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Two-dimensional (2D) optical spectroscopy contains cross-peaks
that are helpful features for determining molecular structure and
monitoring energy transfer, but they can be difficult to resolve
from the much more intense diagonal peaks. Transient absorption
(TA) spectra contain transitions similar to cross-peaks in 2D spec-
troscopy, but in most cases they are obscured by the bleach and
stimulated emission peaks. We report a polarization scheme,
<0°,0°,+0,(t,),-0,(t;)>, that can be easily implemented in the
pump-probe beam geometry, used most frequently in 2D and TA
spectroscopy. This scheme removes the diagonal peaks in 2D spec-
troscopies and the intense bleach/stimulated emission peaks in TA
spectroscopies, thereby resolving the cross-peak features. At zero
pump-probe delay, 0, = 60° destructively interferes two Feynman
paths, eliminating all signals generated by field interactions with
four parallel transition dipoles, and the intense diagonal and
bleach/stimulated emission peaks. At later delay times, 0,(t;) is
adjusted to compensate for anisotropy caused by rotational diffu-
sion. When implemented with TA spectroscopy or microscopy, the
pump-probe spectrum is dominated by the cross-peak features.
The local oscillator is also attenuated, which enhances the signal
two times. This overlooked polarization scheme reduces spectral
congestion by eliminating diagonal peaks in 2D spectra and ena-
bles TA spectroscopy to measure similar information given by
cross-peaks in 2D spectroscopy.
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Transient absorption (TA) spectroscopy and microscopy are
ubiquitously used for measuring kinetics in chemical, bio-
logical, and material sciences. TA spectroscopy initiates
excited-state dynamics with a pump pulse and tracks their evo-
lution with a probe pulse, yielding kinetic information. The
polarization of the pump and probe fields strongly affects the
utility and interpretation of TA data (1-5). The choice of pulse
polarization can be employed to ease interpretation or extract
particular information. For example, under three-dimensional
(3D) isotropic conditions, kinetics measured at 54.7° relative
angle (magic angle) between pump and probe polarizations are
insensitive to molecular rotation (6-11). Alternatively, the
anisotropy can be calculated after independently measuring
parallel and perpendicularly polarized pulses, giving a signal
that depends on rotational diffusion and not population relaxa-
tion (6-11). Magic angle and anisotropy measurements are
textbook experiments.

A technique closely related to TA spectroscopy is two-
dimensional (2D) spectroscopy, such as 2D infrared (IR) and
2D electronic spectroscopy. TA and 2D spectroscopies are alike
in that they both measure a signal created by three electric field
interactions from the pulse sequence, which makes them third-
order nonlinear techniques (3, 12, 13). Because TA and 2D spec-
troscopy are both third-order techniques, the polarization
dependence of their spectra is identical. However, the way in
which the experiments are implemented puts physical limitations
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on the polarizations that can be applied. For TA spectroscopy,
the first two interactions (E; and E,) are created by the pump
pulse and third by the probe pulse (Es), followed by the emitted
field (Eemir) that ultimately becomes the signal. For time-domain
2D spectroscopy, there are also three interactions, one each
from two separate pump pulses (E; and E;) and the third from
the probe pulse (E;), followed by E.n;. The signals of both
experiments depend on the orientational average of four electric
fields with the sample, which is often written as the four-point
orientational average <E{,E;,E3,Ecmic>.

Since TA spectroscopy only uses two laser pulses, polarization
control is traditionally limited to the relative angle between pump
and probe polarizations. When 2D spectroscopy was first devel-
oped, it was implemented in a four-wave mixing geometry that
allowed all three pulse polarizations to be individually set along
with the polarization of the emitted field (14-16). This new capa-
bility led to the derivation of the full fourth-order orientational
correlation function (4, 10, 17) and more advanced polarization
schemes that determined the angle between coupled oscillators
(17), suppressed peaks (18), and enhanced signal-to-noise (19,
20). One of the most unique polarization schemes was
<E1,EpEsEcmic> = <—45°,+45°,90°,0°>, with the angles defined
in the laboratory-fixed frame. This polarization scheme eliminates
the diagonal peaks from the 2D spectrum under 3D isotropic
conditions, isolating the desired cross-peak features (18). This
method works by destructively interfering the <0°,90°,0°,90°>
and the <0°,90°,90°,0°> signals in situ. In the same publication,
Hochstrasser and coworkers proposed <—60°,+60°,0°,0°>, which
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removes diagonal peaks but does not compensate for rotational
diffusion (18, 21). Ginsberg et al. and Read et al. implemented
<—60°,+60°,0°,0°> in the visible (22, 23). One can independently
measure and subtract spectra collected for each of these polariza-
tions (24), but subtraction afterward is usually less accurate and
sometimes very difficult, such as when measuring the kinetics of
protein aggregation. Besides polarization schemes, peaks can be
removed by fitting or by isolating interstate coherences (25-27).

Diagonal peak suppression was widely implemented in 2D
spectroscopy (18, 22, 23, 28-38) until pump-probe beam geom-
etries began replacing the four-wave mixing geometry. The
most common pump-probe implementation of 2D spectroscopy
is using a pulse shaper to create the two pump pulses (39, 40).
Pulse-shaping 2D spectroscopy has many advantages over
four-wave mixing 2D spectroscopy, such as phase stability, shot-
to-shot readout, and absorptive line shapes (41, 42). One draw-
back has been, like TA spectroscopy, that the pump pulses are
collinear and so their polarizations are difficult to control inde-
pendently (43). As a result, the <—45°,+45°,90°,0°> polariza-
tion scheme that was so useful for visualizing cross-peaks is
now less utilized. We note that <—45°+45°,90°,0°> can be
implemented in pump-probe 2D spectroscopies that use interfer-
ometers (44-46), birefringent wedges (37, 47), and polarization
pulse shapers (43).

