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Abstract

We have applied infrared three-pulse photon echo and single- and dual-frequency 2D IR
spectroscopy to the ester C=0 and diazo N=N stretching modes in ethyl diazoacetate (EDA), and
investigated their vibrational frequency fluctuations and correlation. The two modes exhibit different
vibrational dynamics and 2D lineshape, which are well simulated by frequency-frequency correlation
functions (FFCFs) with two decaying components. Although the FTIR spectrum shows a single C=0
band, absolute magnitude 2D IR nonrephasing spectrum displays spectral signatures supporting the
presence of cis and trans conformations. The cross-peak inclined toward the anti-diagonal in the dual-
frequency 2D IR spectrum, indicating that the frequency fluctuations of the two modes are anticorrelated.
This behavior is attributed to anticorrelated change in the bond orders when solvent and structural
fluctuations causes EDA to adopt a different mixture of the two dominant resonance structures. The

effects of cross FFCF on the cross-peak line shape are discussed.

Keywords
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1. Introduction

Since the development of coherent two-dimensional infrared (2D IR) spectroscopy more than ten
years ago,[1] this powerful technique has revealed new structural and dynamic information in condensed
phase systems through detailed measurements of vibrational couplings and dynamics.[2-9] Much of the
information is hardly available from conventional techniques. For example, vibrational coupling is a
major factor that governs 2D IR cross-peak patterns. Since the coupling depends on the geometrical
configuration of vibrational modes, they can be directly related to structure. Many experimental and
theoretical studies have shown that amide-1 2D IR spectra are very useful for elucidating structures of
biological macromolecules.[2,5,10] Another example is to directly probe ultrafast chemical exchange
processes through waiting-time dependent 2D IR.[7,11-15] In this work, we will focus on vibrational
frequency correlation.

Frequency correlation between different vibrational modes, e.g., whether their frequencies
fluctuate randomly or in a concerted way, is a subject of great interest but hard to access experimentally
before 2D IR techniques became available.[16-22] It is well known that vibrational frequency is sensitive
to the chemical environment around an oscillator, such as hydrogen bonds, ligand binding, and substituent
effects.[23] However, it was not until 10-15 years ago that researchers started to have the means to
measure the time scales and amplitudes of vibrational frequency fluctuations and from which to gain
understanding on molecular dynamics in solutions and proteins.[24-30] Knowledge on how different
vibrational modes correlate with one another can provide us with a new microscopic view to study
molecules in the condensed phases. Coherent 2D IR spectroscopy is the only technique that can directly
probe intra- and intermolecular frequency correlations. It should be noted that the concept of correlation
here is completely different from that of 2D IR correlation spectroscopy developed by Noda,[31,32]
which probes correlative changes of IR intensity signals induced by external perturbation, such as
pressure, temperature, etc.

Measuring frequency correlation between vibrational modes of very different frequencies using
coherent 2D IR spectroscopy is a technical challenge. Because the typical spectral width of a femtosecond
IR pulse is 150-300 cm™, it covers less than 10% of the spectral range of high-frequency vibrational
modes (1000-4000 cm™). Single-color 2D IR method is not applicable to measure the correlation, for
example, between the O-H stretching and H-O—H bending modes of water. To circumvent this problem,
one needs to use dual-frequency 2D IR spectroscopy[18-22,33,34] in which two mid-IR sources can be
tuned independently to excite distinct modes. Due to technical difficulties only a few groups conducted
dual-frequency 2D IR measurements so far. Hochstrasser and coworkers applied the dual-frequency

technique to measure coupling strengths and correlation between the amide-I and amide-Il of N-



methylacetamide (NMA),[18] the amide-I and amide-A of model peptides[19], and the N-H and C=0
stretchings of a molecular complex formed by an intermolecular hydrogen bond.[20] Rubtsov and
coworkers measured dual-frequency 2D IR spectra of numerous compounds and mode pairs[35], for
example, the C=0 and C=N modes in 2-cyanocoumarin,[21] and the C-D and C=N modes in acetonitrile-
ds.[22] Other interesting studies using dual frequency pump-probe spectroscopy were also reported
recently.[33,34]

In this paper, we apply dual-frequency 2D IR spectroscopy to measure the response of two
vibrational modes in a conjugated double bond system and investigate whether there is any frequency
correlation between them that is caused by valence bond resonances. A good compound for this purpose
is ethyl diazoacetate (EDA). Two dominant resonant structures are shown in Fig. 1. We focus on two
vibrational modes: the ester C=0 and the diazo N=N stretching modes which are separated by one single
bond and one double bond. The C=0 mode is a double bond in the structure | and becomes a single bond
in 1l, whereas the N=N mode is a double bond in | and a triple bond in Il. If solvent or structural
fluctuations induce electron clouds in EDA to change between I and 1l, the bond length and, hence, the
frequencies of the two modes are expected to change in an anticorrelated way. Dual-frequency 2D IR
spectroscopy can reveal whether this prediction is borne out. In addition, measurements of three-pulse IR
photon echo signals and single-color 2D IR spectra were carried out to probe frequency fluctuations of
each mode separately. Comparisons of their magnitude and timescale might be useful to get insight into
physical origins of the frequency correlation.

