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The structure fluctuations of the peptide bond interacting with
solvent are examined through the coupling and correlations of
the frequency distributions of amide | and amide Il transitions. The
fluctuations of the two modes are anticorrelated as a result of the
solvent-induced changes in the mixing of the dominant valence-bond
structures of the peptide. Significant anharmonic coupling of the two
modes is seen. The results are the application of a new approach to
two-dimensional infrared (2D-IR) spectroscopy in which the pulse
sequences used to produce the vibrational echoes incorporate two
frequencies. This dual-frequency arrangement greatly extends the
capabilities of 2D-IR spectroscopy by allowing the coupling between
widely separated modes to be characterized in analogy with hetero-
nuclear NMR. The experiment exposes the cross peaks, representing
the mode coupling, free of the interference of the strong diagonal
peaks that typically dominate 2D-IR spectroscopy. The alignment and
dephasing of coupled transitions, in this example the amide | and
amide Il transition dipoles, is also determined by these experiments.

M ultidimensional IR spectroscopy, in particular 2D-IR spec-
troscopy, is a powerful new method with which to obtain the
time dependence of structural features of complex molecular
systems, including peptides and proteins, under ambient conditions
in solutions (1-7). Furthermore, the methods allow the determi-
nation of key parameters of the anharmonic potential surfaces of
peptides and hence provide important tests of theoretical calcula-
tions of molecular structure and dynamics (8, 9). These coherent
nonlinear IR techniques permit experimental determination of the
coupling and angular relations of vibrators by using experimental
protocols that are analogous to those developed for NMR. The first
such experiments concerned the amide I modes of peptides, which
are mainly C=0 vibrators (1-5, 10-12). In such cases all of the
relevant frequencies of an interacting ensemble of modes could
readily be bracketed by the spectral bandwidth of 120-fs IR laser
pulses. The response of such a system to sequences of three pulses,
each with the same center frequency in the amide I region, gave rise
to coherent signals, the 2D and 3D correlation spectra of which
yielded the relevant structural and dynamical information. In a
recent advance, 2D-IR spectroscopy experiments incorporating
two pulses with different frequencies, one in the N—H and the
other in the amide I region of peptides, were successful in measuring
the coupling and angular relations between N—H and C=0O modes
in some simple peptides (13-15).

In this article we report a dual-frequency 2D-IR spectroscopy
heterodyned photon-echo experiment. The 2D-IR spectra, which
require manipulation of the vibrational coherences by the interac-
tion of short laser pulses with inhomogeneously broadened distri-
butions of transition frequencies, consist of diagonal features and
cross peaks. The diagonal peaks are independent properties of each
of the anharmonic modes, but they do not readily provide the
correlations between modes that relate to 3D structure. On the
other hand, the cross peaks are present only when the modes are
interacting, and they contain the information essential to deter-
mining structure and structure distributions. In 2D-IR spectra the
diagonal peaks are often much stronger than and interfere with the
cross peaks, so it is important to find methods that can eliminate
them from the signals. One such approach is to choose polarization
conditions for the laser pulses involved in the heterodyne echo
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experiment that entirely eliminate diagonal contributions (16, 17).
However, a new type of experiment is needed that effects this
elimination and permits measurements of the correlations of modes
that are widely separated in frequency. The dual-frequency IR echo
experiment reported in this article has this purpose. It allows, if
necessary, the complete elimination of the diagonal peaks from the
2D-IR spectra and focuses attention on the coupling, frequency
distributions and angular relations between pairs of modes.

Methods

IR Pulse Generation. The dual-frequency 2D-IR spectroscopy
experiment uses a Ti:Sapphire laser system (Clark-MXR
CPA2001) to provide IR laser pulses at 775 nm with a 130-fs
pulse duration and 700-pJ pulse energy to pump an optical
parametric amplifier. The total output of the optical parametric
amplifier was 70 uJ per pulse, which was split into two parts to
enable pumping of two difference frequency generators, which
produced independently tunable, phase-locked mid-IR pulses.
For the given optical parametric amplifier frequency the tuning
range in the 6-uwm region was 150 cm~!. In the N-methylacet-
amide (NMA) experiment, one difference frequency generator
produced IR pulses of 0.15 wJ per pulse with a central frequency
w1 = 1,675 cm™~! propagating toward the sample in direction k;
(Fig. 1) and local oscillator pulses having 0.01 uJ per pulse, the
latter being further attenuated before use. The output of the
second difference frequency generator (=~0.3 uJ per pulse) was
split into two equal parts to generate two IR beams with central
frequency w; = 1,540 cm ™! for the NMA experiment and vector
directions k» and k3. A half-wave plate and a wire-grid polarizer
controlled the polarization vector of each beam. The intensities
of each of the pulses were measured accurately to be used in the
spectral simulations. A mercury-cadmium-telluride detector
(EG & G, Judson, PA) recorded the sum of the field generated
in the ky — k, + k3 direction and the local oscillator field
(Fig. 1), and the heterodyned signal was processed.

