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ABSTRACT: Two-dimensional (2D) optical spectroscopy based on
stimulated photon echo geometry requires multiple ultrashort pulses 2100
of which spatiotemporal properties and optical phases can be precisely
controlled. Also, it is possible to change the incident beam polarization
directions defined in a laboratory frame. Here, we introduce the &2
polarization-angle-scanning (PAS) 2D spectroscopy and show that
the diagonal and cross-peak amplitudes in the 2D spectrum can be
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arbitrarily modulated by spatially controlling the beam polarization w, (cm™) @, (cm) @, (cm)
directions. For a coupled anharmonic oscillator system, we specifically

demonstrate that either diagonal or cross-peaks in the measured 2DIR spectra can be selectively eliminated and show that such
polarization angles provide direct information on the relative angles between coupled transition dipoles and thereby on intricate
details of molecular structures. We thus anticipate that the present PAS 2D optical spectroscopy can be a useful experimental
method enabling us to probe structural evolutions of nonequilibrium state molecules by monitoring the time-dependent changes of

the relative transition dipole directions.

1. INTRODUCTION

Two-dimensional (2D) optical spectroscopy utilizing multiple
ultrashort pulses in the infrared or UV—visible frequency ranges,
which has been considered to be a vibrational or electronic
analogue of pulsed 2D NMR, has been one of the most rapidly
developing spectroscopic tools over the past decade. It has been
proven to be quite useful for determining structures of compli-
cated molecules including polypeptides and proteins as well as
for investigating exciton dynamics in semiconductors and light-
harvesting complexes in condensed phases. Similar to typical 2D
NMR spectra, the diagonal peaks observed in the 2D optical
spectra directly correspond to the absorption bands in the linear
spectra. It is the cross-peaks appearing in the off-diagonal regions
in a given 2D spectrum that manifest dynamic correlations and
couplings between different vibrational or electronic degrees of
freedom.'”” In addition, the time-dependent changes of cross-
peak amplitudes and lineshapes provide information on state-
to-state energy transfers,®’ quantum coherence evolutions,'**!
chemical exchanges such as hydrogen-bond making and
breaking,"*”'* solute—solvent complexation,15 exciton corre-
lation," protein folding—unfolding processes,"”'® or ultrafast
solvation dynamics."

Among a variety of 2D optical spectroscopic methods, the
heterodyne-detected stimulated photon echo is one of the most
popular techniques. In this case, the first and third pulse-matter
interactions create quantum coherences and they are separated
by an experimentally controllable waiting time (T). The phase
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and amplitude of the resultant signal electric field generated by
the third-order polarization are fully characterized by analyzing
the spectral interferograms produced by the interference be-
tween the signal field and an additional reference (local
oscillator) field. Consequently, four time-delayed laser pulses
are generally required to perform a 2D photon echo measure-
ment. In this case, there are a number of experimentally
controllable variables of incident radiations, such as (i) center
frequencies, (i) pulse-to-pulse delay times, (iii) relative optical
phases, (iv) propagation directions, and (v) polarization states, e.
g, linearly, circularly, or elliptically polarized radiations. How-
ever, one of the most important spatial properties of the linearly
polarized radiations is their linear polarization directions in the
laboratory frame. In the present paper, we show that such spatial
controls of beam polarization directions can provide rich in-
formation on structural details of multicomponent systems.*
It should, however, be mentioned that discrete controls
of incident beam polarization directions have been experimen-
tally achieved before.””* As an example, the parallel and
perpendicular polarization 2D spectra were used to measure
the so-called cross-peak anisotropy, which is in turn related to the
relative angle between the transition dipoles associated with the
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cross-peak. Furthermore, it was shown that all the diagonal peaks
can be eliminated by taking a proper difference between the
parallel and perpendicular 2D spectra so that a great enhance-
ment of frequency resolution could be achieved. Hochstrasser
and co-workers further demonstrated that a single measurement
with a properly adjusted beam polarization configuration is
enough to achieve such a complete suppression of diagonal
peaks in the 2D spectrum.”?

However, there have been no experimental attempts to
selectively eliminate particular cross-peaks by controlling the
beam polarization directions. Recently, a theoretical description
on the so-called polarization-angle-scanning (PAS) 2D spectros-
copy, where one of the four polarization direction angles with
respect to a reference axis in the laboratory frame is arbitrarily
varied, has been briefly discussed.*” It turns out that there should
be a specific beam polarization configuration that makes a
particular cross-peak disappear in the 2D spectrum.