We also examine whether multiple conformations of EDA are present and how they affect the 2D
IR spectra. In a previous study, Kaplan and Meloy measured temperature dependence of methine proton
NMR spectra and suggested that diazoacetic esters, such as EDA, exist in CDCl; as an equilibrium
mixture of the cis and trans forms in nearly equal amounts.[36] Although vibrational frequency is a useful
marker for distinguishing different molecular conformations,[23] previous linear IR studies of EDA did
not report observation of spectral features associated with two conformations.[37,38] One possible reason
is that the difference in the resonant frequencies of two isomers is less than the linear IR line width and
thus they are not resolved. Even under this situation, 2D IR spectroscopy can allow us to find new
spectral features by spreading the featureless spectrum into two frequency axes. Here, we will show that
2D IR, especially with the nonrephasing pulse sequence, has a much higher resolving power. It reveals

the existence of two intensity components buried in the single C=0 band.

2. Methods

2.1. Linear and Nonlinear IR experiments



All nonlinear IR spectroscopic measurements were carried out with the optical parametric
amplifier (OPA) constructed in our lab. The experimental setup has been previously described in
detail.[39-41] Three femtosecond IR pulses polarized in the same direction were arranged in boxcar
geometry and focused into a sample cell with an off-axis parabolic mirror. The time interval between
pulse a (with a wavevector ki) and pulse b (k») was defined as zand the sign of zis positive when pulse a
preceded pulse b. The delay between the k, (ky) pulse and pulse ¢ (kc) was defined as the waiting time T
for positive (negative) z. The zero origins of r and T were determined by monitoring the nonresonant
response of neat solvent. In integrated three-pulse photon echo measurements, third-order nonlinear
signals in the phase matching direction of —ka+kp+kc were detected by a single element MCT detector and
the time-integrated intensities were recorded with scanning z at T = 300, 500, 750, 1000, 1500, 2000,
3000, and 5000 fs. Single-frequency 2D IR spectra were collected by spectral interferometry
measurements. The nonlinear signal was collinearly combined with a local oscillator (LO) field that
preceded pulse ¢ by 700 fs, and detected by a 64-element MCT array detector after being dispersed with a
spectrograph. The coherence time z was scanned from —1.96 ps to 1.96 ps with a time step of 7 fs to
collect rephasing (R) and nonrephasing (NR) spectra of the ester C=0 stretching mode. For the diazo
N=N stretching mode, the scan range was set from —2.40 ps to 2.80 ps. The phase of 2D absorptive
spectra was retrieved based on IR pump-probe spectra and the projection-slice theorem.[42] Time-
resolved pump-probe measurements were also conducted for each mode with parallel and perpendicular
polarization to obtain vibrational lifetime and orientational relaxation time.

For the dual-frequency 2D IR experiment, another OPA was built to generate IR pulses tunable in
the 3-10 um range. The whole setup, including the two OPAs and the 2D IR spectrometer, was
completely enclosed and purged with dried air. The peak wavelengths of ks and ky pulses were tuned to
5.91 um (1692 cm™?) and those of k. and LO pulses were set to 4.73 um (2114 cm?). The three incident
IR beams were arranged in a trapezoid configuration to fulfill the phase matching condition.[22] The
experiments were conducted with parallel polarization. The acquisition and process of dual-frequency 2D
IR data were performed in the same way as described for the single-frequency 2D IR experiment above.
The coherence time 7 was scanned from —1.50 ps to 1.50 ps with a time step of 7 fs with a fixed T = 250
fs.

EDA was dissolved in CH2ClI; to a concentration about 8 mM. The solution was filled into a CaF.
sample cell with a spacer thickness of 250 um. Linear spectra were recorded with a FT-IR spectrometer
with 4-cm? resolution. The ester C=0 mode and diazo N=N mode had an optical density of about 0.20
and 0.27, respectively, after subtraction of the solvent background from the sample spectrum. All

measurements were conducted at ambient temperature (20 £ 1 °C).



2.2. Simulation

We simulated the linear and 2D IR spectra using the theoretical formalism based on response
functions.[43,44] The finite pulse width effects were taken into account by numerically calculating a
triple integral over the electric fields of three excitation pulses.

