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Two-dimensional stimulated ultraviolet
resonance Raman spectra of tyrosine and
tryptophan: a simulation study
Hao Ren, Jason D. Biggs and Shaul Mukamel*
We report an ab initio simulation study of the ultrafast broad bandwidth ultraviolet stimulated resonance Raman spectra
(SRRS) of L-tyrosine, L-tryptophan, and trans-L-tryptophan-L-tyrosine (WY) dipeptide. Two-pulse one-dimensional SRRS and

three-pulse two-dimensional SRRS that reveal inter-residue and intra-residue vibrational correlations are simulated using
electronically resonant or pre-resonant pulse configurations that select the Raman signal and discriminate against excited
state pathways. Multimode effects are incorporated via the cumulant expansion. The two-dimensional SRRS technique is more
sensitive to residue couplings than spontaneous Raman. Copyright © 2013 John Wiley & Sons, Ltd.
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Introduction

Raman spectroscopy can provide detailed information on the
structure and dynamics of molecules and molecular complexes,
thanks to the sensitivity of vibrations to the local chemical environ-
ment.[1,2] Resonance Raman spectroscopy selectively enhances
those vibrational modes that are strongly coupled to the selected
electronic transition. Ultraviolet resonance Raman (UVRR) has been
a powerful tool in the study of protein secondary structure.[3–11]

Unlike infrared spectra, peptide resonance Raman bands of
proteins do not overlap with vibrational modes of water, making
them suitable for biological systems in aqueous environment. Deep
UV (≤210nm) photons excite the p–p* transitions of the protein
backbone and show strong activity of the AmI, AmII, AmIII, and
Ca–H modes, which depend on the secondary structure. Asher
et al. had developed empirical relationships between the AmIII
frequencies and the Ramachandran Ψ angles of proteins. The
secondary structure of complex proteins can be obtained by
deconvoluting the AmIII peaks.[7,8,10] With the help of hydrogen–
deuterium exchange, hydrogen-bonded N–H atoms can be distin-
guished in a protein.[7,11–13] Lednev et al. used deep UVRR
technique to distinguish the fibril core structure of parallel and
antiparallel amyloid fibrils.[7,11] The present study focuses on the
near UV (280�210nm) p–p* transitions of aromatic side chain
residues, which are well separated from the deep UV peptide
n–p* and p–p* excitations. Spontaneous Raman signals from
tryptophan and tyrosine residues are often used as structural
markers of proteins.[14–16]

Ultrafast broadband coherent Raman spectroscopy is widely
employed to investigate the dynamics of intramolecular and
intermolecular vibrational modes.[17–23] One-dimensional stimu-
lated resonance Raman (1DSRR) signals are obtained by varying
the time delay t1 between two ultrafast pump and probe pulses;
these can be displayed in the frequency domain by a Fourier
transform with respect to t1. Tanimura and Mukamel have
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proposed an off-resonant two-dimensional (2D) stimulated
fifth-order Raman scattering experiment with two pump pulses
followed by a probe.[24] The 2D stimulated Raman signal is
displayed by double Fourier transform with respect to the two
controlled time delays t1 and t2, and carries rich information about
vibrations. UV pulses are under current development,[25–30]

making multidimensional broadband UV resonant Raman
experiments feasible.

We compare the spontaneous and stimulated 1D and 2D
resonance Raman signals of L-tyrosine (Y), L-tryptophan (W), and
the trans-L-tryptophan-L-tyrosine (WY) dipeptide (Fig. 1). The near
UV spectra originate from the phenol (tyrosine) and indole
(tryptophan) chromophores. There are two aromatic p–p*

electronic transitions above 210 nm in tyrosine and four in
tryptophan.[31–33] Because vibrational modes are localized on
specific chromophores, by using excitation pulses resonant with
specific electronic transitions, the Raman peaks can often be
assigned, even when their frequencies overlap. The correlation
between vibrational modes localized at different groups in the
WY dipeptide in 2DSRR spectra is examined by appropriate pulse
configurations. The 2D technique is also superior to spontaneous
Raman in distinguishing W/Y mixture and WY dipeptide.

Spontaneous and stimulated time-domain multipulse resonance
Raman signals are described in the second section. Computational
details are given in the third section. Simulation results are
presented in the fourth through seventh sections, andwe conclude
in the last section.
Copyright © 2013 John Wiley & Sons, Ltd.
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Figure 1. Structure of (a) tyrosine, (b) tryptophan, and (c) trans-Trp–Tyr
(WY) dipeptide.
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Theory

UV absorption

We assume a linearly displaced two-state harmonic vibrational
Hamiltonian,

H ¼ gj iHg gh j þ
X
e

ej iHe eh j (1)

with

Hg ¼
X
j

1

2
oj p2j þ q2j

� �

He ¼ ee þ
X
j

1

2
oj p2j þ qj þ Δe

j

� �2� � (2)

Here, qj and pj are the dimensionless coordinate and momentum
of the jth normal mode, ee is the excitation energy of electronic state
|ei, and Δe

j is the dimensionless displacement. The displacements

were evaluated by using the excited state gradient method.[11,34,35]

The UV absorption spectra were calculated using the cumulant
expression,[2]

sa oð Þ ¼ 1

p
R

Z 1
0

dt exp i o� oeg

� �
t � g tð Þ � Γt

� 	
(3)

where the line broadening function and electronic excitation
energy are given by
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Here, b= 1/kBT is the inverse temperature and kB is the
Boltzmann constant. We used T= 300 K and electronic linewidth
Γ=100 cm�1.

Spontaneous resonance Raman

The spontaneous Raman signal is given by the Kramers–Heisenberg
formula,

SSP o1;o2ð Þ ¼
X
c;a

P að Þ aca o1ð Þ 2d o1 � o2 � ocað Þ���� (6)

where o1 and o2 are the incident and signal frequencies,
respectively, |ci and |ai are the final and initial vibrational states
in the ground electronic state, and P(a) is the population of state
|ai. The transition polarizability a is given by summing over
intermediate vibronic states |bi:

aca o1ð Þ ¼
X
b

c m̂j jbh i b m̂j jah i
oca � o1 � iΓb

(7)

The number of relevant vibronic states increases exponentially
with the number of vibrational modes. We have avoided these
summations by using a multimode expression for resonance
Raman signals based on the cumulant expansion for linearly
displaced harmonic vibrations given in Appendix A. We have
added a vibrational linewidth Γca=10 cm�1 to the delta function
d(o1�o2�oca).