Before we present and discuss experimental results, it should
be mentioned that the PAS 2D spectroscopy can be considered
as one of the null methods that have been used in a variety of
linear and nonlinear optical spectroscopies for accurate measure-
ments of ellipsometry, orientation angle of molecules on surfaces
or at interfaces, Raman depolarization ratio etc.”*>" In parti-
cular, the polarization null angle (PNA) method was used in
second-harmonic-generation by Shen and co-workers.” Later,
by Wang and co-workers it was applied to the sum-frequency-
generation measurements for accurate determination of orienta-
tional parameter of molecules at interfaces.””° The polarization
angles of the incident beams and SFG signal can be controlled
(scanned) by using analyzers to find the null angle configuration,
where the SFG signal vanishes. Then, a careful spectra fitting can
provide much more accurate results on the molecular orientation
than the polarization intensity ratio (PIR) method* does. Here,
the latter approach relies on measurements of SFG spectra with
only two polarization configurations. It is interesting to note that
the present PAS 2D spectroscopy is conceptually analogous to
the PNA-SFG, whereas the cross-peak anisotropy measurement
in 2D spectroscopy is analogous to the PIR-SFG method. In the
cross-peak anisotropy measurement in 2D photon echo spec-
troscopy, Szzzz and Szyy; components of 2D spectra are
measured with just two different polarization configurations
and the 2D anisotropy spectrum is obtained by calculating the
ratio (SZZZZ - SZYYZ)/(SZZZZ + ZSZYYZ) at the cross—peak
position. This amplitude ratio is directly related to the relative
angle between coupled transition dipoles. Much like the PIR-SFG
method,” the cross-peak anisotropy method in 2D spectroscopy,
however, tends to be susceptible to laser intensity fluctuations
and problems of signal calibration unless Szzzz and Szyyz
components are measured at the same time. On the other hand,
in the PAS 2D spectroscopy, a series of 2D spectra are obtained
by varying the polarization angles of incident beams and are used
to determine the relative angles of coupled transition dipoles.
Therefore, PAS 2D spectroscopy could be more accurate than
the cross-peak anisotropy measurement method.

In this paper, we briefly present a theoretical framework of the
polarization-angle-scanning (PAS) 2D spectroscopy and then
show that the PAS 2DIR spectroscopy is a potentially useful
experimental method for determining the relative angles between
coupled transition dipoles. We demonstrate its experimental feasi-
bility by carrying out the experiments for a simple coupled-
anharmonic-oscillator system, which is [dicarbonylacetylaceto-
nato Jrhodium(I) (Rh(CO),CsH,0,: RDC) in chloroform.
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Figure 1. Polarization-angle-scanning (PAS) 2DIR spectroscopy. In
the upper panel, a schematic representation of the polarization angle
scanning technique is shown, where the wire grid polarizers are used to
control the polarization directions (angles ¢, —;) of the three incident
beams (k;—ks). The delay times between the first and second pulses and
between the second and third pulses are 7 and T, respectively. In the
lower panel, the PAS 2DIR spectrometer is schematically drawn. See the
text for more detail.

2. EXPERIMENTAL METHODS

In Figure 1, a schematic representation of the polarization-
angle-scanning technique and the entire PAS 2DIR experimental
setup is depicted (see Supporting Information for experimental
details). Mid-IR pulses (~60 fs) centered at ~2070 cm ' were
used for the PAS 2DIR experiments. The three mid-IR pulses
were focused onto the sample and their relative time-delays were
controlled.**** The signal emitted from the sample in a new
phase-matched direction was heterodyne-detected by combining
a local oscillator (LO) pulse. 2DIR signals were collected by
scanning the 7-axis at a fixed T and were frequency-resolved
through the spectrometer with the HgCdTe (MCT) array
detector to record the temporal interferograms as a function of
T at the emission frequencies (w,).>*** Numerical Fourier
transformation of the temporal interferograms along the 7-axis
yielded the spectrum of the excitation frequency axis (w,). 2DIR
spectrum at a given T is displayed with the excitation (®w,) and
emission (w,) frequencies.

To carry out the PAS 2DIR experiments, a pair of half-wave
plate and wire grid polarizers were inserted in the three incident
beam and the LO beam paths. They were used to independently
control the polarization directions of all the four beams. Each
polarizer was calibrated with respect to a reference polarizer to
enhance the angle resolution. The polarization directions speci-
fied by @y, @,, and @3 angles of the three incident beams were
measured again right before the sample cell to further minimize
the depolarization due to beam reflections by mirrors. In addi-
tion, an analyzer polarizer was additionally placed right after the
sample cell to control the LO polarization direction angle ¢, of
the detected signal field. In this paper, the polarization directions
of the beam 1 (k; ) and the signal field were fixed to be parallel to
the Z-axis, i.e., ¢, = ¢, = 0°. The pairs of half-wave plate and wire
grid polarizer placed in the beams 2 and 3 (k, and kj) were
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mounted on computer-controlled motorized rotational stages.
The BaF, wire grid polarizer used in our PAS 2DIR experiment
has an extinction ratio of ~200:1 and thus the polarization angle
of each individual beam is precisely controlled within £1°
accuracy.

