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CONSPECTUS

Coherent multidimensional spectroscopy (CMDS) is now the [ zo%
optical analogue of nuclear magnetic resonance (NMR). Just
as NMR heteronuclear multiple-quantum coherence (HMQC) meth- 2020
ods rely on multiple quantum coherences, achieving widespread
application requires that CMDS also excites multiple quantum  f— '
coherences over a wide range of quantum state energies. This E
Account focuses on frequency-domain CMDS because these meth- | ¢ -
ods tune the excitation frequencies to resonance with the desired s
quantum states and can form multiple quantum coherences
between states with very different energies. e~
CMDS methods use multiple excitation pulses to excite multiple o
quantum states within their dephasing time, so their quantum T W W o, '(‘ps, .

mechanical phase is maintained. Coherences formed from pairs of the
excited states emit coherent beams of light. The temporal ordering of
the exditation pulses defines a sequence of coherences that can result in zero, single, double, or higher order coherences as required
for multiple quantum coherence CMDS. Defining the temporal ordering and the excitation frequencies and specrally resolving the
output frequency also defines a particular temporal pathway for the coherences, just as an NMR pulse sequence defines an NVIR
method. Two dimensional contour plots through this multidimensional parameter space allow visualization of the state energies
and dynamics.

This Account uses nickel and rhodium chelates as models for understanding mixed frequency-/time-domain CMDS. Mixed fre-
quency-/time-domain methods use excitation pulse widths that are comparable to the dephasing times, so multidimensional spec-
tra are obtained by scanning the excitation frequencies, while the coherence and population dynamics are obtained by scanning
the time delays. Changing the time delays changes the peaks in the 2D excitation spectra depending upon whether the pulse
sequence excites zero, single, or double quantum coherences. In addition, peaks split as a result of the frequency-domain mani-
festation of quantum beating. Similarly, changing the excitation and monochromator frequencies changes the dependence on the
exdtation delay times depending upon whether the frequencies match the resonances involved in the different time-ordered path-
ways. Contour plots that change a time delay and frequency visualize the temporal changes of specific spectral features.

Frequency-domain methods are resonant with specific states, so the sequence of coherences and populations is defined. Coher-
ence transfer, however, can cause output beams at unexpected frequencies. Coherence transfer occurs when the thermal bath induces
a coherence between two states (a and g) to evolve to a new coherence (b and g). Since the two coherences have different fre-
quendies and since there are different time orderings for the occurrence of coherence transfer, the delay time dependence devel-
ops modulations that depend on the coherences’ frequency difference.

Higher order coherences can also be generated by raising the excitation intensities. New features appear in the 2D spectra
and dynamic Stark splittings occur. These effects will form the basis for the higher order multiple quantum coherence methods
and also provide a method for probing molecular potential energy surfaces.
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Introduction

Spectroscopy forms the heart of the analytical methodology
used for routine chemical measurement. Of all the analytical
spectroscopic methods, NMR spectroscopy is unique in its abil-
ity to correlate spin resonances and resolve spectral features
from spectra containing thousands of peaks. For example, het-
eronuclear multiple quantum coherence (HMQC) spectroscopy
achieves this capability by exciting 'H, '°N, '*C=0, and '*Ca.
spins to form a multiple quantum coherence characteristic of
a specific position in a protein’s backbone." Three excitations
define a specific residue, and a fourth defines the coupling to
an adjacent residue. Not only does it decongest the spectra,
it defines the couplings and connectivity between the differ-
ent nuclear spin states. Coherent multidimensional spectros-
copy (CMDS) has emerged as the optical analogue of nuclear
magnetic resonance (NMR), and there is great interest in using
it as a general analytical methodology.> * If CMDS is to have
widespread use as an analytical technique, it is important to
develop similar multiple quantum coherence methods.

CMDS divides into time- and frequency-domain methods.
Time-domain methods dominate NMR and CMDS experi-
ments.>>~19 Unlike time-domain NMR, the bandwidth of time-
domain CMDS does not cover the range of interesting transi-
tions. However, if a pathway contains a population, the first
and last coherences are independent.'’ These pathways are
not fully coherent and are sensitive to population relaxation
effects where new transitions appear in the spectra from pop-
ulations in unknown states.'?