In this paper we report a polarization scheme that can be
implemented in the pump-probe geometry used by 2D and TA
spectroscopies. Spectra collected in this polarization scheme
only contain features from nonparallel transition dipoles.
For 2D spectroscopy, this scheme eliminates the diagonal peaks
so that only cross-peaks remain in the spectra. For TA spec-
troscopy, this scheme means that TA spectra provide the
same information as the cross-peaks in 2D spectra, as we
demonstrate. The polarization scheme we implement is
<0°,0°,460°,—60°>, or more generally, <0°,0°,+0,(t2),—06,(t,)>
[where 0,(t;) depends on the pump-probe delay, t,]. Permuta-
tional symmetry holds for the fourth-rank orientational
response at t; = 0 and so <0°,0°,460°—60°> gives an
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equivalent 2D spectrum to <—60°,+60°,0°,0°>. What has been
overlooked is that <0°,0°,+60°,—60°> can be experimentally
implemented in the pump-probe geometry by adding two polar-
izers in the probe beam (SI Appendix, Fig. S1), whereas
<—60°,+60°,0°,0°> cannot. As a result, the <0°,0°,+60°,—60°>
polarization allows TA spectroscopy to obtain coupling
information that, until now, could only be resolved by 2D spec-
troscopy. The method promises to revive 2D spectra of cross-
peaks, enable TA spectroscopy to measure couplings, and
permit new experiments like TA imaging of coupled modes. In
what follows, we first qualitatively describe the method and
experimentally demonstrate it then present the theoretical
underpinnings and discussion of its strengths, weaknesses, and
potential uses.

Experimental Demonstration

Prior to delving into the theoretical formalism, we provide a
simple example to illustrate the utility of this pulse sequence
for 2D and TA spectroscopies. The <0°,0°,+60°,—60°> polari-
zation scheme is demonstrated using (acetylacetonato)dicar-
bonyl iridium(I) (IDC) dissolved in hexane. IDC is a model
compound often used to test 2D IR pulse sequences (48). It
consists of two carbonyl groups coordinated to an iridium metal
center at a 90° angle relative to each other. The two carbonyl
local modes are strongly coupled and delocalize to yield sym-
metric and antisymmetric stretching modes at 2,076 cm ™' and
2,002 cm™!, respectively. The transition dipoles for these two
modes are orthogonal. Fig. 14 shows the 2D IR spectrum of
IDC in hexane for the <0°,0°,0°,0°> polarization with the delay
between the pump pulses and the probe pulse set to t, = 0. The
2D IR spectrum consists of four pairs of peaks: two pairs on
the diagonal at the fundamental frequencies, which we refer to
as “diagonal peaks,” and two sets off-diagonal peaks that corre-
late the two fundamental frequencies, which we refer to as
“cross-peaks.” The diagonal peak pairs are separated by the
diagonal anharmonicity, A;, while the cross-peak spacing gives
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Spectra showing the removal of diagonal peaks using <0°,0°,+60°,—60°>. Two-dimensional IR spectrum of IDC at t, = 0 ps for (A) <0°,0°,0°,0°>

and (C) <0°,0°,60°,—60°> polarization schemes. (B and D) Black: TA spectra corresponding to the 2D spectra in A and C, respectively. Blue: exclusive projec-
tion of the diagonal quadrants of the 2D spectrum onto the probe axis, mathematically equivalent to a TA spectrum of on-diagonal peaks. Red: exclusive
projection of off-diagonal quadrants, equivalent to a TA spectrum of off-diagonal cross-peaks.
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the off-diagonal anharmonicity, Ay, which are 14 cm~! and

27 cm™, respectively. The spectra use an absorptive pulse
sequence, meaning that they contain both rephasing and non-
rephasing spectra; the nonrephasing spectra also have cross-
peaks on the diagonal, although they are much weaker than the
larger diagonal peaks.

Shown in Fig. 1B (solid, black) is the TA spectrum of the
same sample collected in <0°,0°,0°,0°> with a pump-probe
delay of t, = 0. One reason that IDC is used as a model com-
pound is because Aj is larger than Aj;; and the linewidths are
narrow such that transitions that create cross-peaks in a 2D IR
spectrum can be resolved in the TA spectrum. These peaks are
labeled with Aj and Aj;. If one can measure A; and Ajj from a
TA spectrum, then 2D IR spectroscopy is not necessary to
determine the couplings. Typically, these transitions cannot be
identified because the TA spectra are too congested and
obscured by the diagonal peaks.

In addition to the TA spectrum, the projections of the 2D
spectrum onto the probe axis are also shown. Projections are
calculated by integrating over the pump axis and are mathemat-
ically equivalent to a TA spectrum. The projection across the
entire 2D spectrum reproduces the TA spectrum (SI Appendix,
Fig. S5). Shown in Fig. 1B is the projection of just the diagonal
peaks (blue, dashed) and just the cross-peaks (red, dashed),
calculated by integrating exclusively over diagonal and off-
diagonal quadrants of the 2D spectrum, respectively. The TA
spectrum is largely reproduced by the diagonal projection, but
it still contains some contribution from the off-diagonal projec-
tion. Thus, the TA spectrum contains both diagonal and cross-
peaks but is dominated by the much larger diagonal peaks.

