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CONSPECTUS

detailed understanding of chemical processes requires

information about both structure and dynamics. By def-
inition, a reaction involves nonstationary states and is a
dynamic process. Structure describes the atomic positions at
global minima in the nuclear potential energy surface.
Dynamics are related to the anharmonicities in this poten-
tial that couple different minima and lead to changes in
atomic positions (reactions) and correlations. Studies of
molecular dynamics can be configured to directly access infor-
mation on the anharmonic interactions that lead to chemi-
cal reactions and are as central to chemistry as structural
information. In this regard, nonlinear spectroscopies have dis-
tinct advantages over more conventional linear spec-
troscopies. Because of this potential, nonlinear spectroscopies
could eventually attain a comparable level of importance for
studying dynamics on the relevant time scales to barrier
crossings and reactive processes as NMR has for determin-
ing structure.

Despite this potential, nonlinear spectroscopy has not
attained the same degree of utility as linear spectroscopy
largely because nonlinear studies are more technically challenging. For example, unlike the linear spectrometers that exist
in almost all chemistry departments, there are no “black box” four-wave mixing spectrometers.

This Account describes recent advances in the application of diffractive optics (DOs) to nonlinear spectroscopy, which
reduces the complexity level of this technology to be closer to that of linear spectroscopy. The combination of recent advances
in femtosecond laser technology and this single optic approach could bring this form of spectroscopy out of the exclusive
realm of specialists and into the general user community. However, the real driving force for this research is the pursuit
of higher sensitivity limits, which would enable new forms of nonlinear spectroscopy. This Account chronicles the research
that has now extended nonlinear spectroscopy to six-wave processes and to a completely generalized “v-wave” mixing form
to fully control state preparation and coherences.

For example, direct observation of global protein motions and energetics has led to the collective mode coupling model
to understand structure—function correlations in biological systems. Direct studies of the hydrogen bond network of liquid
H,0 have recently shown that both intramolecular and intermolecular degrees of freedom are strongly coupled so that the
primary excitations of water have an excitonic-like character. This fundamentally different view of liquid water has now
resolved a 100-year-old problem of homogeneous versus inhomogeneous broadening of the vibrational line shapes. By add-
ing programmable pulse shaping, we can access new information about the many-body interactions directly relevant to chem-
ical reaction dynamics. We can also steer the course of the reaction along multidimensional surfaces to provide information
about fluctuations far from the equilibrium, which are most relevant to chemical reactivity.
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Nonlinear Spectroscopy: Unique Window
on Chemistry

To provide a general overview, it is useful to discuss what
advantages are accrued by using nonlinear spectroscopic
methods. Several comprehensive sources can be consulted for
the necessary background."? Each wavelength range accesses
a different type of transition that in itself is sensitive to differ-
ent nuclear degrees of freedom and length scales of correla-
tions. As a simple primer, the basic information content can be
examined for each wavelength range without getting involved
in the details. The induced polarization (P) can be described as
an expansion of the material susceptibility () in terms of the
field (E) dependence. For an instantaneous medium response
(dielectric)

P = yE® + xPEB> + 1EO> + .. (1)

whereas for an absorptive medium, the response is always
delayed and thus

P(t)=x‘”®E+X‘2’®E®E+X(3>®E®E®E+é)
where the different power-dependent contributions to the sus-
ceptibility are denoted by ", and ® denotes a convolution
integral. In general, the susceptibilities are complex tensors of
n + 1 rank with respect to the input fields and generated sig-
nal field. Linear spectroscopy is described by the " term: P(f)
= yQE = sdr "t — 7)E(r); the Fourier transform of which
gives the frequency response for absorption (Im term of x")
and dispersion or index of refraction (Re term of x'"). The odd
terms are of most interest to this Account because these non-
linear polarizations are capable of probing isotropic as well as
anisotropic materials (e.g., liquids, proteins, polymers).