Detailed computation protocols for simulating the response of a single vibrational mode have
already been described in literature.[2,24,25] A key component is the frequency-frequency correlation
function (FFCF), ((?), defined as
C(t) = (6w (0)dw(t)) (1)

where dw(t) is the frequency deviation from the average value at time t. To describe the dynamical

property of individual vibrators, FFCF in the form of a single exponential decay or double exponential
decays are often used. Here we utilized a double exponential form with fluctuation amplitudes (A1, Az)
and correlation times (71, ) to simulate the results of single color experiments:

C(t) = Ale™*/mr + AZet/72 (2)

This form allowed two time scales for the spectral diffusion process and provided a much better fit to the
experimental data than the single exponential form.

To describe the vibrational response in dual-frequency 2D IR experiments, all studies thus far
have only employed Bloch dynamics.[18,19,22] It is, however, not always valid that the frequency
fluctuations can be separated into the fast and static timescales, hence, more general treatment will be
useful. When the three incoming pulses are well separated, only two response functions should be
considered in each of the R (eq 3) and NR (eq 4) pulse sequences,[2,3,16,43,44]

Rty ty,t5) = Iuilz|uj|2€m;—t1—mjt;E—tifzri,fe—tzfri,se—t;fzri,;(1 — pibijta—ta/2 Ti,sj-)exp[_gi(tlj +
8:5(t2) — g;(83) — g (61 + 65) — g4 (65 + t3) + g;;(8; + 1, + £5)]

®)

Ryr(tyty.t3) = |ug|? | Ujl2 piwiti—iwjts g—t1 /2Ty j o~z /Ty j gtz /2Ty (1 — ethyta=ta/2 Tl’ij}exp[_gi (t;)—
G5 (t2) — g;(t3) + g5 (81 + t2) + g;5 (62 + €5) — g5 (6, + 5 + £5)]
4)

where the time arguments ti, to, and ts; represent intervals between the light-matter interactions. In eqs 3

and 4, ay and p, are the fundamental frequency and the transition dipole momentum of mode p (p =i or j),



respectively, and Ajj is the cross anharmonicity between the two modes. The fundamental state of mode p

has a lifetime of Typ, and Ty is that of the combination state. The line shape functions g, (t) and gl-j-(t)

are described as g,(t) = f:dt’ fot:dt” Cp(t") and g,;(t) = f:dt’ f:’ dt" ¢, (t") , where
C, (t) = (6w, (0)éw, (t)) is the auto FFCF defined by frequency fluctuations of the mode p only and
C;; () = {6w;(0)Sw; (1)) is the cross FFCF which relates fluctuations of the two different modes i and j.
The latter includes a correlation factor, f, defined as f = (amiamj}faiq,. where 8w, is the frequency

shift of mode i and g; is the standard deviation of the static frequency distribution. The value of f ranges

between —1 and 1, and it describes the degree of the frequency correlation, that is from fully correlated (f
= 1) to anticorrelated (f = —1), and uncorrelated (f = 0).[16,17,45] For example, a single exponential
function multiplied by f was used as C;; () in the model calculations of four-wave mixing signals [45,46]

and in the simulation of 2D IR spectra of dicarbonylacetylacetonato rhodium (I) (RDC).[17] The response
functions in egs 3 and 4 were derived under the assumptions that the fluctuation of Aj; is negligible and
transition dipole moments between the fundamental and combination states are equal to those between the

ground and fundamental states, that is, 1;;; = I , in the weak-coupling limit. Since the FFCF €, (t) for

individual vibrational mode can be determined from measurement and simulation of single color
experiments, the remaining terms to be determined in the simulation of dual-frequency 2D IR spectrum

are Aj and C;; (t). It can be easily checked that when the Bloch approximation of C,, (t) and C;; (t) is

employed, the response functions above become the same as those used in the previous works under the
assumption of 7> = Tyt + T, .[16,18,19,27]

2.3. DFT calculation

We performed DFT normal mode analysis at B3LYP/6-311++G(d,p) level using Gaussian09
package,[47] and obtained fundamental frequencies and infrared intensities of the N=N and C=0
stretching modes for the cis and trans conformations of EDA. Tomasi’s polarizable continuum model[48]

was employed to include the solvation effects on these vibrational properties.

3. Results
3.1. FT-IR spectrum



Fig. 2a shows the FT IR spectrum of the EDA/CH.CI> solution in the frequency range between
1600 and 2200 cm*. Only two strong bands are observed in this region: the ester C=0 stretching band at
1692 cm™* with the FWHM of 28 cm (Fig. 2b, solid) and the diazo N=N stretching band at 2114 cm™*
with the FWHM of 18 cm™ (Fig. 2c, solid). These peak frequencies are in agreement with those reported

for the same molecule in other nonpolar solvents to within a few wavenumbers.[37,38]

3.2. Single-frequency 2D IR spectra

Fig. 3a and b plot the integrated three-pulse photon echo signal intensities of the ester C=0
stretching and the diazo N=N stretching mode, respectively, measured at different waiting times. For both
modes, the intensity profile is asymmetric along zat smaller T and it becomes more symmetric at longer T.
The asymmetry is more noticeable for the C=0 stretching mode.