Fig. 1 C and D shows the 2D IR and TA spectrum of IDC
collected in <0°,0°,4+60°,—60°>, which is done by placing two
polarizers into the probe beam: one before the sample and the
other after. The diagonal peaks are strongly suppressed, and
the cross-peaks are the dominant features. Diagonal peaks are
suppressed 77 times and the cross-peaks are 1.2 times larger
relative to <0°,0°,0°,0°>. There are also weak on-diagonal
cross-peaks that contain the same coupling information as the
off-diagonal cross-peaks but have a different orientational
response and lineshape. Also shown are projections of the diag-
onal and off-diagonal quadrants of the 2D IR spectrum. The
TA spectrum no longer contains the diagonal peaks, making
the transitions that create the cross-peaks the dominant fea-
tures. Aj;, and hence the couplings, are now easily determined
from the TA spectrum. Thus, the <0°,0°,460°,—60°> polariza-
tion scheme expands the power of TA spectroscopy, making it
possible to obtain the same cross-peak information that was
previously best resolved by a 2D measurement.

The <0°,0°,460°,—60°> polarization scheme eliminates the
diagonal peaks at t, = 0 in the limit of infinitely short laser
pulses. It will also eliminate the diagonal peaks for later time
delays if the molecules do not rotate. If orientational relaxation
occurs, then the diagonal peaks grow in on the timescale of the
anisotropy decay. Nonetheless, the diagonal peaks can be elimi-
nated for t, > 0 by using <0°,0°,0,(t2),—0,(t;)> where 0,(t,) is
calculated from the rotational diffusion constant. The theory
behind these claims and evaluation of 0,(t) is given in Theory,
following the experimental demonstration here.

Fig. 2 A and B shows the 2D IR and TA spectra of IDC for
<0°,0°,4-60°,—60°> at a pump-probe delay of t, = 6 ps. Diago-
nal peaks are now present in the 2D spectra as are new cross-
peaks at (@pumps Oprobe) = (2,076, 1,986) cm™' and (2,002,
2,066) cm ', Khalil et al. showed that the new peaks arise from
population transfer, which is why they are offset by A;; (49). To
remove the diagonal peaks, we set the polarization to
<0°,0°,54.1°,—54.1°>, as shown in Fig. 2 C and D. Diagonal
peaks are now absent from the 2D spectrum and TA spectra

Farrell et al.
A polarization scheme that resolves cross-peaks with transient absorption
and eliminates diagonal peaks in 2D spectroscopy

are almost identical to the projection of the cross-peaks. Notice
that the off-diagonal cross-peaks created by population relaxa-
tion remain but not the diagonal peaks. This fact is explained in
Theory. The diagonal peaks can be removed for any time delay.
Fig. 2E plots the intensity of the lower diagonal peak (2,002,
1,988) cm ™! for the fixed angles <0°,0°, +60°,—60°> (red). It is
small at t, = 0 and grows in intensity due to rotational diffu-
sion. Shown in black is the intensity of the same peak for
<0°,0°,0,(t2),—6,(t2)>, in which the angles are set at each time
delay according to Eq. 9 given below. The intensity is now close
to zero at each delay because the diagonal peaks are sup-
pressed. Thus, with the proper choice of angles, the diagonal
peaks can be removed from the 2D and the TA spectra for any
given waiting time, allowing the evolution of couplings to be
observed. In Discussion we consider limits and caveats to this
general statement.

The general utility of this polarization scheme is demonstrated
in Fig. 3 with spectra collected on a thin section of human tissue
taken from an eye lens. The 2D IR spectrum shown in Fig. 34 is
representative of spectra used to assess cataract formation via the
weak p-sheet cross-peak labeled with an asterisk. This spectrum
is collected with <90°,90°,0°,0°> and the diagonal peaks are the
dominant figures. Fig. 3B is a spectrum collected in
<0°,0°,60°,—60°> at t, = 0. The diagonal peaks are suppressed
88 times, so that the previously utilized cross-peak is now the
dominant feature and many additional cross-peaks are revealed.
Previously obscured cross-peaks are now visible, which may be
created by couplings between a-helical and f-sheet structures in
the crystallin proteins. Our prior report on cataracts correlated
amyloid p-sheet structures to light scattering (50). These new fea-
tures might enable one to correlate amorphous aggregates with
light scattering, which is another possible source for the disease.
These spectra are representative of what might be expected for
inhomogeneously broadened and congested spectra.

Theory

In this section we present the theoretical formalism behind the
proposed polarization scheme. We explain why the diagonal
peaks are removed, present a generalized formula for how to cal-
culate 0,(t,), and calculate the enhancement in signal strength
due to the attenuation of the probe beam. We also refer readers
to Chapter 5 of Hamm and Zanni for background reading (5).