Frequency-domain methods do not have the same con-
straints and can use multiple quantum coherence pathways
with states having disparate energies.? There is therefore inter-
est in developing these methods as a general analytical meth-
odology. We will use our work in coherent multidimensional
vibrational spectroscopy (CMDVS) to describe the basic fun-
damentals of CMDS methods and provide model examples of
their current capabilities. However, frequency-domain CMDS
approaches can provide the same capabilities for any combi-
nation of electronic, vibrational, or rotational quantum states.

Background

CMDS developed from the multiresonant, nonlinear spec-
troscopies of coherent Raman spectroscopy.' CMDS creates
quantum mechanical superposition states by a successive
series of resonant electromagnetic field interactions.> N inter-
actions that mix N quantum states with the ground state, g,
create a time-dependent superposition state, ¥ =
SN _ombx,y)enZ-lon=Tull which oscillates at wnm = w, — wp.
Each mn pair is a coherence described by the ket and bra,
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|m)n|. Their oscillations create coherent, directional light
beams whose intensity maximizes when Kggnai = Sk, (ks is the
wave vector of the nth beam). Since CMDS depends upon cre-
ating multiple excitations while the states remain phase coher-
ent, the excitation intensities must create excitation rates that
are fast compared with the dephasing rate, I'. The sequence
of coherences define a coherence pathway. For example,

1 2 3
gg — gb — cb — db

specifies the temporal evolution of the ket and bra states of
a fully coherent pathway; gg—gb—bb—bg is not fully coher-
ent because bb is a population. Coherences depend on the dif-
ference in the number of excited states in the ket and bra.? If
states a and b are vibrational fundamental modes, then coher-
ences such as ba, ag, and (b+a,g) are zero, single, and dou-
ble quantum coherences, respectively (Of course, a or b could
be combination band or overtone states. For example, if b is
a combination band involving two modes and a is a funda-
mental, then (b,2a), ba, bg, (a+b,g) would be zero, single, dou-
ble, and triple quantum coherences, respectively.).

In frequency-domain CMDS, the excitation is long com-
pared with the dephasing time, the superposition state reaches
a steady state, and the output coherence is driven by the
fields. Spectra are acquired by measuring the intensity while
scanning the excitation frequencies. In time-domain CMDS, the
excitation is impulsive, and the output coherence radiates by
free induction decay (FID). Spectra are acquired by measur-
ing the intensity while scanning the delay time to define the
phase oscillations and then Fourier transforming the data to
obtain a spectrum. For mixed frequency-/time-domain meth-
ods, the excitation is comparable to the dephasing rate, and
both the driven and FID processes contribute. Spectra are
acquired by scanning the excitation frequencies for fixed time
delays, while temporal relaxation is measured by scanning the
time delay for fixed frequencies.

Time-domain spectroscopy requires phase coherence while
the time delays change.? It is achieved by generating multi-
ple pulses from a single pulse.2'*'> The frequency range is
defined by the pulse bandwidth, typically 150—200 cm™.
Since fully coherent pathways require phase coherence dur-
ing the entire nonlinear process, it will be difficult to use fully
coherent time-domain methods over wide frequency ranges.
Frequency-domain spectroscopy requires only short-term
phase coherence over the dephasing time, so each pulse can
have different frequencies, and the frequency range can be
wide.
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FIGURE 1. Example WMEL diagrams that show the resonances for three excitation frequencies.'® Letters represent single states, Greek
letters represent excitation frequency for Rsignal = —K, + R/g + Ry, solid and dotted arrows show ket and bra transitions, and a wavy arrow

shows the signal. Time evolves from left to right.

Wave mixing energy level (WMEL)'® diagrams define the
coherence pathways and their resonances. Figure 1 shows the
fully resonant WMEL diagrams assuming the phase match-
ing condition Ksignat = —Kq + kj + k,. Columns 1—4 show the
eight fully coherent pathways (the Mukamel pathways R1—R4
are also special cases of the pathways).'” Columns 5 and 6
show four special cases that have an intermediate popula-
tion and correspond to the two-color pump—probe pathways
of ultrafast spectroscopy.'® The solid and dotted arrows rep-
resent transitions on the coherence’s ket and bra parts, respec-
tively. As an example, pathway 3A represents the temporal
evolution

a B 4
gg — gb — cb — ca

where ca emits the observed signal.

Each pathway has different characteristics.>'3 Columns
1—4 measure coherent processes, while columns 5 and 6
involve populations and measure incoherent processes. The
intermediate coherences after the first two interactions are
zero quantum coherences for the pathways in columns 1 and
3, double quantum coherences in column 2, single quantum
coherences in column 4, and populations in columns 5 and 6.
The pathways also differ in whether the system gains energy
from the interactions with the electromagnetic fields. Nonpara-
metric pathways deposit energy in the system because the
final coherence emission does not return the system to its ini-
tial state. Figure 1A is a nonparametric process, while path-
way 2A is a parametric process.