[Dicarbonylacetylacetonato]rhodium(I) (Rh(CO),CsH,0,,
RDC) and chloroform (CHCI;) were purchased from Sigma-
Aldrich and used without further purification. RDC (3.0 mM) in
CHCI; solution was prepared by directly dissolving the com-
pounds in CHCl;. The sample solution was housed in a Harrick
cell with two CaF, windows (2 mm thick) and a 250 xm thick
Teflon spacer. The FTIR spectrum of the sample solution was
meausured and the absorbances of the carbonyl stretch modes in
the sample solutions were about 0.2. All experiments here were
conducted at 22 °C.

3. THEORETICAL DETAILS

In 2D optical spectroscopy, the multiple interactions of the
electric fields with the molecular system can be theoretically
analyzed in terms of the nonlinear response function of the
system. Particularly, the macroscopic third-order polarization
can be written as

PO(rt) e Trlup®(1)]

= [ [Ca [Tanr

X E(rt—t)E(rt—t—6)E(rt—t—t,—t;) (1)

t37t27t1)

Here, the nonlinear response function R(3)(t3,t2,t1) given by
03
RV(iats) = () 0 006 016)

X (u(ts +t 4 tn) [t + 1), [ue(t1),[1(0), 0. )11 (2)

where u(t) = exp(iHot/h)u exp(—iHt/h) is the dipole operator
in the interaction picture and the angular bracket in eq 2 denotes
the trace of a matrix. The Heaviside step function 6(t) in eq 2
imposes the causality condition.

To describe the orientational contribution to the nonlinear
response function, it is generally assumed that the coupling
between the vibronic and rotational degrees of freedom is
neghg1ble ° Within this approx1mat1on, the molecular Hamilto-
nian can be partitioned as H,, = Hy, + Hyo and then the
transition dipole moment is given by

H= uil (3)

where uis the vibronic part and ‘1,2 is the unit vector deﬁning the
orientation of the transition dipole moment of a given chromo-
phore in the laboratory frame. As shown in ref 35, the contribu-
tion from each Liouville space pathway to the nonlinear response
function can then be factorized into a product of rotational and
vibrational terms,

Ro(t5,0,01) = Ya(tsz,t2,t1) Ra(tsta,t1) (4)

The fourth-rank tensor Y, (t;t,,t,) represents the orientational
contribution to the nonlinear response function, which is treated
classical mechanically.

The reorientational motion of molecules in solution has been
successfully described as a random walk over small angular
orientations so that the Fokker—Planck equation for the condi-
tional probability density in the rotational phase space
(orientation and angular velocity) was found to be useful. Since
the initial distribution of angular velocities is given by
the Maxwell—Boltzmann expression, after taking the ensemble
average over the angular velocities, it is p0551b1e to recast the
rotational nonlinear response function,>3® Yo (t5,tt1) in the
following form

Yu(tg,tz7t1) = /dVg, /dVZ /dV} /dVo ﬂ3(1/3)

X W (v3,t5[v2) iy (v2) W(va,ta|v1)

® ity (v1) W(vi,ti|vo) fty(vo) Po(vo) (S)

where the molecular orientation is specified by the Euler angles
v = (¢, 0, x) and the conditional probability function in an
angular configurational space is denoted as W(v;1,t;41|v;). The
initial probability distribution of the molecular orientations is
denoted as Py(v,), which is 1/87” for an isotropic system
containing randomly oriented molecules, i.e., solutions.

In the case of the general 2D optical spectroscopy, a given
Liouville space pathway contribution to the total non-
linear response function involves four different dipolar transi-
tions, i.e.,

s = g Ay = it =i, by = i, (6)

Hereafter, ,.ji’,’“(g,tz,tl) will specifically denote the [ijk,!]'th
element of the orientational part of the nonlinear response
function tensor, where the indices i, j, k, and [ represent the
Cartesian coordinates. Therefore, the [i,k,!]'th tensor element of
the corresponding nonlinear response function component can
be written as a product form, l]kl (tytaty) R (s 0t1). Its
vibrational part R de a(t3,t2,t1) was extensively studied before
and various tensor elements of Yq(t3,t,t;) were thoroughly
discussed by Golonzka and Tokmakoff.>”

In the 2D experiments, the incident electric field is composed
of three pulses temporally separated by 7 and T and the signal
field emitted in the direction kg = —k; + k, + k3 is measured.
The incident field is generally expressed as