Selection of the stimulated resonance Raman signal

The impulsive pump probe signal that employs two pulses
separated by a delay t1 contains both ground state and excited
state contributions as shown in the loop diagrams in Fig. 2. These
diagrams provide a compact representation of the time evolution
of the wavefunction, which contributes to the nonlinear signal, in
much the same way that the ladder diagrams[2] represent the
density-matrix evolution. In the loop diagrams, time flows
clockwise from the bottom left to the bottom right, with forward
(ket) evolution on the left branch and backward (bra) evolution
on the right branch. Arrows pointing to (away from) the loop
represent absorption (emission). Diagram rules can be found in
the work of Biggs et al.[36] We are interested in diagrams I and
II, which represent stimulated Raman scattering (SRS), where
the pump interacts twice in an up-and-down fashion, creating
a vibrational coherence. In the excited state contributions
(diagrams III and IV), the pump pulse creates a vibrational wave
packet in the excited electronic state in both the ket and the
bra. The coherence between these wave packets can then be
probed via a down-and-up transition, in a process known as
excited state stimulated emission (diagram III). The probe can
further induce an up-and-down transition to a doubly excited
state, giving rise to excited state absorption (diagram IV).
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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Figure 2. The four loop diagrams for the pump–probe experiment with well-separated pulses. Diagrams I and II represent stimulated resonance
Raman, III is excited state stimulated emission, and IV is excited state absorption.
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The Fourier transformed signal

S Ωð Þ ¼
Z 1
0

dt1S t1ð ÞeiΩt1 (8)

will show peaks corresponding to the difference in energy
between the ground state and the vibrationally excited states,
i.e. fundamental, overtone, and combination bands. The SRS
signals are easy to interpret because they only depend on
ground state frequencies and are not affected by the complex
photochemical and photophysical nonadiabatic processes that
occur in UV excited states. For applications as markers to pro-
tein structure, it is therefore desirable to eliminate the excited
state contributions and isolate the SRS signal. This will be dis-
cussed in the following.
The excited state contributions can be eliminated by using

electronically off-resonant pump and probe pulses. However, in
this case, we lose the selectivity of the resonance Raman process.
To a given chromophore, if the excited electronic state has a very
short (radiative or nonradiative) lifetime, any electronically
excited population created by the pump will have decayed
before the arrival of the probe and will therefore not contribute
to the signal; we can then select the SRS diagrams. For example,
the Soret excited states in heme-containing molecules have
lifetimes of tens of femtoseconds, and any long-lived vibrational
coherence detected at this excitation window can be attributed
solely to the ground electronic state.[17] This is also the case in
stimulated X-ray Raman spectroscopy,[37] which involve core
transitions with very short (�10 fs) lifetimes.[38] This does not
apply to tyrosine or tryptophan, which have long electronic
lifetimes (≤10 ns).[39]

We shall discriminate against the excited state contributions,
by using the fact that the excited state population decays much
more rapidly with detuning than the ground state contribution.
We show in Appendix B that for Gaussian pulses, the excited
state contribution will vary as exp(�d2), with the effective detuning
d� s(Ω�oeg), where Ω is the pulse center frequency and oeg is
the excitation energy, while the SRS contribution varies as 1/d. It
is therefore possible to isolate the SRS signal by tuning the pump
pulse to the pre-resonant region while keeping the resonant
enhancement by a resonant probe. This strategy is easily extended
to 2D by making both pumps pre-resonant. It is also possible to
enhance the excited state stimulated emission contribution over
the SRS and excited state absorption by using resonant pump
and red-shifted probe.
wileyonlinelibrary.com/journal/jrs Copyright © 2013 John
One-dimensional stimulated resonance Raman (1DSRR)

The stimulated Raman signal represented by diagrams I and II of
Fig. 2 is given by,[37]

S t1ð Þ ¼ R a 1ð Þ 0ð Þa 2ð Þ t1ð Þ
D E

� a 1ð Þ 0ð Þ
� �†

a 2ð Þ t1ð Þ

 �� �

(9)

where the effective polarizability due to the nth pulse is
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 (10)

where |ci and |c0i are vibrational eigenstates in the ground electronic
state. â nð Þ is a non-Hermitian operator in the vibrational subspace, it
becomes real Hermitian far off-resonance, where Eqn (9) reduces to a
commutator.[40] The signal is recorded versus the pump-probe delay
and Fourier transformed (Eqn (8)) giving the 1DSRR signal,

S Ω1ð Þ ¼
X
ac

P að Þ
ia 1ð Þ

ca a 3ð Þ
ac � a 3ð Þ

ac

� ��h i
Ω1 � oca þ iΓ

: (11)

As this is a pump-probe signal, and only the real part of Eqn(9) con-
tributes, the Fourier transform signal obeys S (�Ω ) = S * (Ω ).

Two-dimensional stimulated resonance Raman (2DSRR)

The 2D stimulated Raman signal is obtained by adding a second
pump, resulting in the three-pulse pump–pump–probe
configurations shown in Fig. 3. The first pulse creates a vibrational
excitation in either the ket (Si and Siv) or the bra (Sii and Siii).
The second pulse can either create another pure vibrational
excitation on the opposite side of the density matrix (Si and Siii)
or change the excitation created by the first (Sii and Siv).

The 2D signal is written in the time domain as

S2DSRR t1; t2ð Þ � Si þ Sii þ Siii þ Siv

¼ �I
�

a 2ð Þ† t 1ð Þ
� �

a 3ð Þ t2 þ t1ð Þa 1ð Þ 0ð Þ
D E

� a 1ð Þ† 0ð Þa 2ð Þ† t1ð Þa 3ð Þ t2 þ t1ð Þ
D E
þ a 1ð Þ† 0ð Þa 3ð Þ t2 þ t1ð Þa 2ð Þ t1ð Þ
D E
� a 3ð Þ t2 þ t1ð Þa 2ð Þ t1ð Þa 1ð Þ 0ð Þ
D E�

(12)

It will be displayed as frequency–frequency correlation plots
obtained by a double Fourier transform:
Wiley & Sons, Ltd. J. Raman Spectrosc. 2013, 44, 544–559
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Figure 3. Loop diagrams for the 2D Raman signal: (a) Si, (b) Sii, (c) Siii, and (d) Siv.
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The signal for negative Ω1 can be found by S(�Ω1,�Ω2)
= S * (Ω1,Ω2 ).