The final coherences from different pathways are additive
and constructively or destructively interfere.>'3 The sign of a
coherence depends upon whether the number of bra-side
interactions is odd or even. For example, the first two interac-

tions in rows A and B are identical for columns 1—3 in Fig-
ure 1, but the third interactions differ, so the two rows have
opposite signs and destructively interfere. Cross-peaks will not
be observed if the frequencies and dephasing rates are iden-
tical. Intra- or intermolecular interactions anharmonically cou-
ple the states, and the interference is incomplete."®

Frequency-Domain CMDS

The first CMDS experiments were frequency-domain coher-
ent anti-Stokes Raman spectroscopy (CARS), multiply
enhanced parametric spectroscopy (MEPS), multiply enhanced
nonparametric spectroscopy (MENS), and coherent Stokes
Raman spectroscopy (CSRS).'*2°%2! These methods were fully
coherent and provided line-narrowing and mode-coupling
information. However, they involved electronic transitions and
required cryogenic temperatures to achieve the selectivity.
Working at room temperature required developing vibrational
CMDS. Ivanecky and Wright attempted extending the four-
wave mixing (FWM) methods to six-wave mixing (SWM) where
two vibrational modes could be excited by Raman process-
es.?? However, cascaded FWM processes obscured the SWM
signal. Instead, the Wright group used infrared transitions that
directly accessed the vibrational levels to create a new fam-
ily of frequency-domain coherent methods.?* This approach
resulted in doubly vibrationally enhanced (DOVE) FWM, a fully
coherent two-dimensional vibrational spectroscopy.>2”
DOVE FWM uses one Raman and two infrared transitions.
Cross-peaks depend upon anharmonic creation of combina-
tion band or overtone transitions. Later work extended DOVE
FWM to the mixed frequency-/time-domain DOVE FWM,?2 so
one could isolate specific coherence pathways by defining the
temporal ordering of the excitation pulses and use the inter-
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FIGURE 2. Representative TRIVE FWM 2D spectra of Ni(CO),/ Ni(CO); scanning excitation frequencies with (27, 72-1) values of (a) (0,0), (b)
(2,1), (9 (2,1), and (d) (=1,2) ps. For panel a, there was no monochromator; for panels b, ¢, and d, om= ;. Boxes define vibrational energies

of Ni(CO), and Ni(CO); (table 1).
ference between the different pathways to coherently con-
trol the relative peak intensities.??

The next method in the new family was triply vibrationally
enhanced (TRIVE) FWM.2° TRIVE FWM uses four infrared tran-
sitions and all the pathways in Figure 1. Cross-peaks occur
because anharmonic coupling removes the destructive inter-
ference between parametric and nonparametric pathways.'®
Meyer et al. demonstrated that adding a monochromator to
spectrally resolve the output signal allowed selection of indi-
vidual pathways and improved the resolution of TRIVE FWM.3'
This Account uses TRIVE FWM to illustrate mixed frequency-/
time-domain CMDS methods.

Example CMDS Results: Two-Dimensional
Spectra

We define the frequency, wavevector, and temporal posi-
tion of the ith excitation pulse by w;, R,, and t;, respectively,
and the delay time between two pulses by 7; = 7; — 7;. Fig-
ure 2 shows examples of Ni(CO), and Ni(CO)s (triph-
enylphosphine dicarbonyl nickel and diphenylphosphine
tricarbonyl nickel) TRIVE FWM 2D spectra using the phase
matching Ksgna = K1 — k> + K> and scanning the o, and
frequencies while measuring the output intensity. Table 1
summarizes their vibrational modes. The intensity scale is
logarithmic, so one can observe all of the features over a
wide dynamic range. Figure 2a shows the 2D spectrum
when the beams are temporally overlapped and the out-

