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ABSTRACT: Surfaces and interfaces are ubiquitous in nature. From cell Surface Selective Spectrum

membranes, to photovoltaic thin films, surfaces have important function in both = @
biological and materials systems. Spectroscopic techniques have been developed to
probe systems like these, such as sum frequency generation (SFG) spectroscopies.
The advantage of SFG spectroscopy, a second-order spectroscopy, is that it can
distinguish between signals produced from molecules in the bulk versus on the
surface. We propose a polarization scheme for third-order spectroscopy
experiments, such as pump—probe and 2D spectroscopy, to select for surface
signals and not bulk signals. This proposed polarization condition uses one pulse
perpendicular compared to the other three to isolate cross-peaks arising from
molecules with polar and uniaxial (i.e., biaxial) order at a surface, while removing
the signal from bulk isotropic molecules. In this work, we focus on two of these
cases: XXXY and YYYX, which differ by the sign of the cross-peak they create. We compare this technique to SFG spectroscopy and
vibrational circular dichroism to provide insight to the behavior of the cross-peak signal. We propose that these singularly cross-
polarized schemes provide odd-ordered spectroscopies the surface-specificity typically associated with even-ordered techniques.

® &

B INTRODUCTION surface-sensitive, as it only requires the technique to have
adequate sensitivity to measure the small number of molecules
present in a surface system, such as a monolayer of chemisorbed
molecules.'”*'™>* Some examples of surface-sensitive 2D
spectroscopic techniques in the infrared is the work of Fayer
and Hamm. Fayer has shown that 2D IR spectroscopy has the
sensitivity to measure a single monolayer when the local
oscillator intensity is reduced at an interface.”**** Hamm has
taken a different approach and used an attenuated total
reflection (ATR) geometry in combination with localized
surface plasmons of metallic nanoparticle-coated surfaces to

Molecules on a surfaces or at interfaces are known to align in
some amount of order, which is important for many branches of
chemistry. Ordering can occur in one-direction (uniaxial) or
two-directions (biaxial). Examples of these types of ordered
systems are depicted in Figure 1B. At the top of the figure are
two examples of biaxial systems, an a-helical peptide in a lipid
bilayerl’2 and a small molecule, a-pinene, on a silica surface.’
Both of these systems have a specified tilt () and twist angle ()
relative to the surface, making them biaxial systems. A system
that might be expected to be largely uniaxial is water at an air
interface (Figure 1B, bottom).”” Here, there is a defined tilt
angle (6), but the molecules might sample all twist angles (). In
this work, we focus on surface systems with biaxial order or

nonuniform uniaxial order. Other systems that contain biaxial ) . .

order include membrane proteins within lipid bilavers.®” self. interface and not the signals from molecules present in the bulk,

assembled monolayers 8—1% polymer films 1P_14 @ tZI yti,c mole such as at an interface of two bulk materials.”*°~>* Normally, the
) ) -

cules tethered to a surface. !¢ and some liquid crvstals.”'® technical distinction between surface-sensitive and surface-specific

’ d rystas. nonlinear techniques is the order of the susceptibility measured.
These systems have reduced symmetry at a macroscopic level . .
due to the molecular alignment that can alter chemical and For example, sum frequency generation (SFG) spectroscopy is

material properties of the system.
In general, molecules at surfaces and interfaces are difficult to Received: December 20, 2019

study because they are few in number and are usually Revised:  March 27, 2020

overwhelmed by signal from the bulk. However, there are linear Published: April 7, 2020

and nonlinear spectroscopies well suited to the task."”*® These

nonlinear techniques can be divided into two categories: surface-

sensitive and surface-specific. In general, any technique can be

provide enhancement of the signal of molecules near the
surface.”*™*’
Surface-specific techniques, on the other hand, are only able to

detect signals that are produced by molecules at a surface or
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Figure 1. (A) Schematic of the orientation of two coupled oscillators, a and b, depicted as red arrows in XYZ space. ¢ is the XY plane, 8 is in the ZX
plane, and yis twist angle of the oscillators. Z is the direction light is propagating. (B) Examples of surface systems that have biaxial symmetry (top) and

an example that does not have biaxial symmetry (bottom).

an even-ordered spectroscopy that measures the second-order
susceptibility and is inherently sensitive to surfaces.’”*° In
general, even-ordered susceptibilities of a centrosymmetric
media, like a bulk solution, average to zero in the dipole
approximation.”” However, if the symmetry of the system is
broken, like at an interface, then the even-ordered susceptibil-
ities become significant. Because of this dependence on the
symmetry of the system, even-ordered spectroscopies only
measure signals from interfacial molecules, without any
interference of bulk signals, making these techniques surface-
specific.’® Typically, odd-ordered spectroscopies cannot make
this same type of distinction as the susceptibilities from both the
bulk system and the surface system will be relevant regardless of
the centrosymmetry of the system.

