respectively.
Comparison of this spectrum with the
2D-IR spectrum [Figure 1(d)] clearly
shows the increased numbers of peaks,
and therefore information, contained
within the 2D-IR spectrum. Using double
resonance terminology for simplicity, the
experiment is performed by scanning
the pump frequency (left-hand axis)
across the laser bandwidth (typically
200cm™) in narrow-band sections of
10cm™". Wavelength selection is achieved
using a Fabry—Perot filter or pulse-shap-
ing device. The broadband IR probe
pulse is spatially overlapped with the
pump beam in the sample after a given
time delay and subsequently dispersed
in a spectrometer prior to recording using
an array detector. The pump pulse train is
modulated at half the laser pulse-repeti-
tion rate using a chopper such that a 2D-
IR spectrum is comprised of a stack of
pump-probe type difference spectra as
the pump wavelength is scanned. The
peak assignments can be made from
the energy level diagram [Figure 1(b)].
For a pump wavelength coinciding with
the 0-a transition at 2015cm™, the
pump-probe spectrum shows a negative
peak at 2015cm™ and a positive peak
at 2001cm™" arising from the bleach/
stimulated emission from the 0-a transi-
tion and the transient absorption of the
a-2a transition, respectively. These give
rise to the pair of diagonal peaks near
(pump, probe) = (2015, 2015) in Figure
1(d). The 2D-IR spectrum also shows
a positive—negative pair of off-diagonal
peaks near (2015, 2084). These indi-
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cate that the two carbonyl transitions are
vibrationally coupled and hence share a
common ground state. Thus, exciting the
0-a transition also leads to a bleach of
the O-s transition (negative peak). The
positive off-diagonal peak near (2015,
2060) arises from population of the
0-a mode and is a transient absorption
(a@-as) transition to the as combination
band. As the pump-probe delay time in
Figure 1(d) was short (2ps), there has
been no population transfer from the a
to the s level and so no transient absorp-
tion peaks originating from the s level are
observed for this pump wavelength. If a
pump-probe delay time of 10ps were
used, however, the g and s populations
have time to equilibrate and extra posi-
tive peaks due to the s-2s and s-as tran-
sitions are observed. Thus, by using a
train of pulses, 2D-IR yields extra peaks,
giving extra information on the chosen
system via access to vibrationally excited
states outwith the reach of 1D methods
alongside vibrational energy redistribu-
tion data.

While the above example is effective
for giving an overview of 2D-IR spectra, it
is instructive to consider the current state
of the art in order to illustrate the capa-
bilities of the technique. One application
of ultrafast 2D-IR is as an analytical tool,
in a similar manner to that of 2D-NMR,
where cross peaks and couplings are
used to determine molecular structures.
By recording a 2D-IR spectrum of either
a mixture of compounds or of a species
with a complex IR spectrum, the use of
cross peaks can be used to determine
which peaks belong to the individual
components of a mixture, or information
on vibrational couplings can be used to
help assign complex spectra. An example
of the use of 2D-IR cross-peaks to sepa-
rate lines due to a mixture of two carbo-
nyl species has been reported.®

A major application of ultrafast 2D-
IR spectroscopy has been to the study
of peptide systems. The 1D spectral
response in the amide | region, which
is sensitive to peptide secondary struc
ture, can often be broad and feature-
less, but applying 2D techniques reveals
new information relating to structure and
dynamics. Examples have included the
determination of solution-phase struc-

ture of small peptide molecules,” which
is achieved by studying the dependence
upon input polarisation of the infrared
laser pulses of the off-diagonal peaks.
This yields information relating to the
angle between the coupled vibrational
transition dipole moments. In the case of
the amide | band, these lie close to the
C=0 bond direction giving direct struc
tural insight. Studies of larger systems
have also been carried out, including
the use of 2D-IR spectroscopy to study
the macroscopic 2D-IR pattern attrib-
utable to a given secondary structure
motif.2 Combination of 2D-IR methods
with isotopic labelling has also facilitated
determination of the presence of vibra-
tional interaction via hydrogen bonding
and angle between two transmembrane
peptide sequences.’ Structural and vibra-
tional dynamical aspects of DNA base
pairs have also been studied.'® The rela-
tionship between 2D-IR experiment and
theory is seen in the application of 2D-IR
to peptide systems, where the complex
patterns in the off-diagonal region
require the combination of experimental
and theoretical approaches to extract the
maximum information from 2D-IR.