TABLE 1
vibrational energies (cm™") Ni(CO), Ni(CO)s
a (asym stretch) 1943 1900
& (asym stretch) 1999
b (sym stretch) 2002 2069
a~+ b (comb band) 3919 ~4058

put signal is not spectrally resolved. It contains contribu-
tions from all 12 coherence pathways in Figure 1. The three
boxes indicate the diagonal and cross peak positions of the
Ni(CO), (lower left) and Ni(CO); (two upper right) vibrational
transitions. The figure also has unresolved overtone and
combination bands (e.g., pathways 2A, 1—3B, and 5,6B).
Figure 2b shows the same spectrum but with time delays
for time orderings 1A,B in Figure 1. The time delays elim-
inate other pathways and isolate pathways 1A and 1B. Fig-
ure 2c¢ shows the same spectrum as Figure 2b, but a
monochromator now spectrally resolves the output signal.
The monochromator is scanned so its frequency, om = w.
Since the output from pathway 1B is anharmonically shifted
from pathway 1A, this scan isolates the contributions from
pathway 1A. Figure 2d shows the spectrum with o, = wq
and time delays that isolate pathway 2B. For our two-color
experiments, the first and third resonances have the same
frequency, w,, and the second resonance involves w;. Note
that the peaks are shifted to the left from the boxes
because wn = w; is now resonant with combination band

Vol. 42, No. 9 = September 2009 = 1310-1321 = ACCOUNTS OF CHEMICAL RESEARCH = 1313


http://pubs.acs.org/action/showImage?doi=10.1021/ar900032g&iName=master.img-002.jpg&w=299&h=256

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

Publication Date (Web): May 15, 2009 | doi: 10.1021/ar900032g

Mixed Frequency-/Time-Domain CMDS Pakoulev et al.

[~ 2020
2010
2000

E1900
~
-]
1980

5 6

-7 8 -]
‘9-| tp"
FIGURE 3. Experimental (top) and simulated (bottom) dependence
of resonance when w;= 2069 cm™, 73; = =5 ps, and w, and 721

are scanned. Each vertical slice is normalized to most intense data
point.32 Reproduced with permission from ref 32. Copyright 2007
American Chemical Society.

and overtone transitions while w, remains resonant with
the fundamental modes.

Frequency-Domain Quantum Beating

The spectral region near w; ~ w; = 2000 cm™! is complex
because there are three unresolved vibrational modes from
the two asymmetric Ni(CO); modes and the symmetric Ni(CO),
mode that interfere at this frequency.*>° These modes all lie
within the excitation pulse bandwidth, so they are not spec-
trally resolved. The coherences associated with each give rise
to quantum beating. We showed that the frequency-domain
manifestation of quantum beating is a periodic splitting of the
diagonal and cross peaks as a function of the delay time.32
This splitting appears in the diagonal peak of Figure 2¢ and
the diagonal and cross peaks of Figure 2d.

The splitting is clearly seen in Figure 3 for the cross peak
at (w1, w2) = (2069, 1989) cm~'.32 The top spectrum shows
the dependence when w; = 2069 cm™', 751 = —5 ps, and we
vary w, and 7o ;. These conditions isolate pathway 6A. The
spectrum is normalized to have the same maximum inten-
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FIGURE 4. Schematic diagram showing coherence pathways for time
orderings I-VI of three excitation pulses. Colored arrows indicate
direction for coherence dephasing or population decay. Colors
correlate with specific nonlinear processes. Adapted from ref 2.

sity at each delay setting. The lower spectrum is a simulation
based on a 9 cm™' splitting between the two asymmetric
modes of Ni(CO)s. The asymmetry in the pattern results from
the unequal intensity of the two transitions.

Coherence and Population Dynamics

Fixing the excitation and monochromator frequencies and
scanning the time delays between pulses 2, 2’, and 1 (z>1 and
751) accesses all 12 pathways in Figure 1. Figure 4 represents
this procedure.? The upper left shows three pulses with the
time ordering 1, —2, and 2’ corresponding to region labeled
. There are five other time orderings (labeled 1I—VI?) shown
along with a fully resonant WMEL diagram. There is also a
second pathway (not shown) for each time ordering. (The fully
resonant pathways shown for time ordering I-VI in Figure 4
correspond to pathways 1A, 2A, 3A, 4B, 5A, and 6A, respec-
tively, in Figure 1. The pathways that are not shown for time
orderings I-VI correspond to pathways 1B, 2B, 3B, 2A, 5B,
and 6B, respectively, in Figure 1.) The arrows along each axis
define the coherence or population that is changing in the
direction of the arrow. For example, the red arrow indicates
that the (a+b,g) double quantum coherence is decaying along
the indicated direction as 7,; increases with 7, constant.
There is a correspondence between each region and dif-
ferent nonlinear techniques. For example, the maroon arrow
is the time ordering for photon echo, the green and olive
arrows are transient grating, the olive arrow is pump—probe,
the red arrow is reverse photon echo (or equivalently HMQQ),
and the blue arrows are reverse transient grating.'” Region V
is the stimulated photon echo (the stimulated photon echo is
a three pulse photon echo involving three pathways; the one
shown in region V of Figure 4 is the bleaching pathway)
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IF21