Diagonal Peak Removal Using <0°,0°,+60°,—60°>. We begin by
describing the orientational response of the <0°,0°,+60°,—60°>
signal under 3D isotropic conditions and show how it removes
diagonal peaks, thus isolating cross-peaks. Polarization schemes
can be decomposed into linear combinations of the four isotro-
pic symmetry allowed polarizations: XXXX, YYXX, XYXY,
and XYYX, where X and Y are orthogonal polarizations in the
laboratory frame. The four-wave mixing orientational correla-
tion functions for each of these polarizations have been evalu-
ated for the eight Liouville pathways contributing to the 2D IR
spectrum. Their derivation can be found elsewhere (4, 5).
These functions scale the intensity of the peaks in 2D and TA
spectra. The orientational correlation function for the iiii path-
way is the scaling factor for the diagonal peaks because all four
electric field interactions occur with the same oscillator. The

Eq. 1 shows the decomposition of <0°,0°,+6,—6> into two of
the four symmetry-allowed polarizations:

(0°,0°, + 6, —0) = XX|[cos (0)X
+sin ()Y ][cos (—6)X +sin (—0)Y] [la]
= (cos*(0)XXXX + sin @ cos 0 XXYX
—sin§cos O XXXY — sin*() XXYY) [1b]
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Fig. 2. Removal of diagonal peaks at later waiting times using <0°,0°,0,(ty),—0,(t2)>. (A and C) Two-dimensional IR spectrum of IDC collected in
<0°,0°,+60°,—60°> and <0°,0°,+54.1°,—54.1°> at a 6-ps pump-probe delay. (B and D) Black, solid: TA spectrum, (red, dashed) cross-peak projection, and
(blue, dashed) diagonal peak projection for spectra collected in <0°,0°,+60°,—60°> and <0°,0°,54.1°,54.1°> at a 6-ps pump-probe delay. (E) Intensity of
diagonal peak at (2,002, 1,988) cm " in the 2D spectrum for <0°,0°,+60°,—60°> (red) and <0°,0°,0,(t,), —0,(t2)> (black) as a function of pump-probe delay.

= (cos*(0)XXXX — sin*(0)XXYY) [lc]
(0°,0°,+60°, —60°) = %(XXXX —3XXYY). [1d]

Eq. 1c is reached by the fact that the orientational average of the
XXYX and XXXY polarizations go to zero for all dipole-allowed
Liouville pathways under isotropic conditions (51). The isotropic
orientational correlation function at t, = 0 for a pathway that
gives a diagonal peak (iif) is 1/5 and 1/15 for XXXX and XXYY,
respectively. As a result, the diagonal peaks are three times more
intense when measured with XXXX than with XXYY polariza-
tions. By setting 6 = 60°, the XXXX and XXYY pathways are
scaled such that diagonal peaks are equal in magnitude and oppo-
site in sign. Therefore, diagonal peaks from XXXX and XXYY
destructively interfere and are removed. The cross-peaks intensi-
ties depend on the choice of polarization and relative oscillator
angle, B,p. Cross-peaks are not removed if the coupled transition
dipoles are nonparallel. XXXX and XXYY can also be measured
separately and manually subtracted to obtain the cross-peaks, as
we experimentally demonstrate in SI Appendix.

Generalized Formula for Diagonal Peak Removal. There exist other
polarization conditions which are both compatible with a pulse
shaper and remove diagonal peaks. To find them, we evaluate

40f10 | PNAS
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the orientational correlation function for the iiii pathway using
the formalism developed by Hochstrasser, keeping the angle
for the first two fields the same (4):

) 5)

((ia£1) (o E1) (110

cos (623) T/ 4 1 -1\ [cos Oup) OS (0,5
=30 cos(612) cos(613) -1 4 —1 || cos(6) cos(Ops
cos(6y13) cos(612) -1-1 4 08 (05) cos (0,

[2]

In Eq. 2, u, is the molecular transition dipole vector for dipole
a and 1, 2, and 3 index the pump, probe, and local oscillator
(LO) fields, respectively. SI Appendix, Fig. S24 shows the orien-
tational function of the diagonal peak for <0°,0°,0,,05> with
Bup = 90°. SI Appendix, Fig. S2 B and C plot the orientational
correlation function for the cross-peaks. Black lines in S/
Appendix, Fig. S2 are drawn for polarizations in which diagonal
peaks are removed, of which there are many. The cross-peaks
also depend on the choice of angles. When calculating a spec-
trum on a linear scale, <0°,0°,+60°,—60°> and <0°,0°, +120°,
+60°> provide the largest cross-peak intensities.
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Fig. 3. Removal of diagonal peaks from a spectrum of a human eye lens cross section. (A) Two-dimensional IR spectrum the amide | vibration measured
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Signal-to-Noise Enhancement from an Attenuated Local Oscillator.
Two-dimensional and TA spectroscopy are heterodyne-detected,
meaning that the interference term between E; and E.; is mea-
sured. Thus, data are calculated as a differential optical density:

_AOD=log pump on ~log E§+E§mit42-2E3Eemit EZEemit.
pump off E? E;

[3]

It is evident from Eq. 3 that reducing the intensity of the probe
on the detector without reducing the intensity of the emitted
field would enhance the measured AOD, a fact that has been
utilized in a number of scenarios (19, 20, 45, 52, 53).

After the sample, E; passes through the same polarizer as
Ecmit, Which projects E; onto E.,;;. E5 does not have the same
polarization as E.n;; for angles that remove diagonal peaks. As
a result, E; will be attenuated and the AOD will be enhanced.
To calculate the expected enhancement, we note that Ej is
attenuated according to Eq. 4:

E5 « cos (93 — 92). [4]
Inserting Eqs. 2 and 4 into Eq. 3, we obtain the enhanced

AOD:
((fig-E1)(y-Er) (i, E2) (s -E3))
—AOD « < )< 108(9)3(_ 92) 2)< 3> .