Fig. 4 shows 2D IR absorptive spectra of the C=0 and the N=N stretching modes measured at T =
300, 1000 and 2000 fs. The positive and negative peaks of the C=0 mode are more elongated along the
diagonal at T = 300 fs, and the nodal line between the positive and negative peaks becomes more parallel
to the w. axis with increasing T. A similar trend is observed in the N=N mode, but the spectral shapes are
quite different from those of the C=0 mode.

The 2D absorptive spectra in Fig. 4 appear to suggest that the C=0 and N=N bands measured in
the FT IR spectrum contain a single component. However, it has been shown that 2D IR spectra measured
with the NR pulse sequence exhibit higher resolving power for closely spaced spectral features due to the
interference effect.[16,39,49] In Fig. 5, we plotted the absolute magnitude 2D IR NR spectra (Fig. 5a and
d) and their intensities sliced along the diagonal line (Fig. 5¢c and f). It is now clear that the spectral profile
of the C=0 stretching mode consisted of two intensity components, while the 2D IR peak of the N=N
mode looks still single. In the presence of spectral inhomogeneity, the diagonal peak in the R spectrum
has larger amplitude than that in the NR spectrum, hence, the useful NR peak patterns are less prominent
in the phase adjusted absorptive spectrum, which is acquired by adding the R and NR spectra together.

The two components shown in Fig. 5a and 5c indicate the presence of two conformations that are
very close in their C=0 frequencies, but not resolvable in their N=N frequencies even with 2D IR. This
observation is consistent with the results from our DFT calculation that show a small difference in the
normal mode frequencies of the cis and trans conformations. The unscaled frequencies of the N=N and
C=0 stretching modes are 2211 and 1695 cm™ for the cis conformer, and 2205 and 1699 cm™ for the
trans conformer; their frequency differences (trans — cis) are -6 cm™ and 4 cm™, respectively. This small

difference is also consistent with the fact that neither the N=N nor C=0 mode exhibits a clear doublet in



the FT IR spectrum. The ratio of transition dipole moment |, 4ns |: [H.:| Was calculated to be 1.0:0.44

for the C=0 mode and 1.0:1.0 for the N=N mode. These calculated values are presented in Table 1.

Table 2 shows calculated Wiberg bond indices[50,51] of EDA. Wiberg bond indices are similar
to classical bond valences. For example, the values for single bonds are close to 1 and for double bonds
are close to 2. The calculated values are almost the same for the cis and trans conformations. The index
of C=0 bond indicates that it has a mixed single and double bond character, as depicted by the resonance
structures in Fig. 1. The mixed bond character of the C-C(=0), C=N and N=N bonds are also consistent
with what is predicted from the delocalization of conjugated =-electrons.

We simultaneously simulated the linear IR spectrum (Fig. 2b and c), the integrated photon echo
signals (Fig. 3), the 2D IR absorptive spectra (Fig. 4), and the absolute magnitude NR spectra (Fig. 5).
We achieved good agreement with the measured results. Table 1 summarizes the auto FFCF parameters
and diagonal anharmonicities A determined from the simulation as well as the experimental lifetime (T1)
and orientational diffusion constant (Dor) obtained from the polarization dependent IR pump-probe
measurements. The simulation included two components for the C=0 and N=N modes with the
population ratio acquired by the previous NMR study (trans:cis = 0.46:0.54)[36]. The ratios of transition
dipole moment between the two conformers were varied as a fitting parameter in the simulation. We
could not well simulate our experimental results when the ratios were fixed to those values obtained from
the DFT calculation. We also applied different scaling factors to the DFT calculated C=0O and N=N
frequencies in the simulation because a single frequency scaling factor could not reproduce the
experimental results. The factors for the C=0 mode in trans and cis conformations are 0.9982 and 0.9965,
respectively, very close to 1, and those for the N=N mode in trans and cis conformations are 0.9583 and
0.9570. Given that the cis and trans conformations are predicted to have very similar vibrational
properties (Tables 1 and 2), we assumed that the two conformers have the same auto FFCF. The spectrum
calculation was based on the auto FFCFs determined from the integrated photon echo data. It should be
pointed out that the frequency separation of the N=N mode in two conformers obtained from the
simulation is, at most, 3 cm™ and might be smaller than this value. This is consistent with the result that

the observed 2D IR NR spectrum did not clearly show any additional peaks.