FIGURE 5. Intensity dependence (logarithmic) on the excitation
pulse time delays for (w1, w2, om) = (2002, 1943, 2002) cm~'. White
arrows indicate direction for coherence dephasing or population
decay. The example WMEL diagram shows pathway IV (Figure 4).
Adapted from ref 2.

method of 2D-IR, and region VI is the nonrephasing counter-
part. The yellow region designates pathways with intermedi-
ate populations.

The experimental implementation of Figure 4 is shown in
Figure 5, along with an example WMEL diagram for region IV.
Again, arrows indicate the decaying coherences or popula-
tions. Here, w1, w,, and wn, are tuned to the symmetric and
asymmetric CO stretch modes (labeled b and a, see Table 1)
representing the lower right Ni(CO), cross peak in Figure 2a—c.
Note that the maximum intensity is not symmetric across the
diagonal axis since the intensity for pathway V is higher than
that for pathway VI. Since the Ni(CO), sample is inhomoge-
neously broadened and pathway V is a rephasing pathway, an
echo is created that increases the pathway V intensity. This
effect is the three pulse echo peak shift (3PEPS) used to mea-
sure the time correlation function of solvent and biological
systems.33

Figure 5 contains the information for the dephasing rates
of the ag (or ga) and bg single quantum coherences, the ba
zero quantum coherence, and the relaxation rate of the gg —
aa population difference. The (a+b,g) double quantum coher-
ence is not represented because the choice of excitation and
monochromator frequencies does not enhance pathways con-
taining (a+b,g). Figure 6 shows four examples of scanning
delay times 7, and 75, for fixed (w1, w,, wm). Figure 6a is
identical to Figure 5 except the frequencies are interchanged
to excite the upper left Ni(CO), cross peak. This figure con-
tains the same information as Figure 5 except the a and b des-
ignations are interchanged. Figure 6b results when (w1, >,
wm) are tuned to excite the lower right Ni(CO), peak in Fig-

Mixed Frequency-/Time-Domain CMDS Pakoulev et al.

ure 2d. Although Figure 2d used the pathway IV time order-
ing, time orderings V and VI have nonparametric pathways
with the same resonance conditions. Thus, pathways 1V, V,
and VI all contribute in Figure 6b. These pathways probe the
(a+b,g) coherence dephasing time. Figure 6¢ results when the
frequencies are tuned to excite pathway Il. The other path-
ways are suppressed. Pathway Il provides a second measure
of the (a+b,g) coherence dephasing time. Finally, Figure 6d
results when the frequencies are tuned to excite the nonpara-
metric pathways of time orderings I-Ill (these pathways cor-
respond to 1—3B in Figure 1). These pathways cannot be fully
resonant with two tunable excitations because the four tran-
sitions have different frequencies. When the monochromator
and excitation frequencies are tuned to maximize these path-
ways, the w, frequency lies between the fundamental and the
overtone or combination band frequencies, while the ), fre-
quency excites a fundamental transition.?' The pathways for
time orderings I-Ill are now excited and IV-VI are sup-
pressed. Together, these experiments provide an overdeter-
mined data set for defining the dephasing and relaxation
dynamics of all the coherences and populations.

Hybrid Frequency-/Time-Domain Spectra

The excitation and monochromator frequencies and the exci-
tation delay times form a multidimensional space, which is
visualized with two-dimensional cross sections.>* The exam-
ples thus far have largely involved scanning either the exci-
tation frequencies or the delay times. Two-dimensional scans
where both change can also be useful in resolving and defin-
ing relationships between spectral features. Figure 7 shows an
example where the w; = oy, is resonant with the symmetric
CO stretch of Ni(CO), at 2002 cm™', 7= 2 ps, and w and 7
are scanned. The WMEL diagrams for the two peaks are also
shown. The 7,4 scan is a horizontal section of Figure 4 that
covers regions | and Il. The w, scan is a vertical slice of Fig-
ure 2a in the region of the lower right Ni(CO), cross peak. Two
peaks appear at positions corresponding to the zero quan-
tum ba coherence created by the bg — ba transition of path-
way | and the double quantum a+b,g coherence created by
the bg — a-+b,g transition of pathway Il. The 75, delay times
that maximize the two peaks are the same as the horizontal
slices through 77 = 2 ps in Figure 5 and Figure 6¢, respec-
tively. The peak separation along w, defines the combina-
tion band.

