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Two-Color Pump—Probe Spectroscopies of Two- and Three-Level Systems: 2-Dimensional
Line Shapes and Solvation Dynamics
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For both two- and three-level systems, theoretical descriptions of two-color transient grating, transient dichroism,
and transient birefringence spectroscopies were presented. The two-dimensional line shapes of these pump
probe spectra were found to be strongly dependent on the solvation dynamics. The two-dimensional contours
of the transient birefringence signal of a two-level system are not vertically directed in the short time region.
The inverse slope of the tangential line of the two-dimensional contours was found to be linearly proportional
to the solvation correlation function. The two-dimensional transient grating and dichroism spectra are shown
to directly provide quantitative information on the reorganization energy and spectral diffusion dynamics.
For a three-level system that is a model for an anharmonic oscillator, the peak separation observed in a
two-dimensional transient dichroism spectrum was found to be determined by both fluctuation amplitude of
the transition frequency and spectral bandwidth of the probe pulse. The transient dichroism and birefringence
contours of a three-level system were also found to be tilted in the short time region. We, in the present

paper, established a variety of relationships between two-dimensionaHpnoipe line shapes and solvation
correlation function.

I. Introduction moves away from the initial phase space region in time so that
Transient grating spectroscopy has been used to study wave{ﬂz é;firgr(\iesfgt\?vleiict?\f d:)nc?r\r/]v(;tomrfggg'slnaggr;t;zihedvt\jﬁ\égw
packet (particle and hole) evolutions on the excited and ground . y pnase sp

phase space, the 2-C TG signal rises initially and reaches a

states:”" By injecting two simultaneously propagating laser maximum value at the time when the propagating wave packet
pulses with different wave vectors, vibrational coherence states, . propagating > P
passes through the window phase space, as experimentally

hole and particle, are created on the ground and excited Statesbbserved by Fleming and co-workérBecause of this additional
respectively. A probe laser pulse delayed from the pump |DlJlsesexperimental controllability of the 2-C PP, it becomes possible

is used to create a third-order polarization in the optical sample. t0 explore a much wider region of the phase space spanned b
Then, generated signal field intensity is measured in the case P 9 P P P y
the coupled bath degrees of freedom.

of the transient grating experiment. For a two-electronic-level The 2-C PP " ies. b f their d denci
system, the population relaxation and the electronic dephasing ez Spectroscopies, because ot heir dependencies
on both pump and probe frequencies, are time- and frequency-

rocess induced by fluctuating chromophore-solvent interaction - . . )
b y 9 P resolved two-dimensional (2-D) spectroscopies. The fifth-order

energy can therefore be studied with this TG method. Other . )

methods to study the time evolution of the same third-order three-pulse sce_ltterlng spectroscopy theoretlcally proposed by

polarization are transient dichroism (TD) and transient bi- Cho and F"’tm'”b was the early version of temporally re-

refringence (TB) measurements. Instead of detecting signal field solved two-dimensional electronic spectroscopy. Jonas and co-
workers%demonstrated that a 2-D electronic spectroscopy based

intensity, an experimentalist can control the phase of the local ¢ L h ; . tallv feasib d
oscillator to measure either the imaginary or real parts of the on a lour-wave-mixing scheme IS experimentally ieasible an

third-order polarization. These correspond to the TD and TB s_howed that the. diagonal elongation Qf the 2-D contours Is a

experiments. All of these three different spectroscopies will be signature of the mlhomogeneous contr.lbutlon to the line broad-

referred to as pumpprobe spectroscopies in general. ening. Tokmakoﬁ_ Studied the. 2-D line shapes f_or_ a few
In the present paper, we will consider two-color (2-C) pemp limiting cases, either Lorentzian or Gaussian limits, and

probe (PP) spectroscopy, where the pump and probe frequenciegfarticuIarly he sh_ovyed that the 2-D spectral profiles along the
are different from each other. In this case, the initial particle diagonal and anti-diagonal axes are strongly dependent on the

and hole wave packets or doorway states, created by the twoqeta'led I|_ne bmf”‘_de”'”g mechanisms, though the 1-D line shape
is rather insensitive to them.

field-matter interactions with the pump, are located at different 3

region of phase space of the window specified by the width  Re€cently, Hamm and co-workéfs® used the 2-D IR PP

and frequency of the probe pulse. On the other hand, in the spectroscopy to investigate the role of solvation dynamics on

case of the conventional 1-C PP, the phase space region of thd"® 2-D contour line shapes of the amide | band from aqueous

initial wave packet is identical with that of the window. N-methylacetamide (NMA) and trlale_mlne sqlunons._Theyfound

Therefore, 1-C PP measures how rapidly the initial wave packet hat the 2-D contours are not vertically directed in the short
time domain and become vertically directed after 4 ps. The

*To whom correspondence should be addressed. E-mail address:Physics behind this phenomenon can be understood by noting
mcho@korea.ac k. the fact that the chromophorsolvent dynamics is not a
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Markovian process. In other words, the memory about the initial

transitipn frequency_ lasts at least for 4 ps. C_onsequently, any <g ig &> e> It It
dynamical or chemical processes occurring in less than 4 ps
would experience inhomogeneous solvent environments. To <o le> :gl lg> o> e

clarify the solvation effects on the 2-D PP spectra of NMA in

o ) e . e <e| <e| |e> <e| |e>
liquid water, we carried out molecular dynamics simulations in
combination with ab initio calculations and showed that the
librational and hindered translational motions of surrounding Ig> <g| lg> <g lg> <g| lg> <g| le><gl  lg><gl
water molecules are critical in determining amide | mode R, R, R3 Ry Rs Rg
frequency fluctuation amplitude and time scale of the memory ) n )