The induced polarization driven by the input fields with
well-defined geometries ultimately leads to constructive inter-
ference in a specific direction and radiation of the signal field
E; (proportional to P). A four-field interaction leads to the gen-
eration of an induced polarization in a specific geometry:

w,=+0, + 0, w;, k,==+k, £k, £Kk; (3)

The latter condition (eq 3) provides selectivity over the spe-
cific order of the nonlinear interaction. Note that for all non-
linear processes there is a time and a frequency variable,
offering a great deal of versatility in probing different
aspects of the material response. For pulsed laser fields, it
is possible to delay the timing between excitation pulses
with all combinations possible. The number of different tim-
ing and field combinations increases with the dimension-
ality of the nonlinear spectroscopy and opens up enormous
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FIGURE 1. Schematic representation of the many different possible
nonlinear spectroscopies realized through different beam
combinations with respect to phase matching and time/wavelength
multiplexing. Panels a—c show different forms of four-wave mixing
or x® spectroscopy: pump—probe with the probe delay, T,
monitoring population relaxation; noncollinear four-wave mixing
for coherent spectroscopies, and general pulse shaping or coherent
control 2D spectroscopy to select initial state preparations,
respectively. Six-wave-mixing experiments shown are 2D Raman (d)
and resonant y® (e) spectroscopies.

flexibility over what microscopic processes can be selec-
tively probed, as shown schematically in Figure 1 within a
time domain picture.

At the x® level, there are three input fields and a signal
field generated or four fields in total, and hence the general
term four-wave mixing. If the time delay between the excita-
tion pulses is set to zero, the spectroscopy is referred to
as transient grating spectroscopy (or pump—probe if both exci-
tation pulses are collinear, see Figure 1a). In this case, the time
evolution of the third-order polarization gives information on
the population dynamics through the enhanced sensitivity to
accompanying changes in the Re part of the complex index of
refraction (e.g., direct observation of nonradiative channels or
photodark states). By using an angle between the excitation
beams, the signal field from the induced nonlinear polariza-
tion is radiated in a direction that conserves momentum (eq
3), spatially isolating the signal from the incoming pumping
and probing fields. Since the signal is spatially isolated from
the incoming fields, this experiment is as close to zero back-
ground as possible for an all optical experiment and imparts
tremendous sensitivity to even a nonlinear process.
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FIGURE 2. Schematic diagram of optical heterodyne detection and importance of phase stability. The phase noise (A6) translates to

amplitude noise (AA) and reduction in SNR.

There are additional capabilities with the extra degrees
of freedom in pulse sequencing. Scanning the time delay
between the excitation pulses (r) enables one to probe the
coherence in the induced polarization. This ability is essen-
tial to the removal of inhomogeneous broadening effects
that mask the dynamics of interest. This feat is made pos-
sible by explicitly monitoring the induced polarization
involving multifield interactions with the initially prepared
state. A phase conjugate or 180° phase-shifted polariza-
tion is driven that leads to rephasing of the initial polariza-
tion. This pulse protocol and rephasing process is identical
to spin echos used in NMR. There is however an impor-
tant distinction in that nonlinear laser methods are capa-
ble of observing the rephasing process in the small pulse
area limit due to the much higher sensitivity imparted by
the spatially isolated signal and much larger population dif-
ferences between field-coupled states. The additional
dimension introduced by the excitation pulse delay makes
this form of spectroscopy two-dimensional. The observable
provides direct information on the molecular/bath couplings
through homogeneous dephasing mechanisms. Higher
order processes access additional dimensions and corre-
spondingly more information. In principle, it is possible to
use different combinations of frequencies from UV to IR to
probe couplings between different degrees of freedom, that
is, electronic, vibrational, and bath couplings, as well as
coherent interactions involved in energy transfer. Essen-
tially, one can excite a particular coherence, label it, and
monitor it in time as the system evolves, with specific infor-
mation on the relaxation dynamics of the labeled state and
its couplings to various degrees of freedom. It is precisely
this information that is needed to understand chemical reac-
tion dynamics and the underlying processes governing reac-
tion branching ratios.

Diffractive Optics: Single Optic Approach
for Phase Sensitive Spectroscopy

With the advent of diffractive optics, highly specialized equip-
ment is no longer a prerequisite for conducting nonlinear
spectroscopic studies. Any arbitrary beam pattern for a given
nonlinear process of interest can be Fourier transformed to a
spatial phase profile of a diffractive optic (DO), reducing oth-
erwise complex optical systems essentially to a single optic.