Two dimensional cross sections that vary the excitation and
monochromator frequencies display the relationships between
the excitation and the output frequencies. Both the driven and
free induction decay processes determine the output fre-
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FIGURE 6. TRIVE FWM intensity dependence (logarithmic) on the excitation pulse time delays for the frequencies (w4, w2, wm) = (a) (1943,
2000, 1943) cm™ ', (b) (1982, 1943, 1982) cm™!, (¢) (2003, 1923, 2002) cm™', and (d) (2002, 1930, 1982) cm™'. Adapted from ref 2.
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FIGURE 7. TRIVE FWM intensity dependence (linear) on w, and 724
when w1 = oy = 2002 cm™! and ;= 2 ps and example WMEL
diagrams for pathways I and II.

quency. Figure 8 shows four examples of these scans, all with
w> resonant with the C=0 asymmetric mode at 1943 cm™".
Figure 8a shows a typical scan for t21 = 2 and 721 = 1 ps, as
well as an example WMEL diagram for this time ordering
(region I in Figure 4). The peak appears when w; and wn,
match the g < b fundamental transition as expected for the
phase matching condition Ksgna = k1 — ka2 + ky and the 1A
pathway. The peak is narrower along the wp, axis because the
monochromator resolution is higher than the spectral width of
the excitation pulse. In addition, the monochromator mea-

sures both the FID defined by the dephasing rate and the
driven signal defined by the excitation pulse widths.

Figure 8b shows the same plot for 721 = 727 = 2 ps. This
time ordering corresponds to regions | and Il. The example
WMEL diagram corresponds to pathway IIB. The previous peak
is still present, but a new feature appears when oy, measures
the a+b — a transition of pathways IB and IIB. These two
pathways can only be doubly resonant with two tunable exci-
tation pulses. Besemann et al. identify the resonances
expected for these doubly resonant pathways.?* Since w, is
resonant with the g — a fundamental transition, either w, is
resonant with the g — b fundamental transition or w; + w>
is resonant with the g — a-+b transition. Figure 8b shows that
these pathways are efficiently excited at these two values of
w- as well as those in-between.

Figure 8c shows the same plot for 71 = —1, 721 = 1 ps
along with an example WMEL diagram for pathway IVA. The
region IV time ordering involves a double quantum coher-
ence. The brightest peak corresponds to the fully resonant
pathway IVB (shown in Figure 4) where w5 is resonant with the
g — a transition, w, is resonant with the a — a+b transition,
and oy measures the a+b — a transition. Pathway IVA can
only be doubly resonant with two tunable excitation pulses.
There are three choices for w, and wn, that establish double
resonances: (wi, wm) = (1976, 1976), (1976, 2002), and

1316 = ACCOUNTS OF CHEMICAL RESEARCH = 1310-1321 = September 2009 = Vol. 42, No. 9


http://pubs.acs.org/action/showImage?doi=10.1021/ar900032g&iName=master.img-006.jpg&w=335&h=271
http://pubs.acs.org/action/showImage?doi=10.1021/ar900032g&iName=master.img-007.jpg&w=216&h=168

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

Publication Date (Web): May 15, 2009 | doi: 10.1021/ar900032g

Mixed Frequency-/Time-Domain CMDS Pakoulev et al.

1960
1960 1970 1880

1990 2000 2010 2020 2030
[ {cm"}

FIGURE 8. TRIVE FWM intensity dependence (linear) on w; and wm when w,= 1943 cm™' and (z21, 721) are (a) (2, 1) ps, (b) (2, 2) ps, (0 (-1,
1) ps, and (d) (=2, —1) ps. These conditions emphasize pathways (a) I, (b) I and II, (c) IV, and (d) VI. Representative WMEL diagrams are also

shown.

(2002, 2002) cm™'. The resonant transitions and monochro-
mator setting for the three cases are (1) g — a, a — a+b,
driven process; (2) g —a, a — a+b, FID; (3) g —a, b — g, FID
+ driven process. The weak diagonal feature in Figure 8c is
the observed consequence of these three processes occur-
ring coherently and simultaneously.