Beam Configurations. The IR beams were tuned such that one is
centered on the amide I band of NMA (ki, w;), and the other is
close to the amide II band (k, and k3, w,) (Fig. 2). If the spectra of
these pulses at w; and w; are chosen to have no overlap, then there
can be no diagonal peak in the direction k1 — k> + k3, because the
generated field must be in the frequency range of w; — i + o =
wr. However, the intensities of the k, and k3 beams centered at the
amide I band were chosen to have ~8% of their peak values at the
frequency of the amide II band. Similarly, the intensity of the k;
beam centered at the amide II band presented a small fraction
(=~4%) of its peak value at the amide I band region. These small
contributions of band overlap enabled weak diagonal amide I and
amide II reference peaks to be recorded in the 2D-IR spectra in
addition to the dominant cross peak.

Three-Pulse Integrated Photon Echo. In the integrated three-pulse
echo experiment all three pulses have the same frequency, either
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Fig. 1. (Upper) Time sequence of the dual-frequency three-pulse photon-
echo experiment. S (dashed line) is a typical signal envelope. LO denotes the
local oscillator pulse. (Lower) The spatial arrangement of the three beams
interacting with the sample. The pulse intervals used in the text are indicated.
The signal envelope is observed in the k1 — k; + k3 direction.

wy or wyr. The echo signal at each chosen value of Tand 7 is sent
directly to a detector without heterodyning and integrated over
the time interval ¢ by the response time of a detector in a manner
that has already been described in detail (18-20). The grid of (7,
T) data was globally fitted to obtain the time-correlation func-
tions of the vibrational frequencies that are required to interpret
the cross-peak data obtained by 2D-IR spectroscopy. The inte-
grated echo of NMA-D was studied previously in 2H,O (4).

Dual-Frequency Heterodyned Transient Grating. The interval 7 is
fixed at zero in this experiment such that a linear combination of
amide I and II transitions is prepared (see Fig. 3). This coherence
is transferred after an interval 7. The signal is obtained as a function
of T and ¢. Fourier transformation along ¢ yields a time-dependent
transient-grating spectrum in the region of the amide I band that
oscillates with the frequency difference of the amide I and II
transitions.

Beam Coherence. When the beams from both difference frequency
generators were combined in a Michelson interferometer and sent
to a monochromator a strong spectral interferogram was observed
when the delay between the two pulses was scanned. These inter-
ferograms depended on the choice of the center frequencies of
the two pulses, and the measurements served to verify the stability
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Fig. 2. The linear spectrum on an optical density (OD) scale of NMA in DMSO.
The laser spectra centered near w and w; are shown also. LO, local oscillator pulse.
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Fig.3. Liouville pathways contributing to the cross peak in the rephasing (R4
and R) and nonrephasing (R3 and Ra) IR-pulse sequences.

of the phase difference of the two sources persisting over periods
of many hours. The frequency dependence of the phase of each
pulse was not measured, but it was verified that phase variations
expected from the optical materials used did not affect the con-
clusions. Comparable phase stability was not yet achieved when
pulses from two optical parametric amplifiers were combined in the
interferometer.

Sample. The sample was a 150 mM solution of NMA in DMSO
contained in a CaF, cell having a path length of 25 um. The linear
IR spectrum is shown in Fig. 2.