For <0°,0°,+60°,—60°>, Eq. 5 gives a 2x enhancement of sig-
nal. SI Appendix, Fig. S3 contains plots of the enhancement as
a function of 0, and 05. It happens that LO attenuation enhan-
ces cross-peaks to a common value for all polarizations that
remove diagonal peaks. Therefore, in the limit of no noise, all
angles that remove diagonal peaks should perform equally well.
In practice, one needs sufficient E; intensity to be measured on
the detector. Experimental evidence for the 2x enhancement is
provided in SI Appendix (SI Appendix, Figs. S6 and S7).

[5]

Effect of Rotational Diffusion on Diagonal Peak Removal. The the-
oretical description above only applies to t, = 0 because the ori-
entational functions depend on the pump-probe delay (54). The
orientational correlation functions under 3D isotropic conditions
for the iiii pathways including rotational diffusion during the
pump-probe delay are shown in Eq. 6a-d (4, 5):
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(XXXX) = ¢ [4e P 1.5] [6a]
(X:XYiY;) = % [5 — 2¢7P"] [6b]
(KYXY:) = g [6¢]
XYY = go . [6d]

In Eq. 6, D is the rotational diffusion constant. Evaluating
Eq. 6 at t, = 0 yields a 3:1 ratio between XXXX and XXYY.
For t;, > 0, XXXX and XXYY no longer have a ratio of 3:1 for
the diagonal peaks. Therefore, they no longer cancel for
<0°,0°, +60°,—60°>. As a result, if the polarizations are held at
<0°,0°,+60°,—60°> and the pump-probe delay is increased, the
diagonal peaks reappear in the spectrum.

In general, diagonal peaks will be removed when the follow-
ing condition is satisfied:

a(XXXX:) = —(b(XXYY5) + c(XYiXiYs) +d(XYiYiX;)).
[7]

In Eq. 7, a, b, ¢, and d are the projection of XXXX, XXYY,
XYXY, and XYYX onto 65 for the polarization scheme
<91’91162763>:

a = cos 26, cos B, cosb; [8a]
b = cos?6; sin6, sinb; [8b]
¢ = cos B sinf; cosd, sinbs [8c]
d = cos 0 sin @, sin 6, cos O;. [8d]

Inserting Eqs. 6 and 8 into Eq. 7, setting 6; = 0, constraining 63
such that 6; = —0,, and solving for 6, yields

1 [4e=®P 4+ 5
62 = tan 1 < m) . [9]

Thus, the polarizations of E; and E.,;; can be tuned as a func-
tion of t, and D to satisfy Eq. 7 and remove the diagonal peaks.
Just as there are many ways to remove diagonal peaks at t, = 0,
Eq. 9 is just one of many conditions in which rotational effects
can be compensated for t, > 0. For example, Eq. 7 can be
solved for 63 as a function of t,, D and a fixed 0,. The only
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Fig. 4. Waiting time dynamics of <0°0°+60°—60°>. Diagonal peak
(blue), off-diagonal cross-peak (red), and on-diagonal cross-peak (yellow)
intensities calculated from the orientational correlation functions in Eq. 7.
(A) Relative peak intensities for <0°,0°,+60°,—60°>. (B) Relative peak inten-
sities for <0°,0°,0,(t5), —0,(t2)>.

unknown is the rotational diffusion coefficient, which can be
obtained from an anisotropy measurement.

Fig. 4 A and B simulates the cross-peak intensity as a func-
tion of t, for <0°,0°,4+60°,—60°> and <00,00,+62(t2),—62(t2)>,
respectively, where 0,(t,) is the polarization angle given by Eq.
9. The diffusion coefficient in this simulation was 0.035 ps™ .
Simulations details are included in SI Appendix. Fig. 44 shows
that diagonal peaks reappear with pump-probe delay for
<0°,0°,+60°,—60°>, ultimately reaching an offset. On the other
hand, <0°,0°,+0,(t;),—0,(t)> eliminates diagonal peaks at all
waiting times, when 0,(t;) is adjusted for each delay. Fits of
cross-peak intensities in Fig. 4B indicate that they decay with
the rotational anisotropy (i.e., with a rate of 6D). Likewise,
diagonal peaks in Fig. 44 reappear with rate of 6D. Thus,
<0°,0°,4+065(t2),—02(t2)> removes diagonal peaks and preserves
cross-peaks prior to anisotropy decay. We refer to orientational
relaxation and anisotropy decay interchangeably. Mechanical
rotations, which are one mechanism of orientational relaxation,
are referred to as rotational diffusion.

We note that the simulated peak intensities are opposite in
sign compared to experimental data in Fig. 1. This sign flip is
due to the projection of the probe onto —60° by the polarizer
after the sample (SI Appendix). In this simulation, the relative
oscillator angle was set to 90°. Reappearance of cross-peaks at
<0°,0°,4+60°,—60°> and decay of signal at <0°,0°+6,(t,),
—0,(t2)> occurs with a rate of 6D regardless of the relative
angle. The intensity and sign of the cross-peaks depends on the
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relative angles. Simulations for other relative angles are shown
in SI Appendix, Fig. S4.