Figure 8d shows the last example for toq1 = —2, 721 = —1
ps and an example WMEL diagram for pathway VIB. The time
ordering for region VI includes an intermediate population.
The brightest peak corresponds to the fully resonant path-
way VIA (see Figure 4) where o, is resonant with the g — b
transition, w, is resonant with the g — a transition, and the
monochromator measures the g — b transition. The weaker
peak corresponds to the fully resonant pathway VIB where w1
is resonant with the a — a-+b transition, w- is resonant with
the g — a transition and the monochromator measures the
a+b — a transition. In both cases, the FID and driven pro-
cesses both contribute. Note that the peaks have diagonal
character. The driven process creates its output when o, =
om, but the FID creates the output at the w,, = b — g or a+b
— a transition. The observed peak appears along a diago-
nal between the expected positions of the FID and driven
process.

a) k,, =k -k, +k,
3 g 2lag

gg -1 bg -2~ ba-2-[bg|

ol

b) k,,=-k +k, +k,

99
1 2 _ ,
bg — bb E-+b,b bg <> ba—2-b
vA - -
g2> ag 1> ab-2»2ab  gg2> ag =L~ aa—2[a
; 1> gg -2

¥ oo
aaZ+fag
FIGURE 9. Representative coherence transfer pathways for two
different phase matching conditions. The dotted arrows represent
coherence transfer transitions. The emitting coherences are in
boxes.

Coherence Transfer

Coherence transfer results when the thermal bath causes a
superposition state such as bg to evolve to an ag coherence
or vice versa.? It is the amplitude level analogue of popula-
tion relaxation where a bb population decays to an aa popu-
lation. Figure 9a shows the Liouville diagrams for the
coherence transfer in pathway | of Figure 4. The pathway gg
— bg — ba — bg represents the coherences responsible for
creating the normal bg output coherence characteristic of
pathway I. However, when the monochromator scans over all
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FIGURE 10. Examples of the temporal modulations caused by coherence transfer. Adapted from refs 40—42. (a) Time delay scan of 7> and
721 for Ni(CO), exciting lower right cross-peak in Figure 2 using (w1, w2, om) = (2002, 1943, 1943) cm™! with Koy = k1 — k + ky-. (b) Time
delay scan of 724 and t,; for rhodium dicarbonyl acetylacetonate (Rh(CO),) exciting a cross-peak at (w1, w2, wm) = (2084, 2015, 2015) cm™!
With Kout = —K; + k> + Ko () Scans of 7; and wp, for Rh(CO),) with (w1, w2) = (2084, 2015) cm™" with Ko = —K; + Ka + Ko (d) Time delay
scan of 7»7 and 7,; for Rh(CO), exciting a diagonal peak at (w1, wa, wm) = (2015, 2015, 2084) cm ™" with Koy = —K; + Ky + Ky

output frequencies, a weaker output signal is observed from
the ag coherence.® This coherence can be created by coher-
ence transfer as indicated by dotted lines in Figure 9a. Note
there are three equivalent pathways involving coherence
transfer in this time ordering. The bg and ag coherences oscil-
late at different frequencies and cause modulation when one
feeds the other. Since the three pathways are equivalent, their
amplitudes interfere with each other and cause a beating in
the output coherence. Similar pathways occur for the other
time orderings as well. If one now repeats the experiment
shown in Figure 5 but with the monochromator tuned to the
coherence transfer peak, Figure 10a results. It is very similar
to Figure 5 except now there are strong modulations that are
characteristic of the interference between the pathways.>® The
frequency difference between the two coherences involved in
the transfer defines the modulation’s period.

This experiment used the phase matching condition Esigna.
= Kk; — ko + ky where the normal output is much brighter than
the output created by coherence transfer. However, if the
phase matching condition is ksgna = —K1 + k3 + Kz, the nor-