Modeling the 2D-IR Spectra. In the 2D-IR experiment on NMA we
chose the time delay between the second two of the incident
sequence of three pulses to be zero. Thus in the limit of large-
frequency bandwidth there are only two times in the problem: 7, the
delay between the first pulse and the second pair; and ¢, the period
of free evolution between the second pair and the local oscillator
pulse. We used two different pulse sequences in the experiment that
we refer to as rephasing and nonrephasing sequences. For the
rephasing sequence the ki (w;) and k3 (w;) were at a fixed zero
delay, and the k; (w;) pulse delay was scanned. In the nonrephasing
sequence the k; (w;) and k» (w2) beams were at a fixed time delay
of zero, and the k3 () pulse was scanned. These scans generated
the m-axis data. Heterodyned photon-echo signals were recorded for
every delay 7 by scanning the local oscillator pulse over a time
interval 7 of ~2 ps in steps of 10 fs. The experimental 2D matrix S(r,
t) was double Fourier transformed along ¢ and 7 to generate a
complex 2D-IR spectrum, S(w,, o).

The pathways that produce the cross peak for the rephasing (R;
and R») and nonrephasing (R3 and R4) sequence experiments are
illustrated in Fig. 3. These diagrams represent time lines for the
interaction of successive pulses with a molecule in the sample for
the particular set of vector directions of the incident pulses (21). In
Fig. 3 the symbols I and II refer to the amide I or amide II
excitations, and the combination of left and right indices at any
vertical position along the time line represents the coherence
existing at that time. For example, the system begins in an amide II
transition coherence. After the interaction with the pulse in direc-
tion k; in diagram R, of Fig. 3 the system is in a coherent
superposition of I and II vibrational states. Pulse k3 completes the
coherence transfer to the amide I transition. The index I + II in
diagrams R; and Rj corresponds to the combination state of the
amide I and amide II modes. As indicated above, in the 2D-IR
spectroscopy experiments the value of 7, shown in Fig. 3 as the delay
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Fig. 4.
defined in Modeling the 2D-IR Spectra.

between k; and k3 in the rephasing experiment or between k; and
k> in the nonrephasing experiment, was set equal to zero.

An analysis of the integrated three-pulse echo signal yielded the
vibrational frequency correlation functions for the vibrators (data
not shown). The fast component of the correlation function is the
correlation time of a motionally narrowed contribution to the line
width. After the fast decay the correlation function and peak shifts
(18) showed the decay on the few-picosecond time scale, whereas
a plateau indicates a static distribution of structures. Up to ~500 fs,
during which the 2D-IR signals are strongest, the decay is slow
enough for us to interpret the data in terms of a Bloch dynamics
theory (5), which permits a simplification of the expressions for the
2D-IR spectrum. Inclusion of the evident spectral diffusion in the
modeling did not change the results significantly.

According to the theory of 2D-IR spectroscopy (5, 22, 23) the
cross-peak signal in the Bloch approximation obtained by adding
results from the rephasing Sg(7,t) and nonrephasing Sxz(, ) pulse
sequences is predicted to be

S(’T, t) = SR(’T, [) + SNR(’T, t)
= <aabBC,yd3>[COSh(fO'IO'Ht'T)

t/T{III)

- coswyT(coswit—e 1 cos(wy — App)t)

. . . L
+ sinh(foyoyt7)sinwyr(sino — e /1Y i (cop — Art)]
“Go(7, 1)e 2P, (1]

where the conventional Bloch relaxation function is Go(z, 7)
given by

GQ(T t) e 012[2/2 - (7'12172/2 —yit — Yt
5 .

The parameters w; and oy are the angular frequencies (i.e., w/2mc
is the frequency in cm™!) and oy and oy the inhomogeneous widths
of the amide I and amide II transitions, the 7} values are the
population relaxation times of the indicated states, D is the rota-
tional diffusion coefficient, and the y values are the total homo-
geneous dephasing rates of the amide I and amide II fundamental
transitions. The correlation coefficient between the static distribu-
tions of amide I and amide II frequencies is given by f = (xx)/
o011, where x is the frequency deviation from the mean of the
indicated frequency distribution. The time-independent polariza-
tion anisotropy (16) is given by the product of direction cosines
(aubgc,ds), where the first through fourth pulses, polarized a, b, c,
and d in the laboratory frame, excite the transition dipoles « to y
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Absolute magnitude spectra of NMA in DMSO obtained for rephasing (a) and nonrephasing (b) dual-frequency 2D-IR spectroscopy. Symbols are as

in the molecular frame. The off-diagonal anharmonicity is Ay,
chosen such that the frequency of the transition between II and 1
+ II'is w; — Aryr. By inspection of Eq. 1 the real part of the 2D-IR
spectrum, obtained from the double Fourier transform of S(7, ¢),
displays peaks (wir, wr) and (wn, or — Ary). In practice, a state to
which the amide II population relaxes was also included in the
pathways in the manner of figure 2 in ref. 13.