Discussion and Additional Data

Experiments and theory presented above illustrate the utility of
this polarized pulse sequence in 2D and TA spectroscopy. We
now discuss some of the more nuanced aspects of these experi-
ments. For background reading on the topics below, please see
Chapter 4 of Hamm and Zanni (5).

On-Diagonal Cross-Peaks and Rephasing/Nonrephasing Spectra.
Most discussion of cross-peaks to this point has focused on the
off-diagonal cross-peaks. Some Feynman pathways lead to
cross-peaks that appear along the diagonal, shown in Fig. 54
(5, 53). The first and last dipole interactions are with i, so they
spectrally overlap the iii diagonal peaks, but since the fields
interact with both transition dipoles i and j, they are cross-
peaks. If i is not parallel with j, they will appear in the <0°,
0°,460°,—60°> spectra. The pathways are nonrephasing and
therefore have antidiagonal lineshapes. In the impulsive limit at
t, = 0, they should be roughly one-third the intensity of the off-
diagonal cross-peaks and opposite in sign in the absorptive
spectrum. Due to vibrational dynamics occurring during finite
pulse widths, the actual intensity ratio may vary by system. This
ratio holds for all 6,5 angles. In this spectrum, they appear
weaker because of their twisted nonrephasing lineshapes. The
TA spectrum for <0°,0°,4-0,(t,),—0,(t;)> will often contain con-
tributions from both the off-diagonal and weaker on-diagonal
cross-peaks. There are also cross-peaks created by forbidden
pathways, which we do not discuss here (5).

It is possible to generate 2D spectra that do not have any
cross-peaks on the diagonal by measuring or calculating the
rephasing spectra. All of the spectra shown above are absorp-
tive spectra, meaning that they are a sum of the rephasing and
nonrephasing pathways (55). One can separately measure the
rephasing and nonrephasing spectra or calculate the respective
rephasing and nonrephasing spectra from an absorptive spec-
trum using a finite frequency Kramers—Kronig inversion (19).
Shown in Fig. 5 B and C are the rephasing and nonrephasing
spectra extracted computationally from the absorptive spectrum
of Fig. 1C. In the rephasing spectrum, there are no on-diagonal
cross-peaks. The on-diagonal cross-peaks only appear in the
nonrephasing spectrum because they are only generated from
nonrephasing Feynman pathways. While absorptive spectra are
desirable because of their narrow linewidths and lack of phase
twist, there are situations when it may be advantageous to mea-
sure or calculate the rephasing and nonrephasing spectra sepa-
rately to better resolve the cross-peaks (27).

Experimental Validation That Diagonal Peaks Reappear with the
Rotational Relaxation Time. We show in this section that the
diagonal features reappear when measuring in <0°,0°,+60°,
—60°> due to anisotropy decay, such as that caused by rota-
tional diffusion or energy transfer to nonparallel modes. In Fig.
64 we compare the intensity of the overtone diagonal peak at
(2,002, 1,986) cm~! measured in <0°,0°,+60°,—60°> to the
anisotropy decay. Regardless of polarization, peaks still decay
due to population relaxation. Thus, to normalize for population
relaxation, the kinetic trace of the diagonal peak measured in
<0°,0°,+60°,—60°> was divided by a kinetic trace of the same
peak measured at magic angle. This trace is shown in Fig. 64.
Monoexponential fits reveal that diagonal peaks reappear with
a 0.0236 + 0.0007 ps~' rate. Fits to the anisotropy decay yields
a diffusion coefficient of 0.0231 + 0.0015 ps~' (Fig. 64). These
rates are within uncertainty of each other, confirming that ori-
entational relaxation is responsible for the appearance of diago-
nal peaks in the <0°,0°,4+60°,—60°> polarization.
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Fig. 5. Isolation of rephasing an nonrephasing spectra. (A) Feynman dia-
grams for the fundamental and overtone on-diagonal cross-peaks. (B)
Rephasing part of the spectrum collected in <0°,0°,+60°,—60°> at t, = 0
that is shown in Fig. 1C. (C) Nonrephasing part of the spectrum collected
in <0°,0°,+60°,—60°> at t, = 0 that is shown in Fig. 1C.

In addition to rotations, energy transfer can cause the
appearance of diagonal peaks if energy transfer occurs to non-
parallel, degenerate modes. Consider the situation in which the
two pump fields excite population in the mode i, which then
undergoes population transfer to a degenerate mode j. If i and
j are not parallel, then this peak will appear on the diagonal
and appear in <0°,0°,+60°,—60°> spectra. As a result, energy
transfer can manifest in the data as orientational relaxation.
Energy transfer among degenerate modes commonly occurs in
liquids and the excited-state dynamics of conjugated polymers
(56, 57). In general, nondegenerate energy transfer gives rise to
peaks on the diagonal. If nondegenerate energy transfer is not
accompanied by orientational relaxation, then these peaks are
removed by <0°,0°,+60°,—60°> because they are iiii pathways.

It does not matter whether orientational relaxation is
caused by mechanical motions or energy transfer; one can still
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eliminate the diagonal peaks for monoexponential decay by cal-
culating the required angle using Eq. 9 and orientational diffu-
sion constant. The orientational diffusion constant can be
determined, for example, by measuring the anisotropy. The
case of multiexponential anisotropy decay is discussed in
Untested Ideas for Future Directions.