Another application of 2D-IR
spectroscopy lies in the ability to deter-
mine, and remove, effects due to
inhomogeneous spectral broadening.
This is important in the case of hydro-
gen-bonded solutions and it is possible
to use 2D-IR spectroscopy to gain insight
into the rates of solute—solvent interac
tion dynamics. This is illustrated using
Figure 2,"" similar effects have also been
reported in work on water and related
systems.'?1

Figure 2 shows the 2D-IR spectrum
of RDC dissolved in 1,7-heptanediol.
Via FT-IR, significantly inhomogeneously
broadened lineshapes for the carbonyl
stretches are observed due to hydrogen
bonding. A comparison of Figures 2(a)
and (b) shows that as the pump-probe
time delay (waiting time when using
vibrational echo terminology) is increased
the 2D lineshape evolves from diago-
nally elongated toward a circular profile.
An alternative measurement is to note
the rotation of the nodal plane between
the positive and negative peaks from
diagonal toward vertical with increased
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Figure 2. 2D-IR spectrum of 5mM RDC in 1,7 heptanediol at 80°C."" Spectra were recorded using the double resonance method with pump-probe

delay times of a) 2ps and b) 25ps.
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Figure 3. Schematic diagram of the results of a 2D-IR exchange spectroscopy experiment. (a) At short pump-probe time delays the spectrum shows
the two diagonal peaks arising from the two exchanging components while at longer delays (b) cross-peaks arise indicating the presence of exchange

processes. Note: only peaks corresponding to transitions originating in the ground state are shown for clarity—these have been represented as posi-

tive-going peaks for the same reason.

pump-probe time delay (see dashed
lines). This effect is indicative of inho-
mogeneous broadening. In a dynamic
system such as this, each member of the
ensemble is continually evolving in terms
of hydrogen bonding environment and
thus transition frequency. If the pump-
probe delay time is short with respect to
this timescale, then no spectral diffusion
has occurred and the ensemble has not
experienced other environments before it
is measured by the probe pulse. Hence
the line is broad, but only along the
diagonal. At longer times, spectral diffu-
sion is complete and each member of
the ensemble has experienced all other
environments, leading to an averaged,
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circular 2D lineshape. By monitoring the
temporal evolution of the lineshape, it is
thus possible to determine the timescale
for the interactions that lead to inhomo-
geneous broadening.

In addition to analysing 2D-IR line-
shapes, solute—solvent interactions
can be probed via 2D-IR exchange
spectroscopy. Here the interchange rate
between two species in dynamic equi-
librium can be measured through the
growth of off-diagonal peaks as a func
tion of the pump-probe delay time. This
approach was first applied to the peptide
model compound N-methylacetamide '
but for illustration purposes, consider the
system of benzene and phenol (deuter-

ated) dissolved in carbon tetrachloride.”
In this case, the FT-IR spectrum in the
O-D stretching region shows two peaks,
a high frequency peak due to free phenol
and a red-shifted band corresponding to
the hydrogen-bonded phenol-benzene
complex. As with all H-bonded systems,
these species are continually interchang-
ing but it has thus far been impossible
to measure the process directly. 2D-IR
spectroscopy (Figure 3) of this system
at short pump-probe delay times [Figure
3(a)] reveals two diagonal resonances
(ignoring any contributions from the
v=1-2 transitions which show identi-
cal dynamics), one from each of the
phenol environments. No cross-peaks
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are observed because the diagonal
peaks arise from different species with
no vibrational coupling.

As the pump-probe delay time
lengthens toward the tens of picosec
onds range, cross-peaks grow into the
spectrum [Figure 3(b)]. These arise
from species which, when pumped,
are in one environment, e.g. a complex,
but in the time between the arrival of
pump and probe pulses have dissoci-
ated to yield a free phenol molecule.
Similarly, the other cross-peak arises
from the reverse complex-formation
process. Monitoring the rise-time of the
cross-peaks allows determination of the
rate of exchange within the system at
equilibrium.”®

While much of the current literature
relating to 2D-IR measures equilib-
rium systems such as those discussed,
work has begun to exploit the poten-
tial of 2D-IR to go beyond equilibrium,
probing chemically/structurally evolv-
ing species. This is normally achieved
through the use of a pulse of UV/visible
wavelengths to initiate a photochemi-
cal process and using 2D-IR as a time-
delayed probe of the system. Varying
the time delay between the initiation
pulse and the 2D-IR experiment enables
a "molecular movie" of the system to be
obtained. This technique is somewhat
in its infancy, but it has been success-
fully employed to study excited elec
tronic state solvation dynamics,'® the
unfolding/folding of peptides by excit-
ing a photoactive linking group''® and
temperature-jump experiments on
protein systems.'” The results of these
studies have given unique insights into
the systems studied; particularly peptide
folding processes and such experiments
clearly represent the future of 2D-IR
spectroscopy.
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