E(l',t) = elEl(t+ T+ T) exp(ikl °r— i(l)lt)
+ ezEz(t + T) eXP(ikz ‘r— i(,l)zt)

+ e3E;3(t) exp(iks -1 — iwst) + (cc) (7)
where the unit vectors of linearly polarized beams are denoted as

e; for j = 1, 2, 3. The resulting polarization under the rotating
wave approximation is given as

P(rt = lkbr lwt/ dfl/ dtz/ dt3 R( t17t27f3)e3ezel

X E3(t_ t3) Ez(t+ T—t;— tz)

XE(t+T+1—ts—t—t) exp(iot; —iot,)  (8)
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where R(3)(tl,t2,t3) is the third-order response function.”® The
photon echo polarization in eq 8 produces the signal electric
field, ie., Eg,(t) o iP(t). This signal depends on three time
variables 7, T, and t. The 2D photon echo spectrum is obtained
by performing the 2D Fourier-Laplace transformation of Epg(,
T,t) with respect to 7 and t as

Esig(wt7T7wT)
= /m dt /m dr Eq(t,T,7) exp(iost +iw,7)  (9)
0 0

In the present paper, we specifically assume that the Z-
component of the signal field is measured, which can be achieved
by using a linear polarizer to control the LO polarization
direction, as discussed in section 2. To reduce the number of
experimentally controlled polarization direction angles, we limit
our consideration to the case that one of the three incident beam
polarization directions, e.g,, ey, is parallel to the Z-axis. Thus, the
unit vectors of the linearly polarized beams are given as

e =Z ezzlA/'singoquZcosgo2

e = Y sin q03+2c0s 04

e, = 7 (10)

The 2D spectrum measured by using this polarization config-
uration thus becomes a function of ¢, and @5 as

Egg = Egg(@r,T,0650,,05) (11)

In the PAS 2D spectroscopy, one can obtain a series of 2D
spectra by varying ¢, and ¢ at a fixed waiting time T.
Diagonal Peaks in the PAS 2D Spectrum. We first consider
the polarization-angle dependency of all the diagonal peaks in the
PAS 2D spectrum. The orientational contribution to the diagonal
peak amplitude is determined by Yz, ,, (7,T)t) in the impulsive
limit. Then, using the unit vectors given in eq 10, we find that the
orientational part associated with the mth diagonal peak is given as

Ymmmm

Z%%Z(’L’,T,t) = Y,7"(7,T,t) cos @, cos @y

+ Y " (T, T,t) sin @, sin @4
+ YéﬂZmYme(TvT’t) sin P, cos @3

+ Y " (T, T,t) cos @, sin ¢ (12)

Here, the transition dipole moments involved in the ground-state
bleach (GB) and stimulated emission (SE) contributions to the
diagonal peak are all identical to @,,. The excited-state absorption
contribution to the diagonal peak involves the transition dipole
between the first excited state and the overtone state. In general, due
to the anharmonicity and non-Condon effects, the transition dipole
direction between the first excited state and the overtone state can
be different from that of the fundamental transition. However, we
shall only consider the polarization-angle dependencies of the
GB+SE diagonal and cross-peaks in this work for the sake of
simplicity. In eq 12, the third and fourth terms vanish within the
electric dipole approximation, unless the electric field-electric
quadrupole and magnetic field-magnetic dipole interactions are

taken into consideration.”® Thus, eq 12 is simplified as

Ymmmm

Z(pS(pzZ(T7T’t) = Yyz57"(T,T,t) cos ¢, cos @,

+ Y%M(T,T,t) sin ¢, sin @ (13)

Here, the 7-, T+, and t-dependent ZZZZ and ZYYZ tensor elements
of Y""""(t,T;t) were already obtained and presented in ref 37 so
that we have

Yooz (TTot) = ai(T) ei(t) Y7702 (T) (14)

where the waiting time T-dependent part is given as

Vzogz(T) = o\t +gCZ(T) €OS (9, €OS 3

1
Jrl—scz(T) sin @, sin @5 (15)

For a spherical rotor, ¢(t) = exp[—I(l + 1)Dyt and D, is the
orientational diffusion coefficient. The expressions for ¢,(t) for [ =1,
2 are obtained by using the small angle diffusion equation, but one
can use the more general expressions for these by solving the
Fokker—Planck equation. Here, we shall not pursue this here,
because detailed derivations of the rotational relaxation functions are
not of main interest in the present work. From eq 15, one can find
that the 7 and t dependencies of Y74 7(7,T)t) are determined by
¢1(7) ¢1(t). Therefore, the 2D spectrum is additionally broadened by
the rotational relaxations of the chromophores during 7 and t
periods.