Computational details

We used the Gaussian 09[41] package with time-dependent density
functional theory, the PBE0 functional,[42,43] and 6-311++G(d,p)
basis set in the calculations. The geometry was optimized to
minimize its ground state energy; excited state gradients and
displacements were calculated at that geometry. The conductor-
like polarizable continuum model[44,45] was used to perform
the self-consistent reaction field calculations in the aqueous
environment. To correct for the systematic error in the density
functional frequency calculations, we scaled all vibrational
frequencies by a factor of 0.97.[46,47] Gaussian pulses envelopes
with 1768 cm�1 (8.33 fs) full width at half maximum (FWHM) were
used. This width covers a substantial region of the absorption
spectrum as shown in Fig. 11 (c,d).
Table 1. UV electronic transitions (≥210 nm ) of tyrosine, tryptophan, and

System Excitation l (nm) ~n (cm�1) x

Tyr 251 39 840 0.2591

222 45 063 �1.4171

Trp 268 37 228 0.5406

253 39 484 -0.6788

222 45 023 1.9159

215 46 351 0.5879

WYD e1 270 37 015 0.2302

e2 254 39 389 0.7973

e3 253 39 461 0.7478

e4 232 42 976 �0.4976
e5 220 45 390 1.9180

e6 218 45 827 �0.9231

J. Raman Spectrosc. 2013, 44, 544–559 Copyright © 2013 John
UV absorption spectra

To avoid overlap with the peptide n–p* and p–p* transitions, we
focus on the electronic aromatic p–p* transitions below
47 620 cm�1 (≥210 nm). The calculated dipole-allowed electronic
excitations are given in Table 1. Using Platt’s notation[48] for
benzene electronic excitations, we assigned the two excited
states of tyrosine at 251 and 222 nm as Lb and La, respectively.
These transition dipole moments are perpendicular. The 268
and 253 nm peaks of tryptophan are assigned as Lb and La
transitions, and the Trp–Bb transition is split into two peaks
because the D6h symmetry is broken. The Trp–Ba transition lies
below 200 nm. The two Tyr transitions and the four Trp
transitions are present in the dipeptide, with slight shifts due to
the change of chemical environments of each aromatic group.
The natural transition orbitals (NTO)[49] of the electronic transi-
tions presented in Figs S1–S3 (Supporting Information) show
that the hole (left) and electron (right) states are localized on
the aromatic groups.

The calculated electronic excitations of tyrosine (Y), tryptophan
(W), 1:1W/Y mixture, and WY dipeptide in aqueous solution are
compared with experimental absorption spectra in Fig. 4.
Spectra of the mixture are obtained by adding the tyrosine and
trans-WY dipeptide

Dipole (debye)

y z |m|2 Description

0.8256 �0.0460 0.7509 Lb
0.1179 0.4182 2.1970 La

1.1506 �0.2523 1.6856 Lb
0.6651 �0.3767 1.0450 La
�1.5794 0.8076 6.8160 Bb
�0.7750 0.5128 1.2092 B

0
b

�0.2888 1.2589 1.7212 Trp–Lb (p!p*)
�0.2485 0.0880 0.7051 Tyr–Lb (p!p*)
�0.5153 0.0507 0.8272 Trp–La (p!p*)
�1.3340 0.5809 2.3646 Tyr–La (p!p*)
�1.3655 0.2285 5.5959 Trp–Bb (p!p*)
0.4962 �0.1731 1.1282 Trp–B

0
b (p!p*)

Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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Figure 4. Experimental absorption spectra and calculated electronic stick spectrum of (a) tyrosine (blue), (b) tryptophan (green), (c) 1:1 mixture, and
(d) WY dipeptide. The experimental spectra of tyrosine and tryptophan are taken from the work of Rava and Spiro.[32] The spectra of 1:1 mixture and
dipeptide are taken from the work of Asher et al.[31] This figure is available in colour online at wileyonlinelibrary.com/journal/jrs.
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tryptophan contributions. As shown in panels (a) and (b), both
tyrosine and tryptophan have strong absorption at �220 and
�270 nm. The �270 nm bands for both tyrosine and tryptophan
are assigned as the Lb transitions. The �220 nm band is assigned
as the La transition for tyrosine but as the Bb transition for
tryptophan. The experimental absorption spectra of 1:1W/Y
mixture and WY dipeptide are very similar (red lines in panels
(c) and (d)) and are dominated by two bands at 270 and
218 nm. The broad peak at 260–280 nm consists of the Trp–Lb,
Trp–La, and Tyr–Lb transitions, and the peak centered at 220 nm
consists of the Tyr–La and Trp–Bb transitions. The time-
dependent density functional theory/PBE0 excitation energies
of Trp–Lab and Tyr–Lb bands are overestimated compared with
those in the experiment.[50] The Tyr–La transition is red-shifted
from 222 to 232 nm upon binding with tryptophan, resulting in
a smaller splitting between Tyr–Lb and Tyr–La transitions.
The splitting between Trp–Bb and Trp–Bb is also smaller in the
dipeptide than in tryptophan monomer, which can be rationalized
because the electronic states are more delocalized in the dipeptide.
Figure 5 shows the absorption spectra calculated using Eqn (3).

For all the three systems, the main peak corresponding to each elec-
tronic excitation comes from the |0ei |0gi transition. The tailing
peaks in the high-frequency side of the main peaks correspond to
|1ei |0gi transitions for different vibrational modes. There is sub-
stantial overlap between different electronic transition contributions
in the tryptophan and WY dipeptide. For instance, the splitting be-
tween the Trp–Bb and Trp–Bb transitions are 1328 and 427 cm�1 in
tryptophan andWY, respectively, and are lower than the vibrational
energy of the mode n40 (W8b, 1588 cm�1).
Spontaneous resonance Raman spectra

The 42 Raman active vibrational modes of WY are listed in Table 2.
Almost all modes are localized either on the tryptophan (cyan) or
on the tyrosine (magenta). Delocalized or peptide vibrational
wileyonlinelibrary.com/journal/jrs Copyright © 2013 John
modes (uncolored) are expected to be resonantly enhanced by
both Trp and Tyr transitions.

To benchmark our simulation protocol, we first compare our
calculated spontaneous resonance Raman (SPRR) spectra
(Eqn (6)) with that in the experiment. Figure 6 shows the
experimental UVRR spectra of 1:1W/Y mixture and WY dipeptide
excited at 255 nm, which is resonant with the Trp–Bb and Tyr–La
transitions.[31] The dominant peaks at 1555, 1350, 1015, and
760 cm�1 correspond to the totally symmetric Trp modes, and
the 1610 cm�1 peak represents Tyr ring mode (Y20a[31,32]). The
spontaneous UVRR spectra of W/Y mixture and WY dipeptide
are very similar; it is difficult to distinguish different bonding
patterns of systems containing tyrosine and tryptophan residues
by using 225 nm spontaneous Raman. These are reproduced by
our simulations. The contributions from tyrosine and tryptophan
monomers are shown as dashed lines in Fig. 6(a). The 1610 cm�1

Y20a mode is predicted as 1628 cm�1, as listed in Table 2. The
calculated frequencies of active tryptophan modes are 1562,
1347, 1011, and 761 cm�1, which can be assigned to n39 pyrrole
ring stretching, n30 ring C–H/N–H bending, n15 benzene ring
symmetric breath, and n7 aromatic ring breath modes.