When f = 0, the case of uncorrelated distributions, the signal with
cosh = 1 and sinz = 0 reduces to the difference between two
components having opposite signs that are slightly displaced (by
Aryn) along the w, axis. The node separating the positive and
negative parts of the 2D spectrum is then parallel to the w, axis in
the region of w, = wy, and thus we refer to this as an “untilted”
spectrum. The effect of finite f is to tilt or twist this spectrum one
way or the other depending on the sign of f. The node adopts a
positive slope when f > 0 and a negative slope when f < 0. Because
the 2D-IR spectra contain both absorptive and dispersive contri-
butions, this tilting is present in Sg(w., ;) and Syr(w:, ;) even for
uncorrelated modes. Therefore an accurate determination of the
frequency correlation requires fitting the data to theoretical sim-
ulations of the purely absorptive spectrum, S(w,, ), isolated by
adding the complex rephasing and nonrephasing spectra after the
procedure from NMR (24), which was applied recently to 2D-IR
spectroscopy (5, 25, 26).

Results

Dual-frequency 2D-IR absolute magnitude spectra [Sg(w, )0
and [Bnr(w-, oy)Ocorresponding to the rephasing and nonrephasing
sequences are shown in Fig. 4. The cross peak caused by coupling
of the amide I and amide II modes is much stronger than the
diagonal peaks and is tilted slightly toward the antidiagonal direc-
tion. The amide 1 diagonal peak at 1,662 cm™! is stronger in the
rephasing spectrum, which implies that the amide I band consists of
an inhomogeneous distribution of frequencies that persists over the
experimental time scale (5, 23, 27), again justifying the use of Bloch
dynamics. Three separate measurements showed that the cross
peak is 1.23 = 0.05 times stronger in the nonrephasing spectrum.
This ratio is sensitive to the correlation coefficient. For example,
when the two vibrators are uncorrelated it is 1.0, whereas for
negative f the ratio is always greater than unity. Therefore a
negative correlation between the amide I and amide II frequency
distributions is indicated.

As expected, the real parts of the 2D-IR spectroscopy cross
spectra in the nonrephasing and rephasing sequences exhibit tilted
resonances (see Fig. 5). The absorptive spectra Re{S(w., o)}
modeled with different correlation factors are shown in Fig. 6. The
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Fig. 5. Real part of 2D-IR spectra of NMA for rephasing (a) and nonrephasing (b) sequences.

tilt of both negative and positive peaks is very sensitive to the  this fitting procedure were the pure dephasing of amide II,
correlation factor and exists only when the frequencies of the  determined to be 1.5 ps, and oy A similar analysis for the amide
vibrators are correlated (Fig. 6a and c). It is the negative correlation I diagonal peak results in oy/2mc = 7.3 em™! and y;/2mc = 4.0
that causes the tilt toward the antidiagonal direction of the absorp- ~ cm ! giving a ratio of o1/ y1 = 1.8. These parameters are needed
tive spectra similar to the observations (Fig. 7). The tilt angle is  to interpret the cross-peak signals.

also affected by the width of the frequency distributions in each of )

the interacting modes. These inhomogeneous contributions to the ~ Cross Peaks in Dual-Frequency 2D-IR Spectra. By using spectrally

line widths for both amide I and amide II transitions were acquired ~ Shaped laser pulses the cross-peak profile can be measured accu-
from the analysis of the diagonal peaks. rately, and the coupling and the correlations of the frequencies of

the two vibrators can be determined. The correlations help to
establish mechanisms for the coupling of modes, thus they add to
the structural constraints. The correlations between the frequencies
of one of the vibrators and the off-diagonal anharmonicity can
readily be incorporated into the modeling (13), but no indication of