In the limiting case that the waiting time T is zero or that the
rotational motion is sufficiently slow compared to the vibrational
relaxation or other relevant chemical or physical processes, one
can replace ¢,(T) in eq 15 with a unity so that we have

Y (1,1 = 0,¢)

1
= 1—561 (7) a1 (£){3 cos @, cos @5 +sin ¢, sin ¢} (16)

Thus, the diagonal peak amplitude of the mth mode is given as

Ediag(wtawf5(p27(p3)
1
oc Ts,btm4{3 Cos (p, €os (3 + sin @, sin @5} (we,0;) (17)

Here, u,, is the vibrational transition dipole matrix element. The
2D line shape function is denoted as I'(w,,w,) and its precise
functional form is not important here in the present work.
Although individual diagonal peak amplitudes are different from
one another, they depend on the same factor that is determined
by the two polarization direction angles, ¢, and 5. This suggests
that all the diagonal peaks vanish every time when we have

3 cos @, cos 3 +sin @, sin p; = 0

or equivalently @, = tan~ 1(_3 cot @,) (18)

Cross-Peaks in the PAS 2D Spectrum. We next consider the
polarization-angle dependencies of cross-peak amplitudes. Here,
let us specifically consider the cross-peak at w, = w,, and w; = w,,
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(m # n). Without loss of generality, it is assumed that the
direction of fi,,, is parallel to the z-axis in a molecule-fixed frame, i.
e,y = z, and that fi,, is on the z—x plane in the molecule-fixed
frame as

i, = 2 cos 0, +xsin 0, (19)

where the angle between (,, and /i, is denoted as 0,,,,.
The corresponding cross-peak spectra originating from the
GB and SE contributions can then be written as

Eggss (wT7T7wf;(p27(p3) oc #nzﬂmzy%?/:ZZSZZ(T)rgfss (wf?T7wf)

(20)

SE 2, 2, nmnm SE
Ecross(wT7T7wf;¢27¢3) <y yZ(pS(pZZ(T)rcross (wT7T7wf)
(21)
Again, the T-dependent orientational parts in eqs 20 and 21

depend on the two polarization direction angles and they are
found to be

Yooz (T)
1

4 1
- §{1 —l—gcz(T) [cos2 Oym — 3 sin® (9,,,,,,} } oS (9 COS (5

1 1
+1—5C2(T) {cos2 O — 5 sin® 9,,’,,,] sin @, sin @5  (22)

1 1
X Yy, o(T) = 9{ o+ a(T){4 co5" On
+ 3 sin® en,m]} COS (9 €COS Py
+ L1 (T)[4 co8? 0, + 3 sin ]
B SCZ cos” Uy m s Uym

—¢(T) sin® Gn,m} sin ¢, sin @, (23)

In the limiting case that the rotational relaxation is sufficiently
slow compared to the other dynamic time scales or at T = 0, one
can show that y75"0 7(T=0) = y7g"¢ (T =0) regardless of the
sequence of involved dipolar transitions, either m —m—n—n
or m — n— m — n. Since the orientationally averaged transition
strengths of the (m,n) cross-peak originating from the GB+SE
contribution are the same in this limit, we have

Eggss (wﬂa)t;(pb(p?y) oc ﬂnzﬂmzyg:/:zzzz FCC;ESS (wﬂT?wf) (24)

Effoss (wfawt;(pzv(p3) o< //‘nzﬂmz}’gp’:zzz (T) rgr}i)ss (wTavat)
(25)
where

nnmm

1
ToronZ = %{cos ¢, cos @;(4 cos® 6,,,, +2)

+sin @, sin (5(3 cos* 0,,,, — 1)} (26)

The above result shows that the cross-peak amplitude is deter-
mined by not only the polarization direction angles ¢, and ¢;
but also the corresponding transition dipole angle 0, ,,. From
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Figure 2. Molecular structure, the FTIR spectrum of the CO stretching
modes, and the paralell polarization 2DIR spectrum of RDC in chloro-
form measured at T = O ps. The low- and high-frequency peaks are
associated with the antisymmetric and symmetric CO stretching modes,
respectively.

eq 26, one can find that the GB+SE (m,n) cross-peak at w; = @,,,
and w; = @, vanishes when the following equality is satisfied,

oS (508 (3 (4cos® B, +2) + sin @,sin ¢, (3cos> 6,,,, — 1)
=0 or equivalently

tan @,tan @; — 2

cos? 0,,, = (27)

4+ 3tan @,tan @,

Again, there exist infinite possible pairs of ¢, and ¢3 angles that
satisfy the above relationship for a given 0,,, value. This is an
interesting relationship showing that the macroscopically controlled
polarization directions of the incident beams in the laboratory frame
are directly related to the relative angle between a given pair of
coupled transition dipoles in a randomly oriented molecule. For any
0, the cos” 0, value is in the range from 0 to 1. Therefore, it is
not necessary to scan the entire range of ¢, and ¢; angles, i.e,

- tan @, tan @; —2

=< =<1
4+ 3 tan @, tan @4 (28)

In the following section, we shall present the experimental results on
the PAS 2DIR spectroscopy of RDC.