Two-dimensional plots of spontaneous Raman (2DSPR) spectra
with respect to the excitation frequency (o1) and the Raman shift
(o1�o2) are shown in the left panel of Fig. 7 for excitation
energies between 36 000 and 48 000 cm�1. All 2D spectra in this
article are displayed using the inverse hyperbolic sine function,
which better reveals both weak and strong features:

�S ¼ arcsinh CSð Þ (14)

The normalization coefficient C is chosen to make �S close to 1.
Two horizontal slices are shown in Fig. 7(a,b). The vertical lines
are Raman excitation profiles. The peaks along the tilted
directions (dashed lines in Fig. 8(c,d)) in the 2DSPR correspond
to the Raman signals enhanced by 0–1 vibronic excitations for
each active mode.
Wiley & Sons, Ltd. J. Raman Spectrosc. 2013, 44, 544–559
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Figure 5. Simulated absorption spectra of (a) tyrosine, (b) tryptophan, and (c) trans-WY dipeptide in aqueous solution. Vibronic contributions are
included by using the cumulant expansion. Overlapping electronic transitions are shown by dashed lines. An electronic linewidth Γ=100 cm�1 is used.
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In Fig. 7, panels (a) and (b) display two horizontal slices of the
2DSPR spectra of trans-WY dipeptide corresponding to the
232 nm (e4:Tyr–La) and 270 nm (e1:Trp–Lb) resonances. The NTO
plots of the dipole-allowed electronic transitions of the WY
dipeptide (Fig. S3 (Supporting Information)) show that all the
excitations are localized on either the Trp or the Tyr aromatic
group; hence, the active vibrational modes enhanced by a reso-
nant excitation should also be localized. This can be verified by
examining the enhanced vibrational modes in a specific excitation.
We assigned all the pronounced vibrational modes enhanced by
the Tyr–La and Trp–Bb transitions, respectively. The assignedmodes
are listed in Table 2. Only n13, n21, and n22 are enhanced by both
transitions, reflecting their delocalized peptide bond nature. All
other Raman signals are induced by vibrational modes localized
on either the Tyr or the Trp aromatic group. The main features of
tyrosine SPRR are the peaks at 1629 and 1510 cm�1, which were
assigned as the Y20a, Y19a, and Y18a phenol ring stretching
modes.[31,32] The 780 and 850 cm�1 phenol ring breathing modes
are not intense enough to characterize tyrosine residues. The
tryptophan SPRR show peaks at 1590, 1360, 1125, and 760 cm�1,
which can be assigned as the W8b, W14, benzene ring H–C–C–H
in-plane bending, and aromatic ring breath modes, respec-
tively.[31,32] These resonance Raman signals are strong and
have high selectivity upon excitations and thus can be used to
characterize tyrosine and tryptophan residues.

Figure 8 compares the 2DSPR spectra of tyrosine, tryptophan,
1:1W/Y mixture, and WY dipeptide. The spectra of tyrosine are
much simpler than tryptophan and WY: there are only two
electronic transitions in the range below 48 000 cm�1, and the
gap between these two excitations is 5200 cm�1, which is much
larger than any vibrational frequency. Thus, there is no overlap
between peaks in the tilted direction from a lower excitation
and horizontal peaks from a higher one. As the result of the
J. Raman Spectrosc. 2013, 44, 544–559 Copyright © 2013 John
smaller transition dipoles (Table 1), the Raman signals of tyrosine
(Fig. 8(a)) are much weaker than those of tryptophan and WY
dipeptide. The Lb and La transitions of tyrosine are close to the
La and Bb transitions of tryptophan, and the SPRR of tyrosine
excited with these wavelengths is overwhelmed by the
contribution from tryptophan, which results in the fact that the
spontaneous spectra of tryptophan (Fig. 8(b)) and 1:1 mixture
(Fig. 8(c)) have similar patterns.

Despite the small differences between the spectra of the W/Y
mixture and WY dipeptide at 225 nm (Fig. 6), it is possible to
distinguish the two systems by the 2DSPR spectra. Below
41 500 cm�1, the spectra of the two systems are similar, except
for a slight shift. However, a series of horizontal peaks appear
at 42,976 cm�1 in the dipeptide spectra (Fig. 8(d)), and its
concomitant tilted peaks (blue dashed line) extend from 43 600
to 44 600 cm�1, overlapping with the lower tail of the
45 390 cm�1 Trp–Bb horizontal peaks. This is a consequence of
the red-shifted Tyr–La transition from 222 nm (45 023 cm�1) in
the tyrosine monomer to 232 nm (42 976 cm�1) in the dipeptide.
In addition, as the result of the shift of Trp–Bb and Trp–Bb
transitions upon binding with tyrosine, the Raman profiles have
an obvious shift as shown in the horizontal slices in Fig. 8.
1DSRR spectra

The modulus of the transition polarizability matrices (Eqn (7))
for different pulse frequencies are shown in Fig. 9. We used
Gaussian UV pulses, with FWHM 1768 cm�1 (8.33 fs), and with
center frequencies at 35 500, 37 015, and 42 976 cm�1. The first
pulse is chosen to be pre-resonant to Trp–Lb (e1), and the latter
two frequencies are resonant with the Trp–Lb and Tyr–La (e4)
transitions in WY dipeptide, respectively. The axes are labeled by
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs



Table 2. Active vibrational modes in the range 600–1800 cm–1. Cyan, magenta, and white rows represent vibration modes of trytophan (W),
tyrosine (Y), and peptide bond. Aromatic ring modes labeling is from the works of Rava and Spiro[32,55]

H. Ren, J. D. Biggs and S. Mukamel
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Figure 6. Comparison between experimental (red) and calculated
(blue) spontaneous resonance Raman spectra of (a) 1:1 tyrosine/
tryptophan mixture and (b) WY dipeptide excited at 225 nm
(44 444 cm�1). Experimental data are taken from the work of Rava
and Spiro.[31] Contributions from solvent modes are shaded in the ex-
perimental spectra. The calculated spectra of 1:1 mixture are obtained
by summing the spectra of tyrosine (green dashed) and tryptophan
(magenta dashed). The shaded peaks at 932 cm�1 come from internal
standard. This figure is available in colour online at wileyonlinelibrary.
com/journal/jrs.

Figure 7. (Left) Two-dimensional spontaneous Raman spectra of WY dipepti
slices excited at (a) o1 = 232 nm and (b) o1 = 270 nm, respectively. Vibrational
is used for better visibility. SPRR, spontaneous resonance Raman.