Stimulated Emission Ground-state Bleaching Transient Absorption

loss rate mentioned abov&Furthermore, we proved that the _ _ ) _ : _
degree of slant of the 2-D contours is linearly proportional to Figure 1. Six double-sided Feynman diagrams. The first two involves

the solvation correlation functiod. This observation is par- time-evolution of the_particle on the e_xcited state, whereas the secc_md

ticularly interesting because the early part of the solvation W0 (Re@ndRy) describes hole dynamics on the ground-state potential
. . 9 y P . 7 energy surface. The final twdR{ and Rs) are associated with the

correlation function can be accurately determined by examining yansition absorption from the first excited stéto the second excited

the time-evolution of 2-D TD contours. This is in contrast with  state|f]

the photon echo peak shift measurement technigjtrgugh it

is one of the most effective ways to determine the slowly third-order nonlinear response function associated with the three
decaying part of the solvation dynamics and to estimate the different experiments, i.e., TG, TD, and TB spectroscopies, are
magnitude of static inhomogeneity in glassy materials. all the same. _ _

In this paper, we will present theoretical descriptions of six ~ 1he frequencies of the pump and probe fields will be denoted
different cases of pumpprobe spectroscopies, i.e., (1) 2-C TG aSWpu andwyr, respectively. The third-order polarization is given
of a 2-level system, (2) 2-C TD of a 2-level system, (3) 2-C as®
TB of a 2-level system, (4) 2-C TG of a 3-level system, (5) 3
2-C TD of a 3-level system, and (6) 2-C TB of a 3-level system. P (K ) =
In ref 14, we considered only the fifth case in an impulsive i\3 poo o0 o
pulse limit. Therefore, a finite pulse width effect on the 2-C (ﬁ) fo dt, j; dt2fo dts [Ry + R4]Epr(t - tﬁ)E;u(t TT-

TD signal of a three-vibrational-level system was not taken into — —t.—t. — i

account correctly, though it was for the first time found that e - ) Ep:(t " Tm s =t~ ) explopls Flopk) +

the inverse slope of 2D TD contours is directly related to the ~ f; dt; [ dty [ dty [R, + R E,(t — to)Ep(t + 7 —
solvation correlation function. Mukamel and co-workers studied _ * ot ot i

the second case, one-dimensional TD of a 2-level system in LT BTG~ 6~ h) exployt b (1)

the high-temperature lim# In se_ction I, theoretical descrip- Here, the pulse envelopes were denote@aém = pu or pr).
tions of 2-C TG, TD, and TB signals of a two-level system  1prqughout this paper, we will consider the case when the pump
will be pr_esente_zd. Nume_rlcal c_alculat|on res_ults for a model 5. probe pulses are well separated in time. Four response
system will be_ discussed in section III. In_ section IV, the theory ,nction componentsR, (j = 1~4), will be discussed in detail

in section Il will be extended to a three-vibrational-level system ; he following subsection. The homodyne-detected TG signal

and numerically calculated 2-C TG, TD, and TB spectra as a g the heterodyne-detected pump probe (HD-PP) sign#ll are
function of the pump-probe delay time will be presented.

Finally, in section V, the main results will be summarized.

STG(wpu’ wpr; T) = f_woo dt |P(3)(ks' t)|2
Sto-pH®@pu @pr 75 #) = IM[E” [ dt Bk o, DPI(K, t()2])

Il. Theoretical

In the present section, we will first consider a two-level
system that is an excellent model for a dye molecule interacting )
with optical (visible or UV) fields, whereas a three-level system 1he phase of the local oscillator (LG}, can be controlled to
that is a model for a weakly anharmonic oscillator interacting P& zero orz/2, and thenSip-pHwpu wpr 7; ¢ = 0) and
with multiple IR fields will be considered in section IV. SHo-PH@pu wpr, 7; ¢ = 71/2) correspond to the TD and the TB
Depending on the experimental scheme, one can measure rea$ignals, respectively. ) . )
or imaginary parts of the third-order material polarization or ~ NOW, let us introduce a new integration variafle= t + 7
its intensity. The so-called transient grating measurement utilizes — t3 — tzand assume that the delay times sufficiently larger
two pulses with wave vectors & andk,. Then, the thirdKz) than the pulse width. Then, we have
pulse which is delayed in time is injected, and the scattered i3 o . .
signal field intensity in the direction ofk + kp + ks is detected Pk, t) = (E) [ty [T dv [t Eplt -
(homodyne detection). The self-heterodyned puimbe spec- .
troscopy, on the other hand, uses a single pump pulse with wave  BEst)Ep(t’ — t){(Ry + Ry) expliwyts + iy ty] +
vector ofky, and thek; probe pulse delayed in time is injected (R, + Ry) expliwgt; — iwytil} (3)
to create the corresponding third-order polarization and the
interference of the material signal field with the probe field is Later, eq 3 will be used to derive approximate expression
measured. Therefore, the pumprobe signal in this case is  for PE)(k, t).
linearly proportional to the material polarization, particularly A. Short-Time Approximations. The general nonlinear
the imaginary part of the polarization. If the phase of a local response function of a two-level system was presented before
oscillator field could further be controlled, one could measure and is given by a sum of the following four components (see
either the real or imaginary parts of the polarization separately, Figure 1 for the corresponding double-sided Feynman diagrams)
which correspond to TB and TD, respectively. In any case, the and their complex conjugatés
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Rty t, ty) = meg4[bxp(_iwegtl — iwgds) exp{ —g*(ty) —
o(t) — f, (t5, ty, t)}