4. RESULTS AND DISCUSSION

The 2DIR spectroscopy of a pair of anharmonic oscillators
coupled to each other is a good model system for detailed
investigation as well as for experimentally verifying theoretical
results. We shall therefore consider the case that the two
oscillators have the same frequency wg and are coupled to each
other with coupling constant of J. Then, the resultant (high-
frequency) symmetric and (low-frequency) antisymmetric nor-
mal modes are split in frequency domain and their frequency
difference is given by 2J. Here, RDC is an ideal system (see
Figure 2 for the molecular structure), where, due to the finite
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The Journal of Physical Chemistry B

2100 ‘ (

7777 30°,-79.1°)

1980

2100

o 2060 ’ ‘
8’~ 2020 '4 . (‘
-7 8

. . . 4
1980 2020 2060 2100 1980 2020 2060 2100

o (cm'1)

(45°,-71.69

o, (em™)

Figure 3. Polarization-controlled 2DIR spectra (T = 0.2 ps). The
polarization directions of the first pulse and the detected signal (local
oscillator) field are parallel to the Z-axis in the laboratory frame. The two
polarization direction angles ¢, and @3 are varied to make all the
diagonal peaks vanish. The ¢, and (3 angles are shown in the legend and
they are (+30°, —79.1°), (+45°, —71.6°), and (+60°, —60.0°). The
parallel polarization (ZZZZ) 2DIR spectrum (see the upper left panel) is
shown for comparison. Note that the z-axis scale of the parallel
polarization 2DIR spectrum differs from those of the other three spectra.
The diagonal peak amplitudes in these polarization-controlled 2DIR
spectra are less than 5% of those in the parallel polarization 2DIR
spectra.

coupling, the two carbonyl (CO) stretching vibrations form
symmetric and antisymmetric normal modes. The Fourier-trans-
form IR (FTIR) spectrum of the CO stretch modes of RDC
yields the coupling constant J. Furthermore, the anharmonic
frequency shifts of the overtone and combination states of
the two CO stretch normal modes can be estimated by analyzing
the 2DIR spectrum of the RDC as experimentally shown by
Tokmakoff and co-workers.

Parallel Polarization 2DIR. Figure 2 displays the real part of
the parallel polarization 2DIR spectrum RDC in CHClI; at the
waiting time T = 0 for the sake of completeness—note that the
four beam polarization directions are all parallel to the reference
Z-axis in the laboratory frame. The positive (red contours) low-
and high-frequency diagonal peaks (1 and 2) originate from the
ground-state bleach (GB) and stimulated emission (SE) con-
tributions from the antisymmetric and symmetric CO stretch
normal modes, respectively. The excited-state absorption (EA)
peaks (3 and 4) are slightly red-shifted from the diagonal by the
vibrational anharmonic frequencies. Consequently, the diagonal
peaks appear as a couplet consisting of an upper positive peak
(1 and 2) and a lower negative peak (3 and 4). Similarly, the
cross-peaks in the parallel polarization 2DIR spectrum also
appear as a couplet. As shown by Tokmakoff and co-workers,*
detailed 2D spectral analyses provide quantitative information on
the anharmonicity-induced frequency shifts of the overtone
states |2,0) and |0,2) as well as of the combination state |1,1).
In addition, the solvation dynamics affecting the vibrational
transition frequency-frequency correlation function can be

investigated by monitoring the waiting time-dependent line
shape changes, e.g., nodal line slope, center line slope, aspect
ratio of Otggdiagonal line width to the antidiagonal line width, and
S0 on.

Selective Elimination of Diagonal Peaks. The parallel
polarization 2DIR spectroscopy utilizes four beams having
polarization directions all parallel to each other. However, as
discussed in section 3, the amplitudes and signs of the diagonal
peaks and cross-peaks in the 2DIR spectrum depend on the
polarization direction angles, ¢/'s. When ¢; = @, = 0 and when
the polarization directions of the second and third incident
beams specified by ¢, and ¢3 angles are experimentally con-
trolled, the 2DIR spectrum at T = 0 becomes dependent on ¢,
and (3, as can be seen in eqs 17, 24, and 28. Particularly, all the
diagonal peaks are expected to vanish when the two angles ¢,
and 3 satisfy the relationship in eq 18.