2D stimulated UVRR spectra of Tyr and Trp
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the active vibrational modes listed in Table 2. The matrix elements
of the polarizability due to the nth pulse can be written as

a nð Þ
ji ¼0 0ð Þig 1ð Þjg â nð Þ

��� ��� 1ð Þig 0ð Þjg
D E

0 (15)

which can be viewed as the transition amplitude between two
vibrational modes; hence, the a matrix is symmetric.

The top row of the a matrix is the only contribution to the
spontaneous and 1DSRR signals, as each transition must be
between the ground state and a vibrationally excited state. The
largest values of a are found along the diagonal, where the initial
and final states are the same (elastic scattering). For 1DSRR, the
diagonal element a00 contributes to the elastic scattering
background term that we do not include in our simulations.
The a(0) and a(1) matrices in Fig. 9(a,b) exhibit block-wise
behaviors, where the elements between tryptophan modes, such
as n7, n16� 18, n29� 36, and n39� 41 (Table 2) have larger values than
the others, as a consequence of the excitation beam being near
resonance or on resonance with the Trp–Lb transition. The
transition polarizability matrices can be better visualized by
regrouping the vibrational modes into tryptophan, tyrosine, and
peptide modes, as shown Fig. 10. In panels (a) and (b), it is
obvious that off-diagonal terms corresponding to vibrational
modes from tryptophan (Trp–Trp, upper left bright block) have
larger values than those involved modes from both tryptophan
and tyrosine (Trp–Tyr and Tyr–Trp dark blocks). The bright
rectangular Pep–Trp (lower left) and Trp–Pep (upper right) blocks
in panels (a) and (b) show the transition polarizabilities between
peptide and tryptophan modes. Because the peptide bond
modes are delocalized, these off-diagonal terms have larger
values that indicate strong correlation. The correlation between
tyrosine modes with others are weak because no tyrosine
electronic transitions can be excited by using pulses centered at
o1 = e0 = 35 500 cm�1 (panel (a), pre-resonant) or o1 = e1 = 37015
cm�1 (panel (b), resonantwith Trp–Lb). On the other hand, in Fig. 10
(c), as shown in the top panel, although the excitation beam is
de with excitation energy scanned from 36 000 to 48 000 cm�1. Horizontal
mode assignment as listed in Table 2. A nonlinear scale function (Eqn (14))
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5
5
1

http://www.wileyonlinelibrary.com/journal/jrs.
http://www.wileyonlinelibrary.com/journal/jrs.


Figure 8. Two-dimensional spontaneous Raman spectra of (a) tyrosine, (b) tryptophan, (c) 1:1 mixture, and (d) WY dipeptide. The spectra of mixture are
obtained by summing the contributions from tyrosine and tryptophan. Vertical slices of the mixture and dipeptide spectra show a shift between Raman
profile peaks of (c, black) and (d, blue). Dashed lines denote the tilted directions. A nonlinear scale function (Eqn (14)) is used for better visibility. This
figure is available in colour online at wileyonlinelibrary.com/journal/jrs.
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resonant with the Tyr–La transition, there is considerable overlaps
between the excitation pulse with the upper tail of the Trp–La
and the lower tail of the Trp–Bb transitions; thus, both tyrosine
and tryptophan modes can be enhanced by the broadband pulse
centered at e4 (Fig. 9(c)). The simultaneous excitation of tryptophan
and tyrosine transitions results in strong correlations between
tyrosine modes with the others, which can be visualized by the
off-diagonal Trp–Tyr and Tyr–Trp blocks in panel (c).
The SPRR and time-domain 1DSRR spectra are compared in

Fig. 11. In the 1DSRR experiment, the system is first pumped
with a pre-resonant pulse centered at e0:35 500 cm

�1 and then
detected by a probe pulse with center frequency resonant with
the e1:Trp–Lb (Fig. 11(c)) or the e4:Tyr–La (Fig. 11(d)) transition.
The absorption spectra and pulse spectral density are given in the
insets in Fig. 11(c,d). The 1DSRR spectrum with o1 = e0 and o2= e1
reproduces all the characteristic features of the tryptophan aromatic
modes at 1590, 1360, 1125, and 760 cm�1. However, in the case of
wileyonlinelibrary.com/journal/jrs Copyright © 2013 John
o1 = e0 and o2 = e4, in addition to the characteristic features of the
tyrosine aromatic modes at 1629 and 1510 cm�1, tryptophan modes
at 1590, 1360, and 760 cm�1 are also enhanced. The contribution
from tryptophan is a result of the excitation of Trp–Lb by e0 and
Trp–La/Trp–Bb by e4, as shown in the insert of Fig. 11(d).

2DSRR spectra

The 2DSRR signals are written as the product of two top row ele-
ments aac0 and aca with an intermediate term ac0 c. Peaks along Ω1

occur at the same frequencies as in the spontaneous and 1DSRR
signals, whereas Ω2 peaks can occur either at these frequencies
(Sii and Siv) or at the difference between vibrational frequencies
(Si and Siii). The intermediate term acc0 probes the polarizability
matrix element between different vibrational modes, and it thus
carries additional information about the intermediate Raman pro-
cess between these modes, which is not available in the 1D signals.
Wiley & Sons, Ltd. J. Raman Spectrosc. 2013, 44, 544–559
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Figure 9. Modulus of transition polarizability matrices (Eqn (15)) for (a) e0 35 500 cm
�1, (b) e1:Trp–Lb 37015 cm

�1, and (c) e4:Tyr–La 42 976 cm
�1. Pulses

and the absorption spectra are shown on top. Axes of the matrices are labeled by the vibrational modes as listed in Table 2, and n0 is the ground
vibrational state. Log scale function �a ¼ log að Þ is used for better visibility. This figure is available in colour online at wileyonlinelibrary.com/journal/jrs.

TRP

TYR

PEP

TRP

TYR

PEP

PEP PEP PEPTRP TRP TRPTYR TYR TYR

Figure 10. Same as Figure 9 except that vibrational modes are regrouped: Mode 0 denotes ground state, and the first 22, the 23th–35th, and the 36th–42nd
modes are Trp (tryptophan), Tyr (tyrosine), and Pep (peptide) modes, respectively. This figure is available in colour online at wileyonlinelibrary.com/journal/jrs.
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The 2DSRR spectra reveal the correlation between different
vibrational modes. In Fig. 12, we show the 2D spectrum for
o1 =o2 = e0 and o3 = e1. Because the 2D signals have inversion
symmetry,[52] only the Ω1> 0 region is displayed. The time-
independent contribution that all three Raman processes are
0–0 elastic scattering is filtered out. Various slices along the
diagonal and horizontal directions are shown in the middle
column. The diagonal trace is similar to the 1DSRR spectrum
(Fig. 11(c)) with narrower line shapes. A horizontal trace, with a
constant Ω2 = 1588 cm�1 corresponding to the n40 W8b mode
J. Raman Spectrosc. 2013, 44, 544–559 Copyright © 2013 John
listed in Table 2 is also shown in Fig. 12(a). The same diagonal
peak with coordinate (Ω1, Ω2) = (1588, 1588) cm�1 appears in
Fig. 12(a,b). It consists of contributions from pathways Si and Siv,
as shown in the right column, with values proportional to

a 0ð Þ
00

� ��
a 0ð Þ
0;40

� �
a 0ð Þ
40;0

� �
and a 1ð Þ

0;40

� �
a 0ð Þ
40;40

� �
a 0ð Þ
40;0

� �
, respectively.