Diagonal Spectra. The 2D-IR spectroscopy amide II diagonal
spectrum is shown in Fig. 8 as the sum of rephasing and
nonrephasing sequences. In this case the tilt angle of 0.26 = 0.04

radians, defined as .the angle between the , axis and th? line such correlations was observed for the amide I/II modes of NMA.
parallel to the node in the real part of the 2D-IR spectrum in the The cross-peak features in the absorptive spectrum (Fig. 7a) are
region of . = wry, determines the inhomogeneous contribution e in the antidiagonal direction by an angle of —0.045 *+ 0.006
to the line width. 'Slmu}taneous flttlr}g of the absorptive 2D-IR radians. A simulation of the dual-frequency 2D-IR spectroscopy
spectroscopy, which yields the ratio ou/yn, and the linear  ¢rogs peak (Fig. 7b) with the parameters for amide I and amide 11
spectra, which give a combination of the two parameters, allowed  transitions given above for the diagonal peaks gave a frequency
both oy and yy to be determined accurately. The modeling  correlation factor of f = —0.28 = 0.06. The cross-peak tilt angle is
establishes oy/2mc = 11.2 em™! and yn/2mc = 12.3 cm™',  more sensitive to the inhomogeneous contribution oy than that of
corresponding to a ratio of oy/yn = 0.91. The population  gy. This is because the amide II band has a much smaller value of
relaxation time T was determined experimentally tobe 0.3 psfor /v, which results in a blurring of the frequency distribution by the
the amide II mode, and thus the only adjustable parameters in  larger homogeneous broadening.
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Fig.6. Absorptive dual-frequency 2D-IR spectra simulated to illustrate the effect of frequency correlations of the two vibrators included. The correlation factors
are —1 (a), 0 (b), and +1 (c). The parameters for the vibrators are close to those of the amide | and amide Il modes of NMA in DMSO.
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Polarization Effects. The ratio of the 2D-IR spectral amplitude at
the isolated cross peak for parallel to that for perpendicular
polarized fields at w; and w, was found to be 1.35 = 0.1.

Discussion

The importance of 2D-IR spectroscopy as a structural and dynam-
ical probe of peptides and other complex systems lies in its ability
to simplify spectra and yield properties that are not available from
linear spectra. However, the spectra are often diffuse and domi-
nated by diagonal signals that obscure the interesting new infor-
mation carried by the cross peaks, which may arise because of very
small coupling constants. The present results show that by using
dual frequencies the cross peaks can be isolated and studied
independently of the diagonal peaks. Furthermore the method
permits the measurements of coupling between modes that are
separated in frequency by more than the bandwidth currently
achievable by single laser pulses in the IR. For example measure-
ment of the coupling of the N—H and C=0 modes of peptides
would require single-frequency pulses having a width of 9 fs
centered between the two modes. However, the vibrational dynam-
ics of the coupled modes is sufficiently slow that it can be measured
with 250-fs pulses. Therefore the method of choice will be dual-
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Dual-frequency 2D-IR cross-peak spectra of NMA in DMSO: experiment (a) and simulated (b). The solid line is the diagonal of the 2D-IR spectrum (w: = w)).

frequency 2D-IR spectroscopy either by means of IR echoes,
exemplified by the experiments described here, or the pump-probe
2D-IR spectroscopy methods described in our earlier work on
N—H/C=0 coupling (14).

Coupling Strength. The coupling strength was determined from
comparisons of the diagonal amide I mode signal and the dual-
frequency cross peak. An off-diagonal anharmonicity of Ay /27
= 35 = 0.5 cm™! was obtained, clearly indicating a significant
coupling between the two modes. This may seem to be a small
effect, but it should be remembered that the observed signal, Eq.
1, is the difference between two large quantities that disappears if
the modes are uncoupled when t < Ti. The existence of the
coupling is confirmed by the observation of cross peaks and of the
oscillations seen in the heterodyned transient-grating signal (data
not shown). The experimental result stands in contrast to recent
computations that have predicted the anharmonic coupling be-
tween the amide I and amide II modes in the same peptide unit to
be zero (28). The coupling, B, between the I and II modes that is
implied by the measured anharmonicity can be estimated in lowest
order from a three-level model in which the I + II combination
band couples to both the I and II overtones through a bilinear
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Fig. 8. The diagonal 2D-IR spectra in the amide Il region of NMA in DMSO. The solid line is w, = o

Rubtsov et al.

PNAS | May 13,2003 | vol. 100 | no.10 | 5605

CHEMISTRY



H CHs; H CH,
\ / \ /
N-C <> eN=C
/ ) / \
H,C 0 H;C Oe
Fig. 9. The dominant valence-bond structures of NMA.

interaction B(wywi/%4%)?010n, where the Q values are the normal
(harmonic) modes. This three-level model, the predictions of which
are obtained by diagonalization of a three-by-three matrix in the
basis of 2 X I, 2 X II, and I + II, predicts a value of 27 cm~! for
B, which does not seem unreasonable for the interaction of two
transition charge distributions spread over the same set of four
peptide atoms.