The first work to employ diffractive optics to generate arbi-
trarily complex beam patterns for phase matching and real-
ize the inherent passive phase stability possible in relay
imaged interferometer designs was the work of Goodno et al.
The most important development was that diffractive optics
could in fact achieve passive phase stabilization on the order
of /100 or better, enabling true heterodyne detection. Inde-
pendently, the Nelson group demonstrated the application of
DOs* and has since focused on fully programmable solutions
for even greater flexibility.>

Figure 2 shows schematically the importance of phase sta-
bility. Prior to the implementation of simple passive phase sta-
bilized means for heterodyne detection, information on the
third-order induced polarization was generally acquired by
monitoring the signal intensity (homodyne detection). In this
case, the changes in the Re and Im terms of the susceptibil-
ity are detected in quadrature; that is, for four-wave mixing,
the diffracted signal intensity, /s or |Eg|? « (AOD)? + (An)2. Cer-
tain dynamics affect the Re(An) part of the signal without
affecting the Im(AOD) term. Terms such as solvent relaxation,
protein motions, and density changes associated with ther-
malization of molecular processes all contribute to changes in
the index of refraction (Re part) with undetectable contribu-
tions to the changes in the optical absorption (Im part). Due to
the quadratic nature of the signal detection, these terms will
form the cross terms with other potential contributions from
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excited state processes. This complication can be disentan-
gled with proper controls, but in certain cases, there will
always be some ambiguity in the sign and amplitude of the
different signal source terms. In contrast, heterodyne detec-
tion involves the mixing of the signal field, Es, with a local
oscillator field, E, at the detector, Is o |[Ej? + |E¢|*> + E{Im (Ey)
sin(6) + Re(E,) cos(#)], where 6 is the phase difference between
the signal and reference (local oscillator) fields. Differential
detection leaves the amplified cross term of interest E,[/Im(E,)
sin(6) + Re(Eg) cos(#)]. The signal is now linear in the signal
field, significantly amplified by the cross term with the refer-
ence field, and the relative magnitudes of the Re and Im terms
contributing to the signal can be isolated by adjusting the
phase of the reference field. Both the amplification in signal-
to-noise ratio (SNR) and isolation of the Re and Im parts
depend on the phase stability. The ability of the signal field lin-
earization and selective determination of the Re and Im com-
ponents to the nonlinear susceptibility is the key enabling feature
of DO-based nonlinear spectroscopy.

Ideally, all interacting fields should be phase stabilized to
better than 1/100 to give commensurate gains in signal-to-
noise. In optical spectroscopy, the central carrier wavelength
is approximately 500 nm such that the required path length
stability is on the order of 50 A. For four-wave mixing alone,
active feedback to phase lock all four laser fields on a rou-
tine basis is a significant challenge that has only recently been
solved using a unique combination of well-engineered elec-
tronics and optomechanics.® In general, one needs to phase
lock each field involved in a nonlinear interaction (four fields
for four-wave mixing, six fields for six-wave mixing, etc.) such
that this condition becomes even more problematic as one
goes to higher order spectroscopies. In contrast, the required
degree of phase stabilization has been achieved through the
use of a simple DO in which both the complex beam patterns
for phase matching and phase locked signal detection can be
encoded in a single optic.>”

The new concept exploited in this work is not to eliminate
noise but to generate correlations in the noise between the dif-
ferent interacting beams and have the noise cancel in the detec-
tion process. Two topologically different interferometer designs
have been developed both of which provide high phase sta-
bility and independent time delays for multidimensional spec-
troscopy. In one manifestation, all the beams are generated
from the same DO using our previous approach® with one
minor modification: variable glass delays are introduced for
the various time dimensions.2~'° The low-frequency noise is
the same or correlated on all four beams such that the rela-
tive phase differences are passively stabilized. Second, it is
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also possible to introduce anticorrelated noise in the excita-
tion and probe/reference pulse pairs such that the noise
exactly cancels in the signal detection.'® This is a rather amaz-
ing effect that arises from the phase correlations imposed on
the signal field through the interaction with the medium. We
showed explicitly that by passing excitation/probe and exci-
tation/reference pulse pairs down different arms of the inter-
ferometer that the difference in phase noise exactly cancels
upon signal detection (Figure 2 of ref 10). The use of delayed
pulse pairs is thus a general solution to phase stabilization and
will dramatically improve the stability of any interferometer
design for nonlinear spectroscopy. This design is also capa-
ble of introducing independent time variables without any
intervening dispersive optics and has now made it possible to
execute fully programmable pulse shaping in combination
with nonlinear spectroscopy for both studying and control-
ling molecular coherences, as will be presented below.