Methods to Obtain the Rotational Diffusion Constant, D, Needed to
Remove Diagonal Peaks. The orientational diffusion constant is
often determined by measuring the anisotropy decay, calculated
by a ratio of signals measured in XXXX and XXYY. That
method can be used here. An alternative method that we
employed to determine the angles used in Fig. 2 was to set a
nonzero pump-probe delay (e.g., t; = 6 ps) and then scan
angles 0, and 05 (6, = —63) until the diagonal peaks are
removed. Eq. 9 can then be used to back-calculate D. For other
time delays, D is then reinserted into Eq. 9 to obtain 0,(t;).
When using broadband pulses, both diagonal and
on-diagonal cross-peaks contribute to the spectrum for both 2D
and TA spectra. Therefore, in the approach we used for Fig. 2,
zero intensity occurs when the diagonal peaks destructively
interfere with the on-diagonal cross-peaks in the 2D spectrum.
For IDC, the on-diagonal cross-peaks are 43 times smaller than
the diagonal peaks at t, = 0. Thus, diagonal peak reduction is
set at 43 times. The reduction would be worse if broadband TA
spectroscopy were used to obtain D, because the diagonal sig-
nal would interfere with both the on-diagonal and off-diagonal
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Fig. 6. Analysis of diagonal peak reappearance and calculation of com-
pensation angles. (A) Red: trace of diagonal overtone peak at (2,002,
1,986) cm~" measured in <0°,0°,+60°,—60°> divided by a trace of the same
peak measured at the magic angle. Black: anisotropy decay of the diago-
nal overtone peak at (2,002, 1,986) cm ' obtained from the 2D IR spectra.
Uncertainties are within 95% confidence. (B) The angle required to
remove diagonal peaks a later waiting times calculated using Eq. 12 (blue)
and Eq. 9 (red).
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cross-peaks. If better accuracy is required, one can perform this
method with a narrowband pump. If diagonal peaks are
resolved, then the narrowband pump eliminates all of the
cross-peaks. Switching between narrowband and broadband
pump pulses is straightforward with a pulse shaper.

Untested Ideas for Future Directions. In this section we present a
collection of ideas that have not been experimentally tested but
could enhance the utility of the technique.

Eq. 9 is only true for systems where the transition dipole
undergoes monoexponential rotational diffusion. It does not
calculate the correct angle for multiexponential diffusion pro-
cesses or nondiffusive orientational dynamics, such as angular
hydrogen bond jumps (58). Ideally, 0,(t;) could be determined
from the raw data without assuming an orientational relaxation
model. Here we propose a method to determine 6,(t,) without
assuming a model and compare it to 6,(t,) calculated using Eq.
9 and the experimentally obtained D.

Eq. 9 can be rewritten without assuming a relaxation model:

0, = tan~! <

Eq. 10 shows that 6,(t) can be calculated if the ratio between
the orientational correlation function for XXXX and XXYY is
known for all pump-probe delays. Assuming rotational and
vibrational motions are uncoupled, the excited state dynamics
can be represented as the product of orientational and popula-
tion kinetics. The population kinetics are unaffected by polari-
zation. Thus, the ratio between diagonal peak signal collected
in XXXX and XXYY should depend only on rotations because
population dynamics cancel:

Sxxxx () (XiXXiXi)[Le ™

X — =
(XXYY) e ™
In Eq. 11, Sxxxx and Sxxyy represent the diagonal peak signal
from XXXX and XXYY polarizations. z; is the time constant
for different population relaxation processes. Inserting Eq. 11
into Eq. 10 gives you 0,(t,) as a function of experimental data:

SxxXX; (f2)>

Sxixvy; (2)

(XXiX.X;)
<xxnn0' Hol

(XiXiXiX;)
(XiX;Y)Y:)

11
Sxxvy, (t) i

01(t) = tan~? ( [12]

The kinetics of the diagonal peak in XXXX and XXYY can be
obtained directly from a 2D experiment or a narrowband TA
experiment. Fig. 6B compares the 0,(t;) calculated using Eq. 9
(red) and 0,(t;) calculated using Eq. 12 (blue). The blue and
red curves in Fig. 6B are calculated from the same diagonal
peak at (2,002, 1,986) cm™'. The two curves differ slightly
because the red curve is obtained from a model and the blue
curve is obtained directly from data. 0,(t;) calculated using
Egs. 9 and 12 are in qualitative agreement, verifying that this
method performs well for IDC in this study. Note that, as
expected, 6,(t) starts near 60° at t, = 0 and asymptotically
approaches 45° with increasing pump-probe delay.

This analysis verifies that model independent method pro-
posed above works for the case of monoexponential orienta-
tional relaxation dynamics. We posit that it will also calculate
the correct compensation angles for multiexponential and non-
diffusive relaxation dynamics as well. This method could work
well where one ensemble of oscillators undergoes anisotropy
decay on multiple timescales. An example of this phenomenon
is the multiexponential rotational dynamics predicted by the
wobbling-in-a-cone model (59).

The case in which there are multiple ensembles with differ-
ent orientational relaxation dynamics is more complicated.
Multiple ensembles could result in two or more diagonal peaks,
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each with its own anisotropy decays. If the ensembles have the
same frequency or overlapping spectra, then there would be a
single diagonal peak with multiple anisotropy decay timescales.
This situation could be caused by two different molecules in
solution, or two functional groups with uncorrelated rotations.