RZ(tS' t, tl) = meg4[bquwegt1 - iwegt3) exp{ _g*(ts) -
g*(ty) + ity t, 1)}

R3(t3' t2’ tl) = meg4[bquwegtl - iwegt3) GXH _g(t3) -
g*(ty) + F2(ts, tp, )}

Ryt th, 1) = Mg TEXPiwed; — iweds) exp{ —g(ty) —
a(ty) — f_(ts, to, )} (4)

where the two auxiliary functions are defined as

fi(ts 6, ty) = g*(t) — g*(t, + o) —g(t, +t,) +
ot +t,+ 1ty

f_(tz 1 t) =9ty —o(t, +t) —at; + 1) +
g(t, +t, +t5) (5)

Here, the line broadening functiog(t), is given as
t T1
gt) = [ dr, [ dr, EedT,) (6)

where the linear correlation function of the fluctuating transition
frequency betweefeland |gClis

gee(TZ) = IIﬁweg(‘L'Z)é)weg(o)D (7)

The above line broadening functiog(t), can be rewritten
ag®

g = —i;ilt + ﬂ)m dow p(w) cotk{%](l — coswt) +
i [ do p(w) sinwt (8)

where the spectral densipfw) represents system-bath coupling

J. Phys. Chem. A, Vol. 107, No. 31, 2008905
A=h " do p(w) o (13)

In the high-temperature limiti(7) is linearly proportional to
the solvation correlation function as

H(r) = % [ do p(w) o coswr = %S(r) (14)

Also, using a short-time approximation ggt) with respect
to t; andts, we have

o(t) = g'(t) =307 and g(t) = g'(t) ~ 30 (15)

where the mean square fluctuation amplitude of the electronic
transition frequency is defined as

Q*= [ dw p(w) 0 coth@B

> (16)

In the high-temperature limi22 = 2/48  dw p(w) w = 24/
h?B.

Thus, the four response function components in eq 4 can be
simplified ag519.20

Ru(ty, 7, 1) = eXp(itegy — ied) exp[ —o0? -
29— 20Q)t ~ HOuL)
Rty 7, 1) = eXPlay — e exp[ 207 - S0 -
2iQ(0)t, + H(t)t1t3}
Ro(ty, 7 1) = eXPlwagy — i0edy) exp[ —J0? - 0%+

HO)

. . 1
strengths and frequency distribution of the coupled bath modes.Ry(ts, 7, t;) = exp—iwedy — iweds) exp{ —EQZtlz -

B = 1/ksT wherekg andT are the Boltzmann constant and the

temperature, respectively. Orientational average of the transition

dipole product was denoted &&4'Clin eq 4.

%ta; - H(t)tlta} (17)

Noting that the electronic coherence relaxation times during gecause the first two response function componeRtsand

thet; andtz period are typically very short and assuming that
tr = 7 andt; + t, = t, one can use second-order truncated
Taylor expansion forms of variouxt) functions in eqs 5 so
that we have

f. = 2iQ(7)t, + H(D)t t,
f_=H@tt, 9

where

Q0 =50 -4 (10)

H@) = [ do p(w) cot)'{h%ﬁ]wz coswr  (11)

1) = ﬁ)w dw p(w) w coswt (12)
Here, the solvation correlation function was denote8(asand
the auxiliary functionQ(z) is linearly proportional t&z). The
solvent reorganization enerdyis defined a¥

R., describe the time-evolution of a particle on the excited state,
spectral diffusion contribution plays a crucial role, as manifest
by the term, exp—2iQ(7)ts}, whereas there are no such
contributions toR; and Rs. This does not mean that a hole
created on the ground state does not undergo a spectral diffusion,
as will be shown in the following subsection. In the literatures,
the first two contributionsR; and R, were referred to as
stimulated emission (SE) term and the last two contributions,
Rs; andR4, were as ground-state bleaching (GB) term. Because
of the cross terms such asH(7)tit; in eqs 17, the memory on
the initially created particle or hole wave packets on the excited
or ground states, respectively, which can survive over the
population evolution period, was approximately taken into
account in eqgs 17.

B. 2-Dimensional Polarization Function: Two-Level Sys-
tem. To take into account the finite pulse width effect on the
2-C PP signals, the pulse envelope functions are assumed to be
a Gaussian form a&£p(t) = expw2t%2) and Ey(t) =
exp(—WAt%2). Inserting Gaussian pulse envelope functions into
eq 3, replacingR(ts, tz, t1) in eq 3 withRi(ts, 7, t1) in eqgs 17,
and carrying out multiple integrals with the approximations
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stated above eq 9, we find that the total polarization is given
by a sum of two contributionfgé(ks, t) and P(3) ks, t) that are
associated with the stimulated emissi&a (dez) and ground-
state bleachingR; andR,) terms, respectively, i.e.

POk, 1) = PEAK,, 1) + PEY(K, ) (18)
where
PSUk, 1) O _inEpr(Ht)z( ) 172 exp(-X%)
2 12{ 2 _ v -
(Q*+w) (9 Y )
{exp(_yz@) + %TF(Y(’»} (19)
PEM(ky 1) O _mE"’(:z( ) 7 EXPEX)
2 12{ 2 _ T _
(Q%+ W) (Q QZ+\AIZ+V\F)

{exp(—zz(r» + %F(Z(r»} (20)

Kwac and Cho

Now, the homodyne-detected TG and heterodyne-detected
TD and TB signals can be calculated and found to be

Sre(@py @pr 7) 0 7 dt POk, 1)7 O

2
2 VV2 2 VV2
Q@+ )(Q - W2+

exp(-Zi(@))]* + [F(Y(T))+ F(Z(f))]} (23a)

Sro(@py @ ) D IM[ [ dlt B4 (ky, Ppelks t; T] O

_ (N2
expt ﬁ)(r) {exp(- V(D) +
(Q*+ \/\/2)1’2(92 + W
e a

exp-Z%(7))} (23b)