To experimentally verify this, we carried out a series of
polarization-controlled 2DIR measurements at ¢, = 30°, 45°,
and 60°, where the conjugate 3 angles are —79.1°, —71.6°,
and —60.0°, respectively. In Figure 3, the 2DIR spectra obtained
with these beam polarization configurations are plotted and
directly compared with the parallel polarization 2DIR spectrum
S..z.- The diagonal peaks are indeed significantly smaller (<5%)
than those in the S_,.. spectrum as well as the two cross-peak
couplets in these spectra. This verifies that the selective elimina-
tion of all the diagonal peaks is experimentally feasible by
controlling any two polarization direction angles satisfying the
theoretical relationship in eq 18.

Selective Elimination of Cross-Peaks. The reason that the
¢, and @5 dependencies of all the diagonal peak amplitudes are
the same can be understood by noting that each diagonal peak is
determined by the orientational average of the fourth-rank tensor
Ul - Due to the randomness of the molecular orienta-
tions in solutions, the rotational average becomes independent of
the molecule-fixed frame in this specific case. In contrast, the
GB+SE cross-peak amplitude is determined by two coupled
transition dipoles. We found that the cross-peak amplitude at
W, =, and 0, = w, for m 7 n in a given 2D spectrum at T =0
vanishes when the two polarization direction angles ¢, and ¢3
satisfy the equalities in eq 27. Due to the 0, ,,-dependent factors
in eq 27, each cross-peak amplitude depends on ¢, and @,
differently. As a result, by scanning one of the two polarization
direction angles with the other fixed, one can find the specific
beam polarization configuration that can be used to selectively
eliminate the m—n cross-peak at (w, = w,, ©; = w,) in the
measured PAS 2DIR spectrum. By denoting the corresponding
beam polarization direction angles as q)gm’") and q)gm’") , the
relative angle 0, ,, of the two transition dipoles is found to be
related to them as

(m,n)

) tan (™" — 2

tan @,
4+ 3tan (p;m’") tan (pgm’")

cos® O, = (27a)

Subsequently, the estimated 6, ,,, values obtained from the entire
set of the PAS 2DIR spectra should be of use to determine
the molecular structures, because the relative angles between
the coupled transition dipoles are keenly dependent on the
intricate details of the molecular structures.

In the present PAS 2DIR experiments, we further reduced the
number of variables by fixing the ¢, angle to be 60° and varied
the angle 5 only. Since the value of cos” 0, should be in the
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o,

1980

Figure 4. Real parts of the PAS 2DIR spectra (T = 0 ps) of RDC in
CHClI; for varying ¢; angle. The polarization directions of the first pulse
and signal (local oscillator) field are parallel to the Z-axis, i.e., ¢, = ¢, =
0°. For simplicity, the polarization angle ¢, of the second pulse is fixed to
be 60° with respect to the Z-axis. As (3 decreases, the cross-peak
amplitude (at the upper left corner in each 2DIR spectrum) gets smaller
and vanishes at around @3 = 50°. As @3 becomes smaller than 49°, the
cross-peak amplitude with opposite sign increases again.

range from O to 1, the scanning range of the angle ¢3 is from
49.1° to 120°. In our experiments, PAS 2DIR spectra were
measured by varying ¢ from 80° to 40° with an interval of 2°. In
Figure 4, the real parts of the PAS 2DIR spectra measured at
several different (3 values are plotted (the absolute magnitude
PAS 2DIR spectra are also presented in Supporting In-
formation).

As @3 decreases from 80° to 40°, the amg)litude of the cross-
peak at (w, = 2011 em ™', @, = 2087 cm™ ') decreases drama-
tically and approaches zero at about 50°—note that the same
pattern is found for the lower-right cross-peak too. Then, as @3
decreases further, the sign of the cross-peak changes and its
absolute magnitude increases again. Meanwhile, the diagonal
peak amplitudes slightly increase, as theoretically predicted here.
From the entire set of PAS 2DIR spectra, the amplitudes
of the cross-peak at @, = 2011 cm™ ' and @, = 2087 cm ' in
the real parts of 2DIR spectra and in the absolute magnitude
2DIR spectra are plotted against ¢ in Figure Sa,b, respectively.
The solid lines in Figure S are the values predicted from the
theory in eqs 24—26. From the interpolated line connecting the
measured cross-peak amplitudes in Figure Sa, we find that 3
= 60° and @{"™" = 49°. From the relationship in eq 27a, the
relative angle between the two transition dipole vectors of the
symmetric and antisymmetric CO stretching modes is indeed
found to be close to 90° as expected. This clearly demonstrates

0.4
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Figure 5. Amplitudes of the cross-peak at w, = 2011 cm ' and w, =
2087 cm ' (a) in the real parts of the 2DIR spectra of RDC (see
Figure 4) and (b) in the absolute magnitude 2DIR spectra versus the
polarization direction angle ¢3 of the third pulse. Here, we have ¢; = ¢
= 0° and ¢, = 60°, and the cross-peak intensity is given in an arbitrary
unit. The open circles are the experimental results and the error bars are
obtained by averaging the results of three independent sets of PAS 2DIR
experiments. The red line in this figure is the theoretical expression given
in eqs 24 and 25.

that the PAS 2DIR spectroscopic technique is useful to estimate
the relative angles between any pair of transition dipole vectors.