Four-Wave Mixing with Unique Applications to
Protein Response Functions. Proteins are highly effective
“nanobeakers” for facilitating chemical reactions. The specific
three-dimensional structure is critical to control barrier heights
and thereby various biochemical rates. Proteins are not static,
and there is a spatial/temporal relationship between the pro-
teins’” dynamics and their functions. In many cases, the glo-
bal structure of the protein changes in response to chemical
reactions at the receptor site as part of its biological function.
The forces driving these structural changes are often derived
from the formation of a single bond (receptor binding or dis-
sociation). From the observed time scales, it is clear that the
protein is not sampling its entire potential energy landscape
but must be coarse grain sampling this surface along a highly
constrained reaction coordinate.'' Effectively, biological mol-
ecules have been exposed to evolutionary pressures that have
led to an extraordinary degree of mode selective coupling
over length scales not possible with our current level of chem-
ical sophistication. The question is: what is the so-called direc-
tor that leads to strongly correlated atomic motions in
biological response functions?'"'2 Since proteins in general
lack inversion symmetry, the most pronounced signature for
mode selective coupling would be a change in the protein
shape under the influence of a chemical reaction. Such
motions are extremely small. In this application, DO-based
four-wave mixing gives direct access to the protein motions
through interferometric detection of the Re part of the com-
plex susceptibility with high sensitivity. Detection of changes
in protein radius of less than 107> nm is possible.

The functionally relevant motions of myoglobin with
respect to the ligand binding coordinate were selectively stud-

Vol. 42, No. 9 = September 2009 = 1442-1451 = ACCOUNTS OF CHEMICAL RESEARCH = 1445



Downloaded by RENMIN UNIV OF CHINA on October 2, 2009 | http://pubs.acs.org

Publication Date (Web): May 26, 2009 | doi: 10.1021/ar900040f

Diffractive Optics Based Nonlinear Spectroscopy Miller et al.

ied through the isolation of the phase anisotropy induced by
the very process of protein motion in executing its biological
function. The structure change was photoinduced by break-
ing the Fe—CO bond (as a model for O,) that has been shown
to dissociate along a repulsive surface within a half-period
(26 fs) of the Fe—CO vibration with 100% quantum
efficiency."®'* The protein was observed to be literally chang-
ing its shape within 500 fs.'® The observed dynamics are con-
sistent with the reaction forces at the heme site coupling to
strongly damped collective motions of the protein. These
results are our strongest evidence to date of the collective
mode coupling mechanism providing the coarse grain sam-
pling process (the “director’) of protein reaction coordinates.'’
The time base has been extended out to milliseconds using
CW probes in which both dynamics and energetics of ligand
escape out of the protein were fully resolved.'"'® Other key
problems in protein dynamics are now approachable in which
even the most minute energetics driving biological processes
can be resolved.

There are similar problems in understanding liquid dynam-
ics where recent use of DOs has been able to significantly
enhance the study of isotropic and anisotropic equilibrium
fluctuations in liquids,®'” selectively study liquid solvation/
repolarization dynamics around excited states and photoin-
duced reaction processes,'®2° and use a four-wave mixing
analogue of kinetic hole burning to observe solute—solvent
relaxation dynamics.?'

Phase-Locked Multidimensional Coherent
Spectroscopies: Approaching NMR
Standards

Six-Wave Mixing: The Ultimate Challenge? Using femto-
second laser pulses to impulsively excite low-frequency inter-
molecular Raman modes, a direct measure of the two-time
correlation of the bath is obtained that can be connected to
the many-body potential pertinent to the liquid state. Multi-
time correlation functions can provide a direct determination
of the intermolecular couplings. With the present limitations
in peak power possible with pulsed terahertz methods, impul-
sive Raman is currently the only method capable of charac-
terizing the highly anharmonic molecular motions defining the
liquid state. It is this context that the original proposal of Tan-
imura and Mukamel for fifth-order Raman spectroscopy
should be viewed as particularly illuminating.>* This seminal
work pointed out the important connection to the bath corre-
lation function of liquids and identified a novel rephasing
process involving a two-quantum transition, as shown sche-
matically in Figure 1d.