At the microscopic level, a reduction of symmetry can occur
when an individual component of a system has a specified
direction, such as when a molecule has a chiral center. Being able
to distinguish between enantiomers requires measuring
signatures that are intrinsic to a specific chirality. Circular
dichroism is able to accomplish this distinction. Vibrational
circular dichroism (VCD) measures the optical activity related
to how chiral molecules interact with left versus right circularly
polarized infrared light to produce a differential absorption
spectra (left-circularly polarized minus right-circularly polarized
light).*”~*' Thus, one enantiomer (R-) will produce absorption
features with an opposite sign of that of the complementary
enantiomer (S-). A racemic mixture of molecules will not
produce a VCD signal, as the absorption of the two enantiomers
will cancel out. Because of this dependence on the molecular
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structure, VCD has been used to obtain structural information
on chemical and biological systems.

In the work presented here, we propose that surface-specific
information can be obtained from an odd-order (in this case,
third-order) experiment for a biaxial surface, meaning that the
system has both uniaxial order over the twist (i) angle and polar
order over the tilt angle (6). The key is to set one of the pulses
perpendicular to the other three in the four-wave mixing process.
The same trick can be applied to other third-order techniques,
like pump—probe spectroscopy. This polarization condition
selects for third-order cross-peaks pathways from molecules at
the surface, while the third-order pathways from molecules in
the bulk are zero, effectively extending odd-ordered spectros-
copies into a surface-specific domain. This work is similar to the
chirality-induced 2D, a two-dimensional analogue of VCD,
spectroscopy proposed by Mukamel and colleagues employing
the same polarization scheme.*”** The difference is that our
work is completely dipole allowed and does not require the
molecule to be inherently chiral. The only requirements are (1)
that there is macroscopic uniaxial and polar order at the surface
and (2) that the molecule or molecules of interest have coupled
and nonparallel transition dipoles. A similar approach has been
proposed to measure surface-specific signals in nonlinear Raman
and linear fluorescence spectroscopic measurements.**** In this
manuscript, we provide the mathematical background and
simulated 2D spectra to describe this singularly cross-polarized
technique. We also compare our work with SEG spectroscopy
and VCD to elaborate on the similarities and differences with
our proposed technique.

https://dx.doi.org/10.1021/acs.jpca.9b11791
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B COMPUTATIONAL DETAILS

Two-dimensional third-order spectroscopies can be thought of
as frequency resolved pump—probe techniques that disperse the
frequencies of the pump along one axis and the probe along the
other.*™* This creates a two-dimensional energy correlation
map that provides information about the orientation and energy
transfer of these states. For example, consider a simple small
molecule that has two coupled states that absorb at different
frequencies. This system results in three major characteristics of
the spectrum: diagonal peaks, cross-peaks, and the line shape of
these peaks. In this work, we focus on the first two
characteristics. The diagonal peaks arise from one state, while
the cross-peaks are observed when two states are coupled
together. This coupling can be either electronic or mechanical in
nature.””

We are interested in the third-order signals that create these
2D spectrum of both bulk and surface systems. The main
difference between these two cases is the macroscopic
orientation of the systems, that is, the orientation of an ensemble
of molecules. For the bulk system, we consider two coupled
oscillators that are dispersed in an isotropic ensemble. For the
surface system, we consider two coupled oscillators that are
aligned normal to the surface at a specific angle (6) and have a
specified twist angle () (Figure 1A).

The orientation of each of these systems is mapped onto the
third-order signal and can be described generally by a four-point
correlation function as follows: **~*>

o (i, B) G By B G, B) 0
In eq 1, S is the third-order signal that is proportional to the
expectation value (represented by the brackets {..)) of the
dipole operator for one particular Feynman pathway. The light-
matter interactions for one such pathway is described by the dot
product between four arbitrary transition dipole vectors (s, i,
Hp Hey) and electric field vectors (E, E, Ey, E,). This function
holds under the semi-impulsive limit and the dipole approx-
imation. This equation can further be separated into the
magnitude and the direction of these vectors. By ignoring the
magnitude of these vectors, the orientational four-point
correlation function is described by eq 2 where we now

represent these unit vectors with a hat ).

o (£ £y )G ) o
Equation 2 describes four arbitrary transition dipole directions
interacting with four arbitrarily polarized pulses. With this
equation, we can calculate the third-order signal in the X, Y, and
Z directions by evaluating eq 2. We can do this for the many
Feynman pathways that describe the possible light-matter
interactions for both bulk and surface systems. We choose to
only evaluate the four-point correlation function for eight
2D spectra. In general, Feynman pathways describe the time