STB(wpu' a)pr; T) U Re[f:o dt E;r(kpr! t)PPF(kS' t T)] O

exp(-X?) [ 2 rovy +
Here, the auxiliary functions in eqs 19 and 20 are defined as (Qz + WZ)lIZ(QZ _ HZ(T) W2 mlx/z_r
o — Q*+w
X=—2 iF(Z(r))} (23¢)
V2[Q% + W N
(r) A similar theoretical expression for the TD signal of a two-
Wpr — Weg— 2Q(7) — \/\/2( pu ™ Peg) level system in eq 23b was also obtained by Mukamel and co-
Y(7) = workers16-20 though they used a different procedure. More
) HZ(T) B specifically, in the high-temperature limit, eq 23b becomes
21Q° — 0%+ W + W identical to eq 13.32 in ref 16. Their results were later used by
others, and particularly, Zhang and Berg showed that the
H(7) solvation correlation function can be determined by fitting the
Wpr — Weg ™~ (Wpy — Weg) so-called single-wavelength transient hole burning sighhd.
2(r) = Q*+w (21) the following section, we will examine the above approximate
H (r) expressions by numerically calculating line shapes in the two-
2(Q? — 7 + W dimensional frequencytpy and wp) domain.
+

The Dawson integrak(x), in egs 19 and 20 is defined?as
Fx)=e™* ﬂ)x du e” (22)

The spectral diffusion contributions to the particle and hole

dynamics on the excited and ground states, respectively, are
manifest in egs 21; note that the time evolutions of centers and
variances of Gaussian-approximated particle and hole wave

packets are described by the twalependent functionsy(r)
andZ(7) (see Appendix for a more detailed description on the
hole spectral diffusion and for comparison with previous
formulation by Mukamel and co-workéf=?9. For a two-level
system, only the two contributionB 3%(ks, t) andP (ks, t), to

the PP polarization are to be considered, whereas for a three-

level system, there is an additional contrlbutlcFﬂ, (ks, 1),
from the transient absorption (TA) process involving a transition

from the first excited state to the second excited state (see section

IV below).
Equations 18 with 19 and 20 constitute the principal results
of the present section. Because of thdependent terms in eqs

[ll. Two-Dimensional Line Shapes: Two-Electronic-Level
System

To numerically calculate various 2-D spectra, both the spectral
density,p(w), and the solvent reorganization energyshould
be determined first. In the present paper, we will assume that

() O i expawlo,)
A =600cm*’ (24)

Here, the cutoff frequency. is assumed to be 30 crh If the
high-temperature approximation is invoked, the mean square

fluctuation amplitude?, of the electronic transition frequency

is apprOX|mater calculated to K82 = 21ksT = 2.48 x 10°
cm2, which is close to the valu®2 = 2.49 x 10° cm2 from

eq 16 The normalized solvation correlation functi§r)/S0),
in eq 12 is plotted in Figure 2 (the spectral distribution function,
w?p(w), is also plotted in the inset of Figure 2). The auxiliary

function,H(z), given in eq 14 is almost indistinguishable from

S(r) except for a constant factor of . The solvation
correlation time defined as

19 and 20, the third-order PP polarization measurement provides

information on the spectral diffusion induced by the chromo-
phore-solvent dynamics.

T = [, dr (z)/S(0) (25)
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First of all, the shapes of the TG and TD spectra #&ss
1.0 4 than 800 fs are observed to be tilted. Particularly, the TD
3 spectrum at = 100 fs is diagonally elongated. The degree of
0.8 slant of the TG and TD contours decreases as the piprgbe
352 pulse delay time increases. The reason the 2-D TG and TD
= 0.6 ~§ 1 spectra are significantly slant in the short time region is because
el 0 the memory on the phase space of the initially pumped wave
S 041 | packet does not decay down to zero in such a short time. This
0 100 200 300 400 500 memory loss rate is determined by the functibify), defined
021 Frequency (cm™) in eq 11, or approximately the solvation correlation function,
).
0.0 Second, there appear two separated peaks in the 2-D TG

; o0 1000 1500 2000 2500 3000 spectra at = 800 aljd 1600 fs (see the bottom_ two flgu_res in
. the first column of Figure 3). The peak separation is estimated
Time (fs) . . .

] ) ) ] ] ] to be 2 = 1200 cnT?. This can be easily understood by noting
Figure 2. Normalized solvation correlation functiogt)/S0), obtained that the TD and TG signals in the limit of large delay time are
from the spectral density(w), defined in eq 24 is plotted in this figure. . b ftWo 2-D G ian functi tered
The spectral distributionp?o(w), is shown in the inset. given Dy a sum OT two £- aussian functions centere _ﬁt(

= Weg Wpr = Weg) AN Wpu = Weg Wpr = weg — 24) and its
Transient Transient Transient square, respectively, (see eqs 23a and 23b), i.e.
Grating Dichroism Birefringence

AT [ o) & exp(—2X2)
Srolr ) Q%+ W) (Q% + W)

{[exp(—Y'()) +

=100 fs exp(—Z4(«))]%

expX?)
Q%+ w)"AQ% + W)

Sip(t = ®) ~ A &P YA()) +

=200 fs

exp(~Z%(«))} (26)

(]

where

e

Y(0) = ]

V2(Q% + W)

Z(e0) M (27)

V2(Q2 + W)