Diagonal peaks are the strongest features in the 2D spectra
because it contains a diagonal element of a. For pathways Si and Siii,
a diagonal peak arises from a= c0 or a= c. Likewise in Sii and Siv,
diagonal peaks are the results of elastic process with c= c0.
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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Figure 11. Spontaneous resonance Raman (SPRR) spectra of WY dipeptide calculated at o1 resonant with (a) e1:Trp–Lb and (b) e4:Tyr–La. One-dimensional
stimulated resonance Raman (1DSRR) spectra calculated for a pre-resonant pulse (o1 = 35 500 cm�1) as pump and probe pulse resonant with (c) e1 and
(d) e4. Pulses are shown in the inserts.
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When two different vibrational modes are involved, off-diagonal
peaks of two different diversities appear. Sii and Siv contain peaks at
(Ω1,Ω2) = (�oca,�oc 0 a), i.e. both Ω1 and Ω2 correspond to a

1ð Þg
��� E

0
 0ð Þg
��� E

transition with different modes. In the other

pathways, Ω2 ¼ �occ0 is the difference between two vibrational
excitations. For instance, the 1360 cm�1 peak in Fig. 12(a) has

intensity proportional to a 1ð Þ
0;40

� �
a 0ð Þ
40;31

� �
a 0ð Þ
31;0

� �
, different from

the diagonal peaks, where one top row, one diagonal, and the
0–0 transition polarizability matrix elements account. For the
off-diagonal peaks, two different top rows and one off-diagonal
elements affect the intensity. The fact that the off-diagonal peak
intensities are one order of magnitude weaker than those of the
diagonal ones indicates that the intermode correlation between
different vibrational modes is one order of magnitude weaker than
the elastic scattering 1–1 transition (Fig. 12(b,c)). The 1360 cm�1 peak
in Fig. 12(d) has a coordinate (n31, n31� n40) in the 2DSRR spectrum,

which is proportional to the amplitude a 0ð Þ
0;40

� ��
a 1ð Þ
40;31

� �
a 0ð Þ
31;0

� �
. It

also reflects the intermode correlation. The intermode correlation
arises from the process that one vibrational quantum transfers from
onemode to another via an electronic excitation. A strong correlation
implies that the electronic transition is strongly coupled to the two
different modes. In the current study, because all the electronic
transitions are localized on aromatic groups, only vibrational modes
from the same group are strongly correlated.
The modulus of 2DSRR signals of tyrosine, tryptophan, 1:1W/Y

mixture, and WY dipeptide are shown in Fig. 13 for o1 =o2 = e0
and o3 = e1. When the probe pulse is resonant with e1:Trp–Lb,
there is little differences between the 2DSRR spectra of the W/Y
mixture and WY dipeptide, and the contribution from the tyrosine
to the mixture spectra is negligible. This can be attributed to the fact
wileyonlinelibrary.com/journal/jrs Copyright © 2013 John
that there is no electronic excitation in the tyrosine monomer reso-
nant with any incident pulses; thus, no Raman process would be en-
hanced during the measurement. The situation is almost the same
for the tyrosine residue in WY dipeptide; the tyrosine-related excita-
tions lie far away from the pulse frequencies, and only tryptophan
modes can be significantly enhanced.

The situation is different when the probe is resonant with e4:
Tyr–La as shown in Fig. 14 for o1 =o2 = e0 and o3 = e4. Both
tyrosine and tryptophan monomers have strong Raman signals
and exhibit their characteristic vibrational modes on the diagonal
lines. This is the result of the fact that e4 lies near the La transition
in tyrosine and the Bb transition in tryptophan, respectively. We
can also see the stronger intermode correlation of tryptophan
indicated by the cross peaks in Fig. 14(b) compared with those
in Fig. 14(a). For the WY spectrum shown in Fig. 14(d), only the
tyrosine mode n6 and tryptophan mode n40, which are the
strongest features in the monomer spectra, are prominent
in the dipeptide spectra. All other features in the range
1100–1400 cm�1 have much weaker intensities than n6 and
n40. The weaker signals in the WY spectrum is a consequence
of the relatively delocalization of electrons in the dimer com-
pared with that in the monomers. The delocalized electronic
states result in smaller dimensionless displacements between
the excited and ground state minimums. The values of the di-
mensionless displacements of the monomers and dimer can be
found in Tables S1–S3 (Supporting Information). For instance, the
displacements for the tryptophan W14 mode (n31) corresponding
the Trp–Lb transition are 0.713 and 0.576 in tryptophan monomer
and dimer, respectively. The evident differences between the 2D
spectra of monomer mixture and dimer indicates that by choosing
appropriate pulse configurations, 2DSRR technique can facilitate
the distinction of systems with similar chemical compositions but
with different bonding interactions.
Wiley & Sons, Ltd. J. Raman Spectrosc. 2013, 44, 544–559



Figure 12. (a) Simulated two-dimensional stimulated resonance Raman spectra of the WY dipeptide with o1 =o2 = e0 and o3 = e1. (a,d) Diagonal and
(b,c) horizontal slices of the two-dimensional spectrum on the left. (Right) Loop diagrams corresponding to selected peaks.