Frequency Correlations. A negative correlation between amide I and
amide II frequencies must be related to the bond-order changes
induced by solvent and structural fluctuations. The two dominant
valence-bond structures for the ground state of NMA are shown in
Fig. 9. The N—C double-bond character of ~40% (29) is respon-
sible for the planarity of the peptide group. The interactions of
NMA with DMSO in the different solvent configurations cause it
to adopt a range of structures. Each structure is considered to
correspond to a slightly different admixture of the dominant
valence-bond functions. Those structures with more double-bond
character of the carbonyl group will have less N—C double-bond
character. The amide I band is mainly the C=0O stretch motion,
thus its frequency is reduced in structures with more N—C double-
bond character. The amide II mode is significantly an N—C
stretching motion, and thus its frequency would be increased
accordingly. This provides an explanation as to why the frequencies
in the distributions of the two modes are anticorrelated. The
analysis provides an example of the power of 2D-IR spectroscopy
in exposing the detailed content of structural distributions and has
obvious applications in experiments with more complex peptides
where structural distributions are functionally important.

Angular Properties. The 2D-IR spectral amplitudes were measured
for the fields at w; and w, having parallel and perpendicular
polarizations. The ratio, P, of these two measurements according to
Eq 1is <ZHZIZHZI>/<ZHXIZHXI>, which is directly related to the
alignment of the amide I and II transition dipoles (16, 23) through
the relationship

<C05291,H> =@2P-1)/P+2),

where 6y is the angle between the transition moments and the
average, ( ), is over the distribution of alignments found in the
structure distribution. The two possible alignments obtained from
the experimental ratio at the peaks of the distributions are 45 * 5°
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and 135 = 5°. Assuming the amide I transition dipole to be 20° from
the C=0 bond (13, 30) and the OCN angle to be ~123° (29), the
preferred direction of the amide II mode is 8 + 5° to the N—Cbond
and 65 = 5° to the C=0 bond. The former value compares well
with 12°, obtained recently for the amide II dipole alignment to the
N—C bond in AcProNHMe (13), and the latter is close to the value
of 73° reported earlier for this alignment (30).

Dual-Frequency Echoes. Traditional pictures of photon or spin
echoes often imply that the creation of the macroscopic signal
requires rephasing to occur within the same inhomogeneous dis-
tribution that was involved in the coherence evolution after the first
pulse (27, 31). We see here that what is important in obtaining an
echo are the correlations between the distributions that are present
during 7 and ¢, which possibly may have quite different origins and
may lose and regain macroscopic polarization on different time
scales. So-called two-color echoes have been reported for electronic
transitions by using visible laser pulses (32, 33).

Conclusions

Dual-frequency heterodyned 2D-IR spectra are obtained for NMA
in DMSO. Tunable suppression of the diagonal peak contribution
to 2D-IR spectroscopy is demonstrated up to complete elimination.
Construction of 2D-IR spectra of the isolated cross peaks is shown
to be a useful and convenient way to visualize and measure
frequency correlations in 2D-IR spectroscopy. The amide I/amide
II frequency correlation factor in NMA is determined to be
—0.28 * 0.06, consistent with solvent-induced structure fluctua-
tions of the admixtures of principal valence-bond structures of the
peptide bond. The coupling between amide I and II modes is
estimated as 27 cm ™! from a measured mixed-mode anharmonicity
of 3.5 cm™.

Implementation of dual-frequency spectrally shaped coherent IR
pulses to 2D-IR spectroscopy opens up new and exciting possible
applications to biological macromolecules. Current laser technol-
ogy can provide very large bandwidth IR pulses (200-300 cm™1)
having widely tunable center frequencies. These could be used in
pairs in the manner described herein to access a broad range of the
vibrational spectrum. A detailed picture of the evolution of the
anharmonic nature of the potential surfaces of macromolecules will
be obtainable while structural changes are taking place. The two
frequencies could be chosen to access different modes of a peptide
structure or two modes belonging to different types of molecules
such as a protein and a nucleic acid, a protein mode and solvent, or
a protein tertiary interaction. Sequences of five IR pulses can also
be envisaged (21) that will be able to expose even more complex
spatial relationships.
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