Here, a full control of beam polarization directions has been
shown to be experimentally feasible and practically useful in this
work. In particular, we showed that selective elimination of a
cross-peak of interest is possible by properly adjusting the beam
polarization configuration. This in turn allows us to extract
information on the relative angles between coupled transition
dipoles from the complete set of PAS 2DIR spectra. However, it
should be mentioned that the same information can also be
extracted by measuring the cross-peak anisotropy, which is
obtained from (Szzzz — Szvvz)/(Szzz2 + 2Szvv2).> In the
simple case that the cross-peaks are spectrally well-resolved in the
2DIR spectra and that the measurements of the parallel and
perpendicular 2DIR cross-peak amplitudes are quantitatively
reliable, the present PAS 2DIR may not have notable advantage
over the cross-peak anisotropy measurement method. However,
as the number of cross-peaks increases and they are spectrally
overlapped with the intense diagonal peaks, it becomes difficult
to use the cross-peak anisotropy measurements to achieve the
goal. Furthermore, if there exist multiple conformers in equilib-
rium, it is expected that the cross-peak amplitudes would not be
monotonically dependent on @3 angle (e.g., double minima for a
two-species system) unlike the simple case of RDC shown in
Figure Sb. Consequently, since the PAS 2D method takes
advantage of additional dimensionality in 2D optical spectros-
copy, it offers a new means to probe the structural motifs
and conformational distributions of coupled multichromophore
systems.
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In the case of an isotropic system such as chromophores
dissolved in solvents, there are four nonzero fourth-rank tensor
elements needed to be considered, which are S, Szzvy, Szyvz,
and Szyzy. Only three of them are independent due to S, =
Szzvy + Szyyz + Szyzy- Therefore, any 2D spectrum with an
arbitrary polarization configuration can be written as a linear
combination of these three basis spectra. The PAS 2D spectrum
with a specific polarization configuration discussed here can also
be viewed as a linear combination of S, and S,yy, because the
polarization directions of the first incident beam and the detected
signal electric field are set to be parallel to the Z-axis and those of
the second and third incident beams are on the Y—Z plane.
However, this does not invalidate the potential use of the PAS 2D
method, which can be considered to be one of the null methods
mentioned in the Introduction. Since the PAS 2D spectroscopy
utilizes multiple spectra obtained by varying the polarization
configurations, it should provide more accurate results.

5. SUMMARY

In this paper, we presented experimental results on the PAS
2DIR spectroscopy of RDC in chloroform, where the polariza-
tion directions of the incident beams are considered to be
continuously variable parameters. This additional controllability
factor in 2D optical spectroscopy has not been experimentally
explored before. Although a simple coupled-anharmonic oscilla-
tor system, e.g., RDC, was used for the experimental demonstra-
tion, the PAS 2D spectroscopic method would be of potential use
in studying coupled multichromophore systems in future. Let us
consider the case that there are multiple cross-peaks in a given 2D
spectrum. Since the relative angles between coupled transition
dipoles vary for different pairs of modes or quantum states, each
cross-peak associated with the ground-state bleach and stimu-
lated emission contributions will disappear at different ¢3 angles.
The estimated 0, ,,, values will in turn be of use as an important
set of constraints for further structure determination. After
selecting one particular beam polarization configuration that
makes a specific cross-peak vanish, one can follow subsequent
changes in the cross-peak amplitude and sign as a function of T.
This will provide us crucial information on structural changes of
nonequilibrium state molecules as well as on population and/or
coherence transfers by monitoring the time-dependent changes
of the initially vanished cross-peaks. Despite that the present
work focused on the application of the polarization-angle-scan-
ning technique to extend the dimensionality of the heterodyne-
detected 2D photon echo spectroscopy, we anticipate that the
same polarization null angle scheme discussed here can be applied
to a varie4127 of different coherent multidimensional spectroscopic
methods, ™ * such as doubly vibrationally resonant IR—vis four-
wave-mixing, wavepacket interferometry 2D electronic spectrosco-
py, 3DIR spectroscopy, double-quantum coherence 2D spectros-
copy, and 2D nanoscopy, to enhance their spectroscopic sensitivities
to molecular conformations and frequency resolutions.
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