2D stimulated UVRR spectra of Tyr and Trp
Conclusions

We have simulated the 1D and 2D broadband stimulated UVRR
spectra. The correlations between vibrational modes enhanced
by UV pulses are illustrated for L-tyrosine, L-tryptophan, 1:1 W/Y
mixture, and trans-WY dipeptide. The relative intensity of
intermode correlation can be directly viewed by cross peaks
Figure 13. Two-dimensional simulated resonance Raman spectra of (a) tyrosine
o1=o2= e0 ando3= e1. Pulse envelopes and the absorption spectra are shown on

J. Raman Spectrosc. 2013, 44, 544–559 Copyright © 2013 John
in the 2DSRR spectra. Correlations between specific vibrational
modes can be examined by proper pulse configurations. The
W/Y mixture and WY dipeptide can be better distinguished
by time-domain multidimensional Raman spectroscopy than
by spontaneous Raman techniques. Multidimensional UV stim-
ulated resonance Raman technique could be a useful tool for
protein secondary structure determination.
, (b) tryptophan, (c) 1:1 mixture (sum of (a) and (b)), and (d) WY dipeptide for
top. This figure is available in colour online at wileyonlinelibrary.com/journal/jrs.
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Figure 14. Same as Figure 13, except for o1 =o2 = e0 and o3 = e4. This figure is available in colour online at wileyonlinelibrary.com/journal/jrs.
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Appendix A

The cumulant expansion for transition
polarizabilities

The matrix element for the effective polarizability a mð Þ
ca �

ch jâ mð Þ aj i defined in Eqn (10) is the transition amplitude to
go from state |ai to state |ci, obtained by summing over all
intermediate vibronic states |bi lying within the bandwidth of the
mth pulse. The number of excited states |bi scales exponentially
with the number of vibrational modes, and a full summation
becomes impractical. By treating the Raman inactive modes via
the cumulant expansion,[2] we greatly reduce computational cost.
We define the ground state

c0
g

��� E
�
Y
j

0ð Þjg
��� E

(A1)

i.e. nð Þjg
��� E

is a single-mode wave function with n quanta of

vibrational excitation, in the ground electronic state. The state
with a single quantum of excitation in the jth mode is

1ð Þjg
��� E

0
¼ b̂

†

j c0
g

��� E
(A2)

where the 0 subscript is used to distinguish the many-body

wavefunction 1ð Þjg
��� E

0
from the single-mode wavefunction
wileyonlinelibrary.com/journal/jrs Copyright © 2013 John
1ð Þjg
��� E

and b̂
†

j is the creation operator that corresponds to the

single quantum vibrational excitation in the jth mode. Similarly,
we define overtones (doubly excited state)

2ð Þjg
��� E

0
¼ b̂

†

j b̂
†

j c0
g

��� E
(A3)

and the combination states

1ð Þjg 1ð Þkg
��� E

0
¼ b̂

†

j b̂
†

k c0
g

��� E
(A4)

In the calculations presented here, the contributions of overtone
and combination bands are weak and were neglected; however,
we provide the formulas here for the sake of completeness.

The Raman process involves up-and-down transitions induced by
fields Ej and E�j . The transition polarizability amplitude is given by

0
1ð Þjg

D ���a mð Þ c0
g

��� E
¼ �i

Z 1
�1

dt2

Z t2

�1
dt1E

�
m t2ð ÞEm t1ð Þ0

� 1ð Þjg
D ���V t2ð ÞV t1ð Þ c0

g

��� E
(A5)
Here, V(t) is the dipole operator in the interaction picture

V tð Þ � eiHt
X
e

mge gj i eh j þ meg ej i gh j
� �

e�iHt (A6)

The dipole correlation function may be expanded as

0 1ð Þjg
D ���a mð Þ c0

g

��� E
¼
X
e

�i
Z 1
�1

dt2

Z t2

�1
dt1E

�
m t2ð ÞEm t1ð Þ

� 1ð Þjg
D ���eiH j

gt2e�iH
j
e t2�t1ð Þe�iH

j
gt1 0ð Þjg
��� E

� V t2 � t1ð ÞV 0ð Þh ij0 (A7)

where the prime in the subscript j0 denotes that the contribution
of the jth mode is excluded in that correlation function.
The single-mode correlation function can be handled by
inserting resolution of the identity
Wiley & Sons, Ltd. J. Raman Spectrosc. 2013, 44, 544–559
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1ð Þjg
D ���eiH j

gt2e�iH
j
e t2�t1ð Þe�iH

j
gt1 0ð Þ jg
��� E

¼
X
e

X
a

1ð Þjg að Þje
��� E

að Þje 0ð Þjg
��� E

exp ioj t2 � iaoj t2 � t1ð Þ� 	DD
(A8)

The Frank–Condon factors were calculated in the standard
way.[53]

The second correlation function represents the spectator
Raman inactive vibrational modes and is evaluated by the
cumulant expansion[2]

V t2 � t1ð ÞV 0ð Þh ij0 �
X
e

Y
k 6¼j

0ð Þkg
D ���eiHk

g t2�t1ð Þme�iH
k
e t2�t1ð Þm 0ð Þkg

��� E
¼
X
e

meg
2exp �ioj

0

eg t2 � t1ð Þ � gj
0

e t2 � t1ð Þ
h i������

(A9)

where the electronic excitation frequency and line shape function
are defined as

oj
0

eg ¼ ee þ
X
k 6¼j

Δj
e

� �2
2

ok (A10)

and

gj
0

e tð Þ �
X
k 6¼j

Δj
e

� �2
2

coth
bok

2

� �
1� cos oktð Þ½ � þ i sin oktð Þ � okt½ �


 �

(A11)

Here, b= (kT)� 1 is the inverse temperature. The effective
transition polarizability now reads

0 1ð Þjg
D ���a mð Þ c0

g

��� E
¼
X
e

�ijmegj2
X
a

1ð Þjgj að ÞjeD E
� að Þjej 0ð ÞjgD EZ 1

�1
dt2

Z t2

�1
dt1E

�
m t2ð ÞEm t1ð Þ

�exp½ioj t2 � iaoj t2 � t1ð Þ � ioj
0

eg t2 � t1ð Þ
�gj0e t2 � t1ð Þ�

(A12)

We take E(t) to be Gaussian:

Em tð Þ ¼ 1

p1=4s1=2m

e�t
2=2s2m�iomt (A13)

Substituting Eqn (A13) into Eqn (A12) gives

0 1ð Þjgja mð Þjc0
g

D E
¼
X
e;a

�ijmegj2 1ð Þjgj að ÞjeD E
að Þjej 0ð ÞjgD E

e�s
2
mo

2
j =4

�
Z 1
�1

dt eiomtexp½� t2

4s2m
� ioj

0

egt

�i a� 1

2

� �
oj t � gj

0

e tð Þ � gegt�θ tð Þ
(A14)

Eqn (A14) was evaluated by a fast Fourier transform. Matrix

elements such as 0 2ð Þjgjajc0
g

D E
and 0 1ð Þjg 1ð Þkgjajc0

g

D E
may be

obtained in the same manner and are provided here for
completeness:
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0 2ð Þjgja mð Þjc0
g

D E
¼
X
e;a

�ijmegj2 2ð Þjgj að ÞjeD E
að Þjej 0ð ÞjgD E

e�s
2
mo

2
j

�
Z 1
�1

dteiomtexp½� t2

4s2m
� ioj

0

egt � i a� 1ð Þ

�oj t � gj
0

e tð Þ � gegt�θ tð Þ

(A15)