FIGURE 3. (a) Photograph of six-wave mixing DO setup to show
the compact nature of the interferometer and (b) phase profile

of the six-wave mixing DO. The inset shows an expanded view and
the requirement of the probe to spatially overlap with multiple
Fourier components in the induced polarization to conserve the
signal.

This spectroscopy holds the intriguing possibility of observ-
ing a bath echo, the rephasing of otherwise stochastic fluctu-
ations defining the liquid state. The main experimental
challenge is that the signals are extremely small. The rephas-
ing process involves a Raman overtone that is by itself a small
signal. This experiment is also particularly prone to cascaded
lower order nonlinear ¥ processes that only give informa-
tion on the nuclear free induction decay and do not remove
inhomogeneous broadening effects on the signal response.?3
This complication led to erroneous initial assignments and
long debate on the origins of the signal response. There is a
particularly valuable lesson in the scientific process here: what
could be considered as a setback actually led to major
advances in nonlinear spectroscopy. Once the problem was
properly identified,?* new concepts in phase-matching beam
geometries with differential contrast between low- and high-
order nonlinearities were introduced;* dependence on wave-
length, path length, polarization, distinct tensor properties of
the susceptibility, and signal phase were all exploited to solve
this problem.?>~2” There have been similar advances in the-
ory where the fifth-order nuclear response function has been
shown to be an extremely sensitive test of intermolecular
potentials used for modeling liquid state dynamics.2®~ 28

The different experimental and theoretical approaches have
now converged on the general form of the 2D Raman sig-
nal.?” In this effort, the true power of the passive phase-lock-
ing properties of DO-based nonlinear spectroscopy was fully
demonstrated. An otherwise extremely complex nonlinear
experiment that would require active locking of the six inter-
acting fields was reduced to a single optic (see Figure 3) and
led to the first fully isolated fifth-order nuclear response
function.”2” The DO element designed to perform this class
of experiments is instructive in its own right. To attain good
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FIGURE 4. (a) Two-dimensional Raman of CS, for the Ri1211
polarization tensor element. The strong focusing of the signal along
the 7, probe delay axis and absence of signal along the 7,
excitation delay axis agrees with theoretical expectations. (b)
Different slices for signal observed in the Ry, tensor element or
Dutch Cross configuration that eliminates cascades as a test of
signal purity. The rephasing or “bath echo” (indicated by arrow) is
observable along the diagonal and shows the short-lived nature of
a modal description of the liquid state (ref 25).

diffraction efficiency over the entire bandwidth, we had to sys-
tematically adjust up to 20 different Fourier components to
achieve near optimal performance. The phase profile of the
diffractive optic is directly related to the spatial profile of the
induced nuclear polarization that leads to the generation of
the fifth-order signal. Figure 3 shows the six-wave mixing dif-
fractive optic surface relief in terms of a phase profile and
gives a nice means to visualize the real space polarization
induced in the sample.

With the DO approach, the 2D fifth-order Raman spectra of
liquid CS,”2° (see Figure 4 for first heterodyne-detected
response), benzene,?° and more recently the highly hydrogen-
bonded liquid formamide have been obtained.?° These exper-
iments are the first steps toward direct studies of the
intermolecular potential of liquid water where very distinc-
tive differences in the 2D fifth-order Raman signal were pre-
dicted that will help refine our understanding of liquid water.2”
The small Raman polarization in water makes this experiment
extremely challenging as the current approach has reached its
limit, and the predicted signal from water is more than an
order of magnitude smaller yet.?”-2® The intermolecular 2D
spectrum of water remains an illusive target, requiring still
more ingenuity from the spectroscopy community to reveal its
secrets.

Diffractive Optics Based Nonlinear Spectroscopy Miller et al.