3.3. Dual-frequency 2D IR spectrum

Fig. 6a shows the measured dual-frequency 2D IR absorptive spectrum of EDA. The phase
adjustment was reasonable, as determined from a comparison between the projection of the 2D spectrum
and the dispersed pump-probe signal. Because the frequency separation between the C=0 and N=N

modes (~420 cm™) was much larger than the spectral width of the IR pulses, in the experiments we did



not detect any diagonal peaks, for example, at (., @) ~ (2114, 2114) cm™ (Fig. 2a). It is clear from Fig.
6a that both positive and negative peaks, as well as the nodal line (green), tilt along the anti-diagonal
direction. This tilt indicates that the frequency fluctuations of the two modes are anticorrelated, as
discussed below. Moreover, the absolute magnitude of the cross-peak is 1.3 + 0.1 times stronger in the
NR spectrum than in the R spectrum based on three separate measurements. This Ing/Ir intensity ratio is
sensitive to the sign of correlation coefficient. A ratio greater than unity indicates a negative correlation
between the C=0 and N=N modes.

Assuming that the cis and trans conformations have the same cross FFCFs, we simulated the

dual-frequency 2D IR spectrum with several different cross FFCFs: (i) C;;(t) =f:‘_'~.§e‘“’ff; (i)
C;; (£) = fCg=0 (1), where Cc—g () is the experimentally determined auto FFCF for the C=O mode
based on the photon echo data; (iii) C;; (£) = fCy=n (t), where Cy_y (t) is the experimental auto FFCF
of the N=N mode. In each case, the off-diagonal anharmonicity A;; was adjusted based on the peak

separation of positive and negative peaks, and the same value 16 cm™* gave good agreement for all cases.
The parameter f was adjusted based on the tilt of the nodal line. Figures 6b and 6¢ are the simulated
spectra obtained from a single exponential cross-FFCF. The best fit parameters are Ac = 0.002 fs?, . =
3000 fs, and f = —0.37 (Fig. 6¢). The Inr/Ir ratio from the simulation is 1.8. When f is set to zero, the nodal
line of the absorptive spectrum is still slightly tilted along the anti-diagonal direction (Fig. 6b) because the
cis conformer has a higher C=0 frequency and a lower N=N frequency than the trans conformer (Table
1). This effect indicates that one has to be careful in interpreting the tilt of nodal line in the presence of
multiple isomers. For comparison, we also simulated the spectrum using the Bloch approximation,

Ci; (0) = f{ﬁ(t)ﬂ-j + c;rfj}. The parameters were determined as I7;/mc = 15 cm™, g,; = 1.5ps™, and f = -

0.49 (spectrum not shown). When the cross FFCF was set to be the auto FFCF of the C=0 mode with f =
—0.85, a very similar spectral pattern was obtained (Fig. 6d). However, when the cross FFCF was set to be
the auto FFCF of the N=N mode (Fig. 6e), the tilt of the nodal line cannot be reproduced. To discuss the
tilting quantitatively, we define the tilting angle & as the angle between the @, axis and the nodal line
between the positive and negative peaks. The sign of & is positive when the nodal line declines towards
the diagonal (See Fig. 7), and negative when the nodal line declines towards the anti-diagonal. The
spectrum in Fig. 6e was simulated with f = —1, but the tilting angle (6 = —12°) is still not quite as negative
as the experimental value (—16°), even though f already reaches its negative limit. These results indicate

that an accurate determination of f requires correct modeling of the cross FFCF.
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3.4. Effects of cross FFCF on the dual frequency 2D IR spectrum

It is useful to check how the slope of the nodal line depends on the cross-peak shape and whether
a quantitative relationship between f and the slope exists. Figure 7 shows simulated dual-frequency 2D IR
absorptive spectra with different correlation factors and the same single exponential frequency correlation
function for ¢, (¢) and C;;(¢), that is, C,(t) = AZexp(—t/t.) and C,;;(t) = fAZexp(—t/T.). In the slow

modulation limit (Acz = 10, top), the spectral shape significantly depends on f. The peaks get greatly

elongated along (anti-)diagonal for fully (anti-)correlated frequency fluctuations. It is estimated that tan 8

= 0.81 and —0.81 for f = 1 and —1, respectively when Acz = 10. The elongation disappears and peak

pattern becomes symmetry along «x for the case of no correlation, f = 0, and hence tan 8 = 0. For Aczz=1

(middle), this trend is still seen although the overall spectral shapes are quite different from those for Acz

=10. The degree of peak tilting (tan & = + 0.27) is not as much as that for the slow modulation limit.