Here, the transient birefringence (the real part of the polarization)
— | contribution to the TG signal becomes negligibly smaller than
| @ the transient dichroism (the imaginary part of the polarization)
\ j = =1ops contribution so that in the long time limit the TG signal becomes
N— 7\ directly proportional to the square of the TD signal. On the basis
R e R T A T e TR E TR e T of the above observation about thelependent peak separation
Probe frequency, @ - @ (cm’) of the TD spectrum, one can experimentally measure the spectral
) mo diffusion process dictated by the solvation correlation function,
Figure 3. 2-D TG, TD, and TB contours of a two-level system. The gy " One complicating factor is that the two peaks are not
five figures in the first column are those of 2-D TG spectra. Those of . . ) .
2-D TD and 2-D TB spectra are plotted in the second and third columns, clearly frequency-resolved in the sh_ort _tlme region so that this
respectively. The pumpprobe delay timer, is 100, 200, 400, 800, or  Method may not be useful for extracting information on the early
1600 fs. part of the solvation correlation function. This situation is very
similar to the photon echo peak shift (PEPS) measurement. As
is estimated to be 262 fs in the case of the present model.was shown by Cho et al°the PEPS is linearly proportional to
Finally, the pump pulse envelop is assumed to be identical to the solvation correlation function in the long time region, though
that of the probe pulse, and the full-width at half-maximum the initial decaying part of the PEPS is obscured by complicated
(fwhm) of each pulse is set to be 50 fs so theeandw are 250 contributions intrinsically associated with the short-time non-
cm L, linear response function of the photon echo spectroscopy. To
In Figure 3, the three sets of 2-D spectra are plotted. The overcome this difficulty, Skinner and co-workers theoretically
five contours in the first column correspond to the 2-D TG showed that the initial slope of the photon echo signal is linearly
spectra at the delay time of 100, 200, 400, 800, and 1600 fs, proportional toS(z).192°Although it is likely to be complicated
respectively. The contours in the second and third columns aredue to the pulse overlap effects, it can be an alternative way to
those of 2-D TD and TB spectra. Throughout the present paper,extract quantitative information on the solvation correlation
the population relaxation contribution to the signals that can be function.
taken into account by multiplying an exponentially decaying  As can be seen in the five figures in the second column of
function to eqs 23 will be ignored not because it is not important Figure 3, the center position of the 2-D TD spectrum changes
but because it does not change the 2-D line shapes. with respect to the pulse delay time and its location isugt, (

; — Weg T 24/R

Pump frequency, @ - @ (cm")

J
b

|
—
1 =
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= wega@Ndwyr = weg+ dw (7)), Where ther-dependent frequency  aso(z), is found to be
shift dw(r) is found to be
_ 0(0) — 0}(0) _ H()

o(2) ; _(2) SO

TP+ w WBIQ? W

This result suggests that one can directly obtain the solvation
correlation function by measuring the degree of slant of 2-D
TB contours as a function af In the long time domain, it will

be very difficult to measure an entire 2-D spectrum because of
weakness and noise of the signal. In this case, for a given delay
time 7, one can instead measure two 1-D TB spectra (as a
function of wyy) at two different fixed pump frequencies such
aswpu = wegaNdwpy = weg + 0. Then, the first equality of eq

32 can be used to determinér) (or equallyS(r)) value in the

long time domain.

Finally, a brief discussion on the static inhomogeneity
contribution to the 2-D TG, TD, and TB spectra is presented.
Although there is no truly static inhomogeneity in solution,
chromophores in a glassy material or a polymer matrix would
have inhomogeneous environments. In the case of the PEPS
measurement, the asymptotic value of the PEPS does not vanish
when there are sufficiently slow processes. Then, what are the
signatures of the static inhomogeneity in the 2-D TG, TD, and
TB spectra? If the static distribution is a Gaussian with standard
deviation of £ (in cm™), one should simply perform the
following replacements in eqs 23

32
bo() = Q) =Sr) — & (28) 2

Therefore, it was shown that thedependenbw(r) obtained
from the centers of TD spectra can directly provide quantitative
information on the solvation correlation functio®(r).

Now, let us consider the 2-D TB spectra shown in the third
column of Figure 3. As expected, each spectrum contains both
positive and negative peaks. Note that the two peaks at the
maximum and the minimum are separated from each other and
the magnitude of peak separatidx(r), increases as the pump
probe pulse delay time increases (see the top right figure for
the definition of A(z)). Unlike the cases of TG and TD, the
approximate expression for the TB spectrum in eq 23c is not
just a sum of two 2-D Gaussian functions so that it is not
straightforward to obtain an expression for the relationship
betweenA(r) andS(r). However, we found another interesting
feature exhibited by the 2-D TB spectra. In the region between
the two (positive and negative) peaks, the tangential line of the
2D contours (the dotted line in the top right panel of Figure 3)
is slant in the short time region. Let’s denote the inverse slope
of this linear line (the dotted line in Figure 3) a¢r). As the
pump—probe delay time increaseas(r) approaches zero. This
trend can be theoretically explained by using the approximate
expression for the 2-D TB spectrum. By considering the contour 02— Q2452
of Sre(wy,wys ) = O; the slope of the tangential line of this
specific contour in the region between the positive and negative H(z) — H(z) + 2 (33)
peaks can be estimated as follows. First of all, the middle
position between these two peaks has to be determined for thiswhere the units of2 and+/H(z) are transformed into cm. In
purpose. Because the Dawson’s integri(x), reaches a this case of a finite inhomogeneity system, the 2-D TG and TD
maximum value ak = 0.922! |F(Y(z))| and|F(Z(z))| become  contours remain to be slant regardless of the pupipbe pulse

maximum when, fowp, = weg delay time. Furthermore, the 2-D TB contour would not be
vertically directed even in the long-time domain; note that the
Wpr — Weg ™ 2Q(7) contours shown in the bottom right panel of Figure 3 are
> =0.92 and vertically directed at = 1.6 ps because that is the cas&cf
\/2(92 _H (7) + WA 0. Thus, if an asymptotic value of the experimentally measured
Q2 1+ w2 inverse slopeg(r — «), would approach to a finite value, it
o —w could be a strong signature that there is a finite inhomogeneous
oy = =0.92 (29) contribution to the line broadening. Moreover, the asymptotic
) Hz(f) B value, o(r — =), is directly related to the width of the static
21 Q" — P wp + W inhomogeneity as
2
respectively. Therefore, the location of the midpoint between o(t — ) = % (34)
the positive and negative peaks is at Q*+32+wW
w;u(o) = We, and w;r(o) = Using this relationship, one can quantitatively deterniine
2
0.92, /2| Q2% — H—(T) Ry V) I Q(7) (30) IV. Two-Dimensional Line Shapes:
Q? + WA e Three-Vibrational-Level System