0 1ð Þjg 1ð Þkgja mð Þjc0
g

D E
¼
X
e;a;b

�ijmegj2 1ð Þjgj að ÞjeD E
að Þjej 0ð ÞjgD E

� 1ð Þkgj bð ÞkeD E
bð Þke j 0ð ÞkgD E

e�s
2
m ojþokð Þ2=4

�
Z 1
�1

dteiomtexp½� t2

4s2m
� io j

0
k
0

eg t

�i a� 1

2

� �
oj t � i b� 1

2

� �
okt � gj

0
k
0

e tð Þ

�gegt�θ tð Þ
(A16)

A 2D stimulated Raman signal requires matrix elements between
vibrationally excited states, and these are given as follows:

0 1ð Þjgja mð Þj 1ð ÞkgD E
0
¼
X
e;a;b

�ijmegj2 1ð Þjgj að ÞjeD E
að Þjej 0ð ÞjgD E

� 0ð Þkgj bð ÞkeD E
bð Þke j 1ð ÞkgD E

e�s
2
m oj�okð Þ2=4

�
Z 1
�1

dteiomtexp½� t2

4s2m
� ioj

0
k
0

eg t

�i a� 1

2

� �
oj t þ i b� 1

2

� �
okt � gj

0
k
0

e tð Þ

�gegt�θ tð Þ
(A17)

0 2ð Þjgja mð Þj 1ð ÞkgD E
0
¼
X
e;a;b

�ijmegj2 2ð Þjgj að ÞjeD E
að Þjej 0ð ÞjgD E

� 0ð Þkgj bð ÞkeD E
bð Þke j 1ð ÞkgD E

e�s
2
m 2oj�okð Þ2=4

�
Z 1
�1

dteiomtexp½� t2

4s2m
� ioj

0
k
0

eg t

�i a� 1

2

� �
oj t þ i b� 1ð Þokt � gj

0
k
0

e tð Þ

�gegt�θ tð Þ
(A18)

0 2ð Þjgja mð Þj 2ð ÞkgD E
0
¼
X
e;a;b

�ijmegj2 2ð Þjg
��� að ÞjeD E

að Þje
��� 0ð ÞjgD E

� 0ð Þkg
��� bð ÞkeD E

bð Þke
��� 2ð ÞkgD E

e�s
2
m oj�okð Þ2

�
Z 1
�1

dteiomtexp½� t2

4s2m
� ioj

0
k
0

eg t

�i a� 1ð Þoj t þ i b� 1ð Þokt � gj
0
k
0

e tð Þ
�gegt�θ tð Þ

(A19)
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs



H. Ren, J. D. Biggs and S. Mukamel

5
5
8

0 1ð Þjg
���a mð Þ

��� 1ð Þkg 1ð Þlg
D E

0
¼
X
e;a;b;c

�ijmegj2 1ð Þjg
��� að ÞjeD E

að Þje
��� 0ð ÞjgD E

� 0ð Þkg
��� bð ÞkeD E

bð Þke
��� 1ð ÞkgD E

� 0ð Þlg
��� cð ÞleD E

� cð Þle
��� 1ð ÞlgD E

e�s
2
m oj�ok�olð Þ2=4

�
Z 1
�1

dteiomtexp½� t2

4s2m
� ioj

0
k
0
l
0

eg t

�i a� 1

2

� �
oj t� � exp½i b� 1

2

� �
okt

þi c � 1

2

� �
ol t � gj

0
k
0
l
0

e tð Þ � gegt�θ tð Þ

(A20)

0 2ð Þjg
���a mð Þ

��� 1ð Þkg 1ð Þlg
D E

0
¼
X
e;a;b;c

�ijmegj2 2ð Þjg
��� að ÞjeD E

að Þje
��� 0ð ÞjgD E

� 0ð Þkg
��� bð ÞkeD E

bð Þke
��� 1ð ÞkgD E

� 0ð Þlg
��� cð ÞleD E

� cð Þle
��� 1ð ÞlgD E

e�s
2
m 2oj�ok�olð Þ2=4
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(A22)

We set Em(t) = exp(�io1t) and E�m tð Þ ¼ exp io2tð Þ in Eqn (A12).
Performing one integration gives d(o1�o2�oj) and adding a
phenomenological electronic lifetime, we arrive at
wileyonlinelibrary.com/journal/jrs Copyright © 2013 John
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(A23)
Eqn (A23) can be calculated by a fast Fourier transform. Other

matrix elements of a can be readily obtained.

Appendix B

Relative strength of ground state and excited
state contributions as a function of detuning
It can easily be shown that the excited state contribution to a
pump–probe signal decaysmuchmore quickly with pulse detuning
than the ground state contribution using a simple three-state
model. This model includes the ground state, |ai, an electronically
excited state, |bi, and a vibrationally excited state, |ci, with energies
such that oba≫oca> 0. Interaction with the pump pulse will place
amplitude in the electronically and vibrationally excited states,
|cei and |cgi, respectively. The excited state contribution to a
pump–probe signal is proportional to the population in state |bi
after interaction with the pump pulse (Eqn (A13)) and is given by

cejceh i ¼ s
2
ffiffiffi
p
p jmabj2e�d

2
(B1)

where d� s(Ω�oba) is the effective detuning. The SRS contribu-
tion to the pump–probe signal is proportional to the amplitude in
state |ci after interaction with the pump pulse, given byffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cg

���cg

D Er
¼ sffiffiffi

p
p mcbmbae

�s2o2
ca e� dþsoca=2ð Þ2 þ 2ffiffiffi

p
p F d þ soca=2ð Þ

����
����

(B2)

Here, F xð Þ � e�x
2

Z x

0
dyey

2
is Dawson’s integral,[54] which has

the following asymptotic series (truncated at some finite order,
valid for large x):

F xð Þ � 1

2x
1þ 1

2x2
þ
X
n¼2

2n� 1ð Þ!!
2nx2n

 !
(B3)

As the detuning becomes large, the Gaussian term inside the
brackets of Eqn (B2) becomes small and can be neglected. Keeping
the leading term of Eqn (B3), the |ci amplitude can be written in the
limit of large detuning asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cg

���cg

D Er
’ 2s

p
mcbmbae

�s2o2
ca

1

2 d þ soca=2ð Þ
����

����: (B4)

The necessary resonance offset for the stimulated Raman signals
calculated and presented in the 1DSRR Spectra and 2DSRR Spectra
sectionswas determinedbyfinding that center frequency such that B5

cejceh iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cg

���cg

D Er ≤0:1 (B5)

The numerator and denominator in Eqn (B5) were both calcu-
lated using the displaced harmonic oscillator Hamiltonian and
cumulant expansion method presented in Appendix A.
Wiley & Sons, Ltd. J. Raman Spectrosc. 2013, 44, 544–559
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