In the fast modulation limit (Acz = 0.1, Fig. 7 bottom), the simulated 2D spectra are independent
of f and the peak tilting cannot be observed, even for f = + 1. This behavior is easily understandable from
the theoretical formalism with response functions. For example, in the response functions for the R pulse
sequence, there are four line shape functions dictated by g;;(t) with different time arguments. The line

shape function becomes linearly proportional to time in the fast modulation limit (Acz «1) and all four
line shape functions are completely cancelled out. This is also the case for the NR pulse sequence.
Therefore, the 2D IR absorptive spectrum composed of the sum of R and NR responses depend on only
frequency correlation function of each vibrational mode, and f has no effect on the spectral pattern, as
simulated in Fig. 7. When the cross frequency fluctuations are in the homogeneous limit, this
consideration is correct. A set of simulated 2D spectra with different correlation functions for Cy(t) and
Cij(t) is shown in the top row of Fig. 8. Here, Cj(t) is in the homogeneous limit and Cpy(t) is in the
inhomogeneous limit. As we discussed above, the spectra simulated with f = £ 1 do not exhibit tilting and
they are the same as that calculated with f = 0. Once the frequency memory between different two modes
does not decay quickly, the correlation factor affects the 2D spectral shape regardless of whether Cp(t)
and Cjj(t) are same or not. One example is plotted in the bottom row of Fig. 8, where Cy(t) is in the slow
modulation limit and Cij(t) is in the intermediate range. Tilted spectral patterns are obtained for correlated

or anticorrelated vibrators with tang = + 0.18 (f = £ 1). It should be emphasized that the amount of

spectral tilting is determined not only by f but also by the cross FFCFs.
Although we assumed the Kubo form for Cy(t) and Cjj(t), several important conclusions can be

drawn. No tilting of dual-frequency 2D absorptive spectrum indicates either the frequencies of two modes

11



are uncorrelated or their correlation is quickly lost. In other words, if the peaks are tilted, there should be
physical mechanisms which cause intermediate or slow frequency fluctuations in a correlated or
anticorrelated way for the two modes. The tilting direction, along diagonal or anti-diagonal, is
unambiguously determined by the sign of f and the cross FFCFs do not influence it. The relationship
between the correlation factor and tilting of cross-peaks were considered under the Bloch approximation
in the past.[3,16,18] Similar calculation results were also reported for the case of a Brownian oscillator
bath.[45]

4. Discussion

The most interesting result in this study is that the cross-peak between the ester C=0 and diazo
N=N modes inclined to the anti-diagonal, indicating the presence of anticorrelated frequency fluctuations.
The fluctuations do not have to be in the static distribution limit, but it is certainly not in the fast
modulation limit. In the case of EDA, the existence of two different resonance structures shown in Fig. 1
is likely to be one of the reasons to cause the anticorrelation. In a previous study of NMA, the amide-I/II
cross-peak was observed to tilt toward the anti-diagonal and the simulation using Bloch approximation
gave a negative correlation factor (f = —0.28). It was concluded that the anticorrelated frequency
distributions were presumably induced by two dominant valence-bond structures of NMA.[18] Since the
anticorrelated frequency fluctuations observed in both systems can be attributed to the presence of
resonance structures, it is interesting to check whether there is a relationship between the magnitude of f
and the properties of the chemical bonds that are influenced by the resonance. The distance between the
C=0 and N=N modes of EDA is larger than that between the amide-I (C=0) and the amide-Il (C-N)
modes in the peptide unit of NMA. Our model calculation suggests that determination of f depends on the
cross FFCF of the two vibrators and it needs to be considered when comparisons of f are made. If we
assume complete separation of the fast and slow fluctuations in the cross FFCF, the C=0 and N=N
frequencies are more strongly anticorrelated (f = —0.49) than the amide-l and Il modes of NMA,
suggesting that the physical distance is not the main factor that determines the magnitude of f.

Another interesting comparison between EDA and NMA is the relative contribution of the two
resonance structures. For NMA, the dominant valence-bond structures are neutral and zwitterionic forms
where the former has a C—N single bond and the latter has a C=N double bond. The contribution of the
neutral form is expected to be much higher than the zwitterionic form. In fact, this bond has an index of
1.19,[52] much closer to a single bond than a double bond. For EDA, both resonant structures in Fig. 1
are zwitterionic. The charge separation in structure | is over a smaller distance than that in structure II.
Structure | is expected to have a higher contribution than structure Il. Indeed, Table 2 shows that

C—C(=0) bond index is 1.1, very close to a single bond, suggesting that structure | dominates. However,