To calculate the slope of the tangential line (see the dotted line  In sections Il and Ill, we only considered TG, TD, and TB
in the top right panel of Figure 3), consider the case when the signals of a two-electronic-level system. Recently, an IR pamp

pump field frequency is slightly increased framg by 6, the probe technique has been extensively used to study amide |
location of the midpoint shifts to vibrational dynamics of various short polypeptidés® In this
case, not only the first vibrationally excited state but also the
wh(0) = weqt+ 0 and w}(0) = second excited state is involved in the pungpobe four-wave-
Hz(r) H(D) miang process. For in];'stance, the IE :Jhoton egho an(d IR pu;np
2 _ - probe experiments for arN-methylacetamide-D (NMAD
0'92\/2(9 Q24+ wW + W)+ Weq T Q1) + Q24 WZ(S' dissolved in liquid RO were carried out by Hochstrasser and
(31) co-worker8! and Hamm and co-worket&respectively. Another

example of an application of the IR four-wave-mixing spec-
Consequently, the inverse slope of the tangential line, denotedtroscopies was to study hydrogen-bonding dynamics in liquid
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water. The G-H(D) stretching vibration is anharmonic, and it  from |g[to |f(Istates. For a weakly anharmonic oscillator, if the
was observed that its frequency is strongly dependent on thesolute-solvent interaction causes fluctuation of the vibrational
hydrogen-bond distané@:38 Again, in this case, the molecular ~ force constant, one can assume that

system can be approximated to be a three-vibrational-level
system.

A. PP Polarization of a Three-Level SystemTo understand
the role of solvation (H-bond) dynamics in the nonlinear
molecular response to multiple IR fields, we recently carried Then, the three correlation functions in egs 36 can be related to
out molecular dynamics simulation studies in combination with &ee (72) as
ab initio calculation methods. Particularly, the amide | vibration
of the NMA was studied in detail. In this case, one should at 1 1 1
least consider three vibrational levels denotedgas|el] and Eee (72) = 261 (1) = 5661 (7)) = 56re (7). (38)
|f0) where|fllis the overtone (second excited) state. For such a
three-level system, we shall first present a generalized version . i ] )
of the 2-D TG, TD, and TB signals by adding an additional Using t_hese relat|onsh|p§, we can rewrite the two transient
contribution, the so-called transient absorption term. As shown @bsorption components in eqs 35 as, in terms of the line
in Figure 1, two more Feynman diagrams denoteBgsndRs broadening functiory(t)
should be included to calculate the total polarization. In ref 39,

dg(t) = 20w t) (37)

a general expression for nonlinear response function of any g t t )= — @ 2 2exol —io-t. + i
arbitrary multi-level system was presenfd®The correspond- Rells . 1) ?eg e R f)fe 3t 102
ing two response function components associated R4tand exp{ —g(ty) — g*(t) +9(tp) — g*(t, + 1) — g(t, + 1) +
Rs are found to be g (t +  + )}
_ 2 2 o s
Rilta t ) = — Bregit ToXP —icody + olls tar )= = g e XA 7oy ~ 10ed )
. oxo — 2 g " & _ exp{ —g(ty) — g(t) — g*(ty) + gt +t) + g*(t, +t3) —
weda} exp{— [ dry [ dr £y, 7)) olt, +t, + t)} (39)

tyHot s 7
j;1+t2 dr; it dr, ST, 72)

ottt 7 By using the same procedure and approximations discussed
fo 71 Jp UT2 EedT1, 7)) in section Il, the transient absorption contribution to the material
fﬁtz . t;ﬂ:ﬁtg dr, Ery, 7) + polarization,P7: (ks, t), is found to be
1+t 1+ttt
S dr [T dr, STy, ) + 2i7E, (1)
E 0 PE (K, t) O al expX?)
ty+totts d ty+totts dr, & TA\s H2( 7) 1/2
Jore 97 7 571 7o)} @ +wyQ?— 4w
, _ Q*+w
Rﬁ(tsn t, tl) == meg J [EXF{ “lwgls — {exp(—V\/z(r)) + AF(W(‘L’))} (40)
iweds} expl— [0 dry [ de, Eodry, 1)) — Vr
t1+to+t3 T2
./;1+t2 dry j[‘1+12 dr, §(71, 70) — where
t -+ttt T
ﬁll Cldr Jtll dr, &8d71, 75) — H)
+ +to+ _ _ 7 _
Jo [ dny S, ) + e O~ 1 = 2Q(1) = 5~ (W~ e
ti+ tiH )=
S [T dn g, ) + Aoz HO o
t+Ho s ti+oHs " Q%+ W
J;lﬂz dry ﬁl dr, &(71, 7))} (39) (41)