Two-Dimensional IR: New Insights into the
Hydrogen Bond Network of H,O

An alternative approach to investigate the intermolecular
forces within the hydrogen bond network of liquid water is
coherent two-dimensional infrared (2D-IR) spectroscopy. The
special properties of liquid water are attributed to the stron-
ger, yet highly anharmonic, intermolecular forces arising
from hydrogen bonding. Since the frequency of the OH
oscillator is extremely sensitive to the local environment,
the OH stretching vibration is the most direct probe of the
hydrogen bond network. This correlation has been known
for over 100 years since one of the first recorded IR spec-
tra of water showed an anomalously broad vibrational
bandwidth.?' The issue as to whether the all important OH
vibrational line shapes are inhomogeneously or homoge-
neously broadened has been one of the longest standing
problems in spectroscopy, a glaring issue given the impor-
tance of water. The uncertainty in the degree of inhomo-
geneous broadening makes it impossible to infer the time
scales for correlations within the hydrogen bond network or
the relaxation dynamics among the different degrees of
freedom. Two-dimensional IR spectroscopy directly gives
information on the anharmonic terms in the intermolecu-
lar water potential and an immediate resolution of the inho-
mogeneous versus homogeneous nature of the line shape.
The major technical stumbling blocks to resolving this issue
are the incredibly strong absorption of water at vibrational
resonances and the requirement of exceedingly high time
resolution to fully resolve the dynamics of interest. To
finally address this issue, we recently introduced nanoflu-
idics for spectroscopic studies to obtain 400 nm pathlengths
to solve the high OD problem and remove nonresonant
window contributions from nonlinear spectroscopy that
mask the fastest dynamics.3%33 The use of the delayed
pulse pairs/DO interferometer was essential to this experi-
ment because the increased SNR was critical to keeping the
excitation level at the small perturbation limit (5% excita-
tion, effective temperature jump <6 °C).

The 2D-IR studies of liquid H,O are shown in Figure 5,
where the resolution to this long-standing problem was imme-
diately apparent.32~3* The elongation along the diagonal at
zero waiting time clearly demonstrates that the water spec-
trum is inhomogeneously broadened. However, water can be
counted on for more surprises. The loss in the frequency cor-
relations occurred within 50—100 fs on the red side of the
spectrum, within a period of the highest frequency librational
components, effectively at the fundamental limit for loss in
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FIGURE 6. Combining the vibrational coherence time with the
energy hopping time (Figure 5 from ref 33) allows estimation of the
spatial delocalization of the OH stretch vibration. Within the
coherence time, it is found to be delocalized over several waters (in
red), as a disordered exciton schematically represented by the
spatial diffusion length (dotted line). Reproduced with permission
from ref 33. Copyright 2008, PNAS.

correlations, and more than an order of magnitude faster than
isotopically substituted water. There were still more surprises.
As the temperature was lowered, the frequency correlation
time was found to dramatically increase to the point that the
resonant energy transfer between water molecules could be
used for the first time to probe the underlying length scale of
the frequency correlations in the liquid state (schematically
shown in Figure 6), particularly important for the hydrogen
bond network of water.

All the various degrees of freedom are found to exchange
energy within the time scale of the highest frequency libra-
tional motions, the fastest rate possible with respect to energy
conservation. There is no clear separation in time scales. All
the modes, both intramolecular and intermolecular, are
strongly mixed. Not even the highest frequency OH stretch
can be defined properly within a molecular basis. The excita-
tion is found to be spatially distributed over many water mol-

ecules to form an exciton-like state, a fundamentally different
view of the primary excitations of liquid water.3334

Coherent Control 2D-Electronic
Spectroscopy (2D-E): v-Wave Mixing

The most fully generalized extension of 2D-spectroscopy
is to combine pulse shaping with existing heterodyne-de-
tected 2D-E spectrometry. Pulse shaping allows controlling
the phase and spectrum of the excitation pulse, which
enables one (i) to control the coherences, (ii) to control
energy transfer flow in conjugated many-body quantum
systems, and (iii) to increase the resolution of 2D spectra
(sharpness of cross-peaks). The problem in implementing
this concept is that embedding a pulse shaper(s) within a
2D spectrometer leads to a significant extension of the
interferometer arms needed for the shaper optics and cor-
responding loss in phase stability. A new optical scheme,
shown in Figure 7, solves this problem by fully decoupling
the translation stages and using symmetry to effectively
make the interferometer more compact. The “dephasing”
scan only requires one translation stage to be moved. This
is achieved by one additional pass of the “mother” beam for
reading (ks) and the local oscillator pulses (ko) through the
“dephasing” translation stage DL1. Excellent phase stabil-
ity, even for 6 m long interferometer arms, has been
achieved with reported phase stability of ~1/100 (for 20
min).3® This is a general solution, using delayed pulse pairs
for noise correlation/cancellation that can be combined in
any standard interferometer design to enhance phase
stability.