12



this picture seems inconsistent with the result that the C=0 bond index is 1.64, which would suggest a
more equal contribution of the two resonant structures. We can reconcile the apparent discrepancy by
estimating the bond order from the C=0 vibrational frequency. Previous theoretical studies have shown
that vibrational force constant, hence, the square of the frequency, is a linear function of the bond
order.[53,54] Consider structures | and Il as two reference points. We assume that the C-O group in
structure 11 has a typical frequency of 1240 cm™[55] and a bond order of 1, whereas the C=0 group in
structure | has a frequency of 1730 cm™ [56] and a bond order equal to the Wiberg bond index of 1.71,
calculated for the carbonyl in ethyl acetate. The latter assumption arises from the fact that an ester
carbonyl is known to have resonance structures that decrease the C=0 bond order to be less than 2. Based
on these assumptions and the measured frequency of 1692 cm™, we estimated the C=0 bond order of
EDA to be 1.65, in agreement with the calculated bond index. The estimated C=0 bond order suggests
that structure | is the major resonance structure in EDA.

The FFCFs of the C=0 and N=N modes determined based on the T dependence of the integrated
IR photon echo intensity are different in their amplitudes and time scales of fluctuations. It is conceivable
that two vibrational modes, even in the same molecule, have a different solvent shell, hence, different
fluctuation dynamics.[57] In our case, the experimental results including the linear IR spectra were
reasonably reproduced by the FFCFs with two decaying components in Table 1. The smaller time
constants are less than 100 fs, and the product Aiz of the C=0 and N=N modes is 0.095 and 0.20,
respectively, indicating these components give rise to a motional narrowing contribution to the line width.

The calculated width (A3t,/me) is 9.6 cm™ and 6.9 cm™ for the C=0 and N=N mode, respectively. The

longer decaying components have picosecond time constants and they are in the slow modulation limit,
according to the product A,z (3.5 for the C=0 and 4.0 for the N=N mode). As shown in the model
calculations above, a slower fluctuation in a correlated or anticorrelated way is needed to observe a tilted
cross-peak pattern. Therefore, the picosecond decays might be related to the frequency fluctuations due to
resonance effects. In a systematic study of the dielectric response conducted recently, rotational
correlation time of dichloromethane was estimated to be about 2 ps.[58] The frequency fluctuations of
EDA on the picosecond time scale may be induced by the rotational motion of solvent molecules. To
more clearly assign the molecular mechanisms which cause the frequency fluctuations, one approach is to
measure the solvent dependence of the FFCF, such as how the dynamics changes in hydrogen bonding
solvents. Another approach is to investigate how FFCF depends on different types of substitutions on the
solute molecule. For example, substituent effects on the N=N mode frequency have been studied for
several diazo compounds, and the peak IR wavelengths were interpreted in terms of the relevant

resonance structures.[37,38] Diazohydrocarbons, such as CHsCHN,, are good candidates for future
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studies because they have no available resonant structures and are expected to exhibit different FFCF
decaying components compared to EDA.

It is desirable to measure dual frequency 2D IR spectra as a function of the waiting time to
determine the cross FFCF more accurately. This posted a technical challenge for us in this study because
the dispersed pump-probe signal was too weak to allow proper phase adjustment at large T. To this end, it
would be advantageous to adopt a collinear pulse pair pump-probe geometry so that phasing is
automatically achieved.[34,59] It would also be useful to retain the capability of measuring R and NR
spectra individually because the NR spectrum can reveal closely spaced spectral features as we
demonstrated here. Pulse shaping with phase cycling can achieve both, and therefore should find nice
application in future dual-frequency 2D IR studies.

Finally, let’s make some remarks on the two isomers of EDA. Although the FT IR spectrum
exhibited single bands for the C=0 and the N=N modes, our experiment and simulation indicate the
existence of two molecular species. The frequency difference between the two species is very small
compared with the FWHM for each mode. This is why the peaks in the linear IR spectrum look single.
Considering the results of DFT normal mode analysis, we attribute the two species to the cis and trans
isomers. Kaplan and Meloy computed the free energies of activation from cis to trans and from trans to
cis forms to be 13.3 and 13.2 kcal/mol, respectively, at 298 K, and the rates of interconversion were 971
st (cis — trans) and 1222 s (trans — cis).[36] The rotational isomerization processes around a C-C
bond that exhibits partial double bond character are very slow in comparison with the time resolution of
2D IR spectroscopy, hence, the IR spectral features are observed as an ensemble average of these two

structural isomers.