The orientational average of the transition dipole product was pgte thatP®) (ks t) differs from P(gé(ks t) by (i) the factor of
denoted aslig?ur?lin egs 35. In the case of a weakly _»5 44g (ii)Ta/jpr — Weg— Wpr — wfi-

anharmonic oscillatorigegure’ = 2lieg'") Unlike the case of Therefore, for a three-vibrational-level system, the total PP
a two-level system, in addition to the linear correlation function ng|arization is given as a sum of three contributions
Eee (12) defined in eq 7, it is necessary to determine three more
linear correlation functions such as 5 5 5 5
PP 1) = Pk, O + PR D +PRA(G ) (42)
&ir (75) = Dayy(7,)004(0)

Eet (7)) = Dwe 7)o (0)0) Because of the phase difference betwB&R(ks, t) and PSX(ks,
t) + P (ks, 1), the additional transient absorption contribution
Ere (72) = [Boyy(T) 0w (0)] (36) interferes destructively in the region where the spectral overlap

is large. Using eq 42, we find that the 2-D TG, TD, and TB
wheredwyg is the fluctuating part of the transition frequency signals are
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SI'G(wpu' Dpp 70 Transient Transient Transient
Grating Dichroism Bire fringence
exp2Xx3)
o iR
Q@+ wW)|Q* - ———= + W
Q*+w 4 . r=200fs
exp(-Z(r)) — 2 exp-WH(D)))* + —IF(Y(@) + i
FEo) - FWO)} 2
) 2 =400 fs
exp(— & an
SI'D(a)pur wpr; T) O HZ(‘L’) 1/2 §= 20
02 + WP 1/2(92 _ + W 3 W
( ) Q%+ w Ao
{2 exp-WA(D) — exp(-Y(1)) —exp(-Z(@)} B r=800s
B
E 240
. exp-X?) .
SrB(wpu* Wpp 7) U HZ(T) 7 E" ;n
{LF(Y@) +2F(Z() - iF(W(r»} 43) .
Jr Jx N
B. Numerical Calculations. To study how the 2-D TG, TD, i r= 16 ps
and TB spectra change by the addition of the transient absorption

contribution, they were numerically calculated for a model three- T
level system. First of all, the functional form of the spectral
density,p(w), will be assumed to be the same with eq 24, but
the solvent reorganization enerdy,is set to be 10 crt. Note Figure 4. 2-D TG, TD, and TB contours of a three-level system. The
that the vibrational Stokes shift is typically tens or hundreds of five figures in the first column are those of 2-D TG spectra. Those of
times smaller than the electronic Stokes shift. If the high- 2-D TD and 2-D TB spectra are plotted in the second and third columns,
temperature approximation were invoked, the mean square'®SPectively. The pumpprobe delay timer, is 200, 400, 800, 1200,
fluctuation amplitudeQ2?, of the vibrational transition frequency or 1600 fs.

would be approximately calculated to ¥ = 2AksT = 4140

cm2. The IR pump pulse envelop is assumed to be identical to 0wanh + 2Q(7) andwpr = weg + Q(7), respectively. The maxi-
that of the IR probe pulse and the full-width at half-maximum mum values of 2 exp{W4(7)) and exp{-Y2(z)) + exp(—Z*(r))
(fwhm) of each pulse is set to be 200 fs so thandw are 63 are in this case almost the same. Thus, the slice of the 2-D TD

Probe frequency, -0 (cm")

cm spectrum atwp, = weg Can be recast in the form
Because of the nonzero vibrational anharmonicity, we assume )
that the frequency differenc@wann = weg — wre is 30 cnrl, Sio(@py = Weg @y T) D eXPEA@{X — x(7)}) —
Now, the three sets of calculated 2-D spectra for the TG, TD, expA@){X — %(1)} 2) (44)

and TB signals are plotted in Figure 4. The delay time varies
as 200, 400, 800, 1200, and 1600 fs. The 2-D TG spectrum aty,here
7 = 200 fs is slightly slant, but that at = 1600 fs is sym-

metric. Other than the tilted contours, the 2-D TG spectra are X= Wy — Wegq
featureless.
Next, let us consider the 2-D TD spectra shown in the middle X1(7) = 2Q(7) — 0w 4
column of Figure 4. The transient absorption contribution to
the signal is positive and appears as the left peak in a 2-D TD X,(7) = Q(7)
spectrum, whereas the negative peak appearing on the right
corresponds to the sum of stimulated emission and ground-state AD) 1 (45)
. . . T) =
bleaching contributions. The reason the two peaks are separated 5 (92 — HZ(‘L')[ o WZ]’l I WZ)

from each other is because of the nonzero anharmonicity, i.e.,
weg — wre = 30 cn1?, and of partial destructive interference  The two (positive and negative) peak positions can be found
between them. However, the peak separation is found t0 beyy solving the following nonlinear equation, obtained from
about 180 cm?, which is much larger than the anharmonicity 3Sro(Wpu = Weg Wor, T)}HAX = 0, for x

of 30 cnTl. Furthermore, the two peak positions, though they . ¢ e '
are functions of via Q(z), along thewy, axis and the magnitude  x — x,(r)
of peak separation do not change much with respectidus,

a question is immediately raised: what determines the peak

X ()~ S ADI00(0) — o — xw) +

separation in the 2-D TD spectra? To provide a quantitative X2(1)]} (46)
answer to this question, it should be first noted that the two
contributions, 2 exptW2(7)) and—exp(—Y2(z)) — expZ4(1)), One cannot analytically solve the above nonlinear equation to

at wpy = weg are Gaussian functions centeredugt = weg — find two roots. However, noting that, regardlessrpfor x in
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the range fromyy(z) + x(7)]/2 — (22 + WA Y2 to [xy(7) + Xo(7)]/ spectrum was found to be determined by the fluctuation

2 + (Q2+ WALz amplitude of transition frequency and spectral bandwidth of the
probe pulse. Similar to the case of 2-D TB of a two-level system,
IA@[2(X,(7) — %)X < 1 (47) the 2-D TD contours of a three-level system were found to be