mal output for this pathway is forbidden while the output cre-
ated by coherence transfer is allowed.” Figure 9b shows two
sets of coherence transfer pathways for this phase matching
condition. For the one on the left, the 2a,b output coherence
resulting from three interactions requires a forbidden transi-
tion from an overtone state of one mode to the fundamental
of another mode. However, coherence transfer creates either
an a+b,b or ag coherence, both of which create allowed tran-
sitions. The normal output and the coherence transfer output
now appear with similar intensities. Figure 10b shows the time
delay scans when the monochromator monitors the a+b,b
transition in a rhodium dicarbonyl chelate (Rh(CO),.>” The
modulations again appear because of the interference
between the different equivalent pathways and the beating of
the two coherences involved in the transfer. Again, the fre-
quency difference between the two coherences defines the
modulation period. Figure 10c shows a hybrid scan of the
same material where both the monochromator and 7, delay
time are scanned. This plot shows both the a+b,b and ag
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FIGURE 11. Changes when the excitation intensity is raised and
higher order processes become important. (a) TRIVE FWM 2D
spectrum scanning w1 and w» near the Ni(CO), with wn,= 2002
cam™! and (24, 721) = (2, 1) ps (pathway IA). (b) 71 and 72y scan with
(w1, w2, om) = (2002, 1931, 1982) cm ™.

coherence output signals and the temporal modulations result-
ing from the coherence transfer.

Coherence transfer can also be used with single frequency
excitation beams to discover states that are coupled to the res-
onant state.>® The right side of Figure 9b shows the coher-
ence transfer pathways when both w4 and w, are tuned to the
g — a transition. Coherence transfer to the coupled states now
creates a bg coherence and a new output frequency. Moni-
toring this frequency in the Rh(CO), chelate and scanning the
time delays produces the modulations in Figure 10d charac-
teristic of the interference between the coherence transfer
pathways.

Higher Order Wave Mixing

What lies in the future? In NMR, selectivity is improved by
establishing higher order multiple quantum coherences using
higher order wave mixing (HOWM). In CMDS, each interac-
tion is equivalent to an excitation pulse so multiple pulse
methods require higher order wave mixing. lvanecky and

Mixed Frequency-/Time-Domain CMDS Pakoulev et al.

Wright explored using higher order wave mixing when the
excitation intensities create Rabi frequencies that are compa-
rable to or larger than the dephasing rates so more transi-
tions can occur within the sample dephasing time.*? Figure 11
shows two examples of raising the excitation intensities, still
using the Koyt = ki — ko + ky phase matching condition. Fig-
ure 11a shows the effects of higher intensity for a time order-
ing in region | and the monochromator monitoring the
fundamental b — g transition. Note the splitting that appears
because of the dynamic Stark effect where the pathway

-2 2’

gg—]>bg—>ba—>bg

becomes3°~4!

1 -2 2
gg <> bg<ba < bg
A new peak appears because of new pathways such as
1 -2 +2 -2 2
gg — bg — ba — (a + b,a) — (b,a) — bg

Figure 11b shows an example of how the excitation inten-
sity affects the delay time plots. Comparing with Figure 6d
shows a node between regions | and Il. This node results
because a SWM pathway like

-2

1 2 2
g9 —bg —(@+bg) — @+ ba —

-2
(2a +b,a) — (a+ b,a)

has the opposite sign from a pathway like

1 -2 >
99 — bg — ba — (a+b,9g

so destructive interference occurs. These observations dem-
onstrate that HOWM is feasible. Using phase matching condi-
tions like Ivanecky and Wright*? will allow isolation of the
HOWM.

Conclusions

This Account demonstrates how mixed frequency-/time-do-
main CMDS isolates the spectral features associated with inter-
actions that couple quantum states, resolves spectral features,
and measures their dynamics. It also provides examples of the
range of behaviors that are possible with CMDS. It is still too
early to answer the question of how widely CMDS will be used
for analytical measurements and the types of methods that
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will be used. Since frequency-domain CMDS requires only
short-term phase coherence, one can use all of the fully coher-
ent and population pathways and access all of the electronic
and vibrational quantum states, regardless of the energy
ranges. One is limited only by the laser technology. The detec-
tion limits may also be excellent. DOVE FWM involved very
weak combination bands and double resonances. TRIVE FWM
involves much stronger absorption strengths and triple reso-
nances so their inherent nonlinearities are ~50x larger than
DOVE FWM (~3 x 107'* cm3/erg for DOVE FWM vs ~2 x
1072 cm?/erg for TRIVE FWM).*? Furthermore, typical inten-
sities approach those required for saturation so the induced
transition moment is comparable to single-molecule fluores-
cence. What then is preventing single-molecule CMDS? The
excitation duty cycle is. A fluorescence experiment achieves
single-molecule detection limits by continuous excitation, so
the duty cycle is ~100%, while a CMDS experiment measures
the emission for ~1 ps at a 1000 Hz repetition rate, so the
duty cycle is 107°. Clearly, there is much room for improve-
ment. Nevertheless, the promise is great, and the challenges
are exciting.
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