5. Conclusions

We studied the frequency fluctuations and correlation of the ester C=0 and diazo N=N stretching
modes in a conjugated system by third-order nonlinear IR spectroscopy. The dual-frequency 2D IR
spectrum exhibits an anti-diagonally tilted cross-peak of the two modes. The degree of tilting cannot be
explained solely by the presence of cis and trans conformers. This clearly indicates that the frequency
fluctuations of the two modes are anticorrelated. Most likely, this anticorrelation originates from
concerted change in bond orders when the contributions represented by different resonant structures vary.
Our theoretical calculation shows that no cross-peak titling would be present if there was no correlation or
the frequency fluctuations were in the fast modulation limit. The observed anticorrelation, therefore,
suggests that the cross FFCF of the two modes has a static and/or a slowly decaying components. Indeed,

our simulation using a single exponential cross FFCF gives Acz = 6, which is in the slow modulation

14



limit. The corresponding = = 3 ps is on a time scale similar to the solvent rotational correlation time,

indicating that the possible role of solvent fluctuations in inducing the observed anticorrelation.
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Fig. 2. (a) The FT IR spectrum of ethyl diazoacetate measured in dichloromethane. A solvent background
spectrum was subtracted. Infrared pulse spectra to excite the ester C=0 mode (dotted line) and the diazo
N=N mode (dashed line) are also shown. The measured (solid line) and simulated (dashed line) linear

spectra of the ester C=0 mode and the diazo N=N mode are plotted in the panel (b) and (c), respectively.

19



1000 fs

Intensity (Norm.)

S 2000 fs

M 3000 fs N 3000fs

5000 fs L5000 fs

- J 1 | I
-1000 -500 0 500 1000 1500-1000 -500 O 500 1000 1500

Delay time t/ fs
Fig. 3. Measured (circles) and simulated (solid lines) integrated three-pulse IR photon echo signals at
different waiting times: the C=0 stretching mode (a); the N=N stretching mode (b). The waiting time T

for each spectrum is indicated above the trace.
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Fig. 4. Measured (left) and simulated (right) 2D IR absorptive spectra under parallel polarization and with
the waiting time of 300, 1000, and 2000 fs from top to bottom: the C=0 stretching mode (a); the N=N
stretching mode (b). The spectra were normalized by the peak amplitude.
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Fig. 5. Absolute magnitude of 2D IR NR spectra at T = 300 fs for the C=0 (a, b) and N=N (d, e)
stretching modes: measurement (a, d); simulation (b, €). Each spectrum was normalized by the peak
intensity and plotted with equally-spaced 40 contour lines between 0 and 1. Measured and simulated 2D
IR spectral intensities were sliced along the diagonal line (red dotted line), and showed by solid and
dashed lines, respectively, for the C=0 (c) and N=N (f) mode.
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Fig. 6. Dual-frequency 2D absorptive spectra between the C=0 and the N=N modes of ethyl diazoacetate
in dichloromethane: (a) measurement; (b) simulation under the Bloch approximation and no frequency
correlation; (c) simulation under the Bloch approximation for correlated frequency; (d) simulation with
the cross FFCF same as the auto FFCF of the C=0 mode; (e) simulation with the cross FFCF same as the
auto FFCF of the N=N mode. The green line in the panel (a) represents the nodal line between the
positive and negative peaks. Projection onto the ax axis of the phase-adjusted 2D absorptive spectrum and

a dispersed dual-frequency pump-probe spectrum are also shown by solid and dashed lines, respectively,

in the panel above (a).
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Fig. 7. Simulated dual-frequency 2D IR absorptive spectra with different correlation factors [f = -1 (left);
0 (center); 1 (right)] and the same FFCFs for Cy(t) and Cij(t): Ac =2 ps?t and z =5 ps (top); Ac = 2 ps*
and z = 0.5 ps (middle); Ac = 20 ps* and z = 0.005 ps (bottom). The value of A. in the homogeneous
limit is different from the others to get the resultant 2D IR spectral linewidth similar. The green line in

each spectrum represents the nodal line between the positive and negative peaks.
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Fig. 8. Simulated dual-frequency 2D IR absorptive spectra with different correlation factors [f = -1 (left);
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Table 1. Parameters to Simulate the Linear and Nonlinear IR Responses of the Ester C=O and Diazo

N=N Stretching Modes.

Measurement and

DFT calculation

simulation
mode C=0 N=N C=0 N=N
Vpea / CM 1692 2114
AVpywpy / cm™? 28 18
T1/ps 19+01 1.2+0.1
Dor/10%pst  31+4  35+4
Verans / CM* 1696 2113 1699 2205
Veis / CM 1689 2116 1695 2211
|Merans: lMess|l  1.0:12  1.0:092  1.0:044  1.0:1.0
Prtrans © Peis 0.46:0.542
Aylpst 95 33
Ayl pst 1.4 1.0
7,/ ps 0.010 0.060
7, /ps 2.5 4.0
Aity/mel cm? 96 6.9
Alcmt 28 25
A lem™ 16
2 Ref. [36].

26



Table 2. Wiberg bond indices of chemical bonds in ethyl diazoacetate.

Bond cis trans

C=0 1.640 1.641
C-C(=0) 1.104 1.097
C=N 1.332 1.331
N=N 2.433 2.424
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