] ) ) ) slant for a short time. The inverse slope of the tilted tangential
one can approximately rewrite eq 46 as a quadratic equation ofjine was found to be linearly proportional to the solvation

(wpr — a)eg). ThuS, the magmtudg of the peak separation, denoted .y relation function. Overall, the approximate expressions for
asAw(z) in Figure 4, is approximately found to be the 2-D pump-probe signals presented in this paper will be of
use in the investigations of pure dephasing, static inhomogeneity,
Aw(r) = \/ HQ° — H@[Q*+ W]+ W) + Q(x) (48) and chromophore-solvent dynamics of two- and three-level
systems. One can use the same theory to describe IR four-wave-
mixing spectroscopies of any multi-level systems because the
corresponding response function can be decomposed into those
of three-level systems and the material polarization would be
expressed as a sum of them. Currently, we are applying the
present theory to the calculations of IR PP spectra of short
polypeptides in solution.

which, in this case, varies from 175 to 180 chast increases
from 200 to 1600 fs. Ignoring the-dependent terms in eq 48,
we further simplify it asAw = 2(Q2 + W?)¥2, which is 180
cm L. This is close to the numerical result. Thus, it is concluded
that, if the square root of22 + W2 is larger than the sum of
Odwanh @andA/k, or in other words if the two peaks are strongly
overlapped, the magnitude of peak separation in a 2-D TD

spectrum of a three-level system is determined not by the Acknowledgment. This work was supported by the Creative
anharmonicity but by the root-mean-square flgctuation amplitude Research Initiative Program of KISTEP (KOSEF, Korea). We
and spectral bandwidth of the probe pulse, iu(7) = 2(2*  thank Mr. Prall and Prof. Fleming for stimulating discussions
+ W)™ as long awann = 0. This is the case studied in the  ang sharing their unpublished experimental results with us.

present section, e.g Q¢ + WA)Y2 = 90 cn ! and dwann + AR

=40 cnrt. . Appendix: Spectral Diffusion of a Ground-State Hole

Second, the degree of slant of the 2-D TD contours is an . .
interesting feature that should be studied in detail. Much like _AlthoughRsandRyin eq 17 appear not to incorporate spectral
the case of the 2-D TB spectrum of a two-level system, the diffusion of gro_und-state ble_ach (“hole )_because of the _absence
2-D TD contours of a three-level system studied in this section ©f Q(7) terms in the short-time approximated expressions for

are not vertically directed. Defining(z) to be the inverse slope R @ndRs, the ground-state hole is also subject to the spectral
of the tangential line of the contours aig, = weq andwp, = diffusion of which time-dependence is described by the function

weg + [Xa(r) + %(7)]/2), we find H(7); note that bottH(r) andQ(z) are linearly proportional to
S(7) in the high-temperature limit. As can be seen in eq 20, the
_ H@ 2\ ) r—dependence aoPE)(ks, t), which is the polarization associ-
o(r) = 02+ W2 = h_ﬁ}Qz + w2 ated with the ground-state bleaching contribution, is determined
Again, once the inverse slopg(z), is experimentally measured

(49)
by the auxiliary functionz(z), i.e.

as a function ofr, the solvation correlation function can be _ _ M _
. K . . wpr weg 2 (wpu eg)
obtained by using the above relationship, eq 49. - Q2+ W
Now, consider 2-D TB spectra plotted in the third column of Z(r) = P (21)
Figure 4. Because of the interference between the transient 2lo? — H(x) + W2
absorption polarization and the sum of stimulated emission and 24w

ground-state bleaching polarizations, the 2-D TB spectrum

exhibits an up-down—up feature. The 2-D contours are again The variance of this hole wave packet as well as the center

slant when the pumpprobe pulse delay timer, is not frequency of this 2-D Gaussian function, i.e., ex@()), both

sufficiently larger than the solvation correlation times, depend on the pumiprobe delay timez. To directly compare
Similar to the case of two-level systems, the static inhomo- our expression with eq 13.32 in ref 16, let us rewig) as

geneity effects on various PP spectra of three-level systems can

be understood by performing the same replacements summarized 2(7) = Dpr — wg(r) (A1)
in eq 33. Again, the asymptotic value of the inverse slee, /2a(r)
— o), will give us information on the existence and magnitude
of static inhomogeneity. where
H(t
V. Summary () = Wy + a (@ (@ — ey (A2)
In the present paper, theoretical descriptions of two-color TG, Q>+ w

TD, and TB spectroscopies were presented for both two- and )
three-level systems. It was shown that the 2-D line shapes are _ o2 H (@) WP

: . X o) = QR ————=+ (A3)
strongly dependent on the solvation dynamics. In particular, for Q2 1+ W
a two-level system, the 2-D TB contours appear not to be
vertically directed when the pumprobe pulse delay time is  Here, it should be noted thaieg in the present paper, is the
not sufficiently larger than the solvation correlation time. Also, frequency at the absorption maximum so that it differs from
it was shown that the delay-time-dependent 2-D TG and TD that in ref 16, wherevegdenoted the 80 transition frequency.
spectra can provide quantitative information on the reorganiza- If we replace weg in €gs 21 and 23b witr‘wg — 4, the
tion energy and spectral diffusion dynamics. For a three-level similarity between our results and Mukamel’s expression for
system, we obtained approximate expressions for the 2-D TG, the TD signal of a two-level system is manifest; note that eq
TD, and TB spectral profiles. The peak separation in a 2-D TD 13.32 corresponds to the high-temperature limit of our eq 23b.
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From eq A2, it is clear that, only in the case whep, = weg

there is no spectral diffusion of a ground-state hole. Otherwise,

a hole would also spectrally shift in time and its dynamics is
dictated byH(7).
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