In the case of spectrally resolved peaks with different orien-
tational dynamics, only one peak can be eliminated at a time,
and each peak will require a different 0,(t,). If diagonal peaks
from multiple ensembles spectrally overlap, then the compensa-
tion angle can be set to destructively interfere the signals using
Eq. 12. If the overlapping spectra have the same off-diagonal
anharmonicities, then both the fundamental and overtone
peaks would interfere. Otherwise, only the fundamental will be
eliminated. It might be interesting to see if <0°,0°,4+0,(t,),
—0,(t2)> could be varied to deconvolute overlapping spectra.
The simplest case would be if the orientational dynamics of
each peak are known a priori, then the angles 0,(t;) could be
set to preferentially eliminate one peak over the other, decon-
voluting the overlapping spectra.

Spectral inhomogeneity and spectral diffusion would also
influence the spectra. An inhomogeneous distribution is analo-
gous to multiple ensembles distributed along the linewidth of
the absorption spectrum. If a single angle does not remove a
diagonal peak in its entirety, then there must be multiple rota-
tional diffusion times along the diagonal, such as has been
observed in the OH stretch of water (60). Spectral diffusion
will appear as an increase in the antidiagonal linewidth if it
changes the transition dipole direction. If spectral diffusion
does not accompany rotational diffusion or energy transfer to
nonparallel modes, then it will not be observed for <0°,0°,
+0,(t3),—61(t2)>. Thus, this polarization scheme might be use-
ful for observing spectral diffusion dynamics that are correlated
orientational decay, such as angular hydrogen bond jumps (58).

Demonstrations here have focused on 3D isotropic condi-
tions. This method should also work for 2D isotropic conditions
as well. The orientational correlation functions including rota-
tions under 2D isotropic conditions have been reported before
(37). By repeating derivations in Theory using the equations in
ref. 37, the compensation angles for 2D isotropic conditions
can be derived.

Finally, we note that as one increases <0°,0°,4+0,—6> from
45° to 90° the diagonal peaks change sign, but the cross-peaks
do not (when calculating AOD). In 2D spectroscopy, instead of
completely eliminating the diagonal peaks that fact might be
used to destructively interfere a residual portion of the diagonal
peaks with the on-diagonal cross-peaks, thereby further reduc-
ing features along the diagonal. In TA spectroscopy, one might
destructively interfere cross-peak features with the bleach,
effectively generating a difference spectrum.

Conclusions

We identify and demonstrate an overlooked polarization
scheme that expands the capabilities of pump-probe geometry
spectroscopies, like pulse-shaping 2D and TA spectroscopies.
By adding two polarizers to a TA or 2D spectrometer, one can
eliminate diagonal peaks and expose cross-peaks created by
couplings. For 2D spectroscopy, weak cross-peaks near the
diagonal can be observed. For TA spectroscopy, cross-peaks
that directly report on coupling can now be measured. Previ-
ously, cross-peak measurements were the domain of 2D spec-
troscopy. Now with <0°,0°,+60°,—60°>, TA spectroscopy can
provide much of the same information as 2D spectroscopy.
Using <0°,0°,+60°,—60°>, diagonal peaks reappear at later
pump-probe delays, caused exclusively by orientational relaxa-
tion. Diagonal peaks can be eliminated at later delays by adjust-
ing the polarization as a function of pump-probe delay, i.e.,
<0°,0°,40,(t5),—0,(t2)>. The compensation angle, 0,(t,), can be
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calculated from the rotational diffusion coefficient. Alterna-
tively, the orientational dynamics can be studied by measuring
the reappearance of peaks.

We also suggested a number of aspirational ideas that are
not tested but may prove useful once they are developed, such
as using <0°,0°,40,(t,),—06,(t,)> to probe orientational relaxa-
tion, deconvolute spectra, and identify complex rotational
motions. Although our demonstrations were performed in the
mid-IR, the technique applies to all third-order spectroscopies
studying 3D isotropic systems. We intend to apply the tech-
nique to kinetically evolving processes like amyloid aggregation
and anticipate useful applications in biological light-harvesting
proteins and photovoltaic materials, among other applications.

Materials and Methods

Our 2D IR spectrometer is very similar to a traditional TA spectrometer, with the
addition of a pulse shaper in the pump beam (61). The 1,032-nm, 150-pJ, and
270-fs output of a 100-kHz Yb:KGW regenerative amplifier (Pharos; Light Con-
version) was directed into a two-stage, home-built optical parametric amplifier
and difference frequency generation stage, both of which have been described
in detail elsewhere (42). The home-built setup generated 0.4-pJ pulses at
4.9 um. The mid-IR beam was split along a pump and probe path using a 90:10
CaF, beam splitter. The probe was directed into a motorized delay stage to con-
trol the waiting time between the probe and pump pulses. The pump beam is
directed into a horizontal mid-IR pulse shaper based on a germanium acousto-
optic modulator (AOM), similar to that used by Phasetech Spectroscopy, Inc.
The t; delay was measured out to a final delay of 4 ps. For most measurements,
a 6-ps mask was used, filling roughly half the aperture of the AOM. Bandwidth
loss due to angular dispersion in the shaper was mitigated using active Bragg
angle compensation (62). Final pump bandwidth at full width at half maximum
was 100 cm ™. The probe bandwidth was 115cm™".

The pump pulse pair (E1 and E) and the probe pulse (E3) are focused using
90° off-axis parabolic mirrors. After overlap at the sample, the probe and
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