In the first coherent control 2D-E experiment, we investi-
gated rhodamine 101 in methanol using the “optimal” pulse
shape obtained previously from the coherent control of the
population transfer in the weak excitation limit.3® This shaped
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controllable deformable mirror; DO = diffractive beam splitter; PM = parabolic mirrors with F = 15 cm. Insets show (left) passing of beams
through the DO and (right) the pulse timing diagram. The bandwidth of this interferometer exceeds 6000 cm™' corresponding to a time
resolution of better than 10 fs to follow the fastest motions responsible for the underlying dynamics.
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FIGURE 8. Two-dimensional electronic spectra of rhodamine 101/MeOH at T = 0 measured with a 10 fs pulse (a), “optimal” pulse with both
amplitude and phase shaping (b), and “optimal” pulse with amplitude shaping only (c). Panels a1—c1 show corresponding cross sections

indicated in panels a—c by dashed lines.

pulse leads to increasing of efficiency of populating the
Sy-state by ~20% compared with nonshaped (transform-lim-
ited) pulses. Figure 8 shows the 2D power spectra at T = 0
obtained with a nonshaped pulse, as well as pulses with both
phase and amplitude modulation. The interaction of the

medium with the shaped pulse dramatically changes the 2D-E
spectrum; instead of an unstructured spectrum as seen for the
unshaped pulse, distinct structure appears in spectra using
shaped pulses. Even from the 2D power spectra, one can
clearly see that the modulation of the pulse’s amplitude spec-
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trum leads to the appearance of fine structure across the
2D-map, whereas the phase shaping additionally gives fine
structure along with a central peak with a fwhm of ~30 cm™".
In this regard, it is interesting to compare the slice of the 2D
spectrum to the pump—probe spectra using the same shaped
“optimal” pulse (see ref 36, Figure 12 therein).

We are now able to do state-selective excitation with tai-
lored pulses and control electronic/vibronic coherences via
phase modulation to explore detailed excited state dynam-
ics and issues of coherent vs incoherent interactions. Theoret-
ical work treating explicitly phase relationships of coupled
states and time orderings is now needed to fully understand
the correlation between state preparation and decoherence.
However, this first experiment demonstrates how important
the application of coherently controlled multidimensional
spectroscopy can be for studying the coherence in quantum
systems.

Future Prospect

Diffractive optics provide a single optic approach for simulta-
neous generation of beam geometries with built in phase
matching and the passive phase stabilization of all the neces-
sary laser fields to achieve phase-locked signal detection. Sim-
ilar objectives are being explored using programmable pulse
shaping to even further simplify the optical systems,>37-38
albeit with various trade-offs in sensitivity and spectral range.
Phase-sensitive signal detection now avails to nonlinear spec-
troscopy the same kind of phase cycling used to isolate higher
order correlation functions in various multidimensional NMR
spectroscopies, but with DO-based spectrometers, the entire
UV to IR part of the spectrum can be multiplexed. This
advance opens up the use of phase contrast to observe dis-
tinct aspects of the nonlinear signal with all possible combi-
nations of state preparations and spectral evolution. The new
capability of combining this approach with pulse-shaping
methods opens up a domain comparable to the riches multi-
dimensional NMR afforded not so many years ago. For exam-
ple, recent applications of DO-based 2D-E have provided
beautiful observations of the importance of coherence in
energy transfer observed for light-harvesting systems, self-
assembled structures, and conjugated polymer systems.39~4'
The ability to control the phase of the prepared states should
provide exquisite control over spatial propagation of the exci-
ton state and site-specific determination of coherent terms in
the coupling. From a reaction dynamics perspective, it is now
possible to selectively prepare states, even far from equilib-
rium processes near reaction saddle points, to access infor-
mation directly relevant to reactive crossings.

With the general philosophy that any problem requires
information on structure, dynamics, and energetics, DO-based
nonlinear spectroscopy is poised to significantly advance our
understanding of the latter two processes and as such is of
fundamental interest to chemistry.

We wish to thank the earlier co-workers in the Miller group
whose contributions were crucial to the findings summarized in
this Account: Michael Cowan, Gami Dadusc, Greg Goodno, Jen-
nifer Ogilvie, Marie Plazanet, Marcus Walther, Peter Schulen-
berg, Kevin Kubarych, Viadimir Astinov, Chris Milne, Yun-Liang
Li, Leigh Huang, Barry Bruner, and Darren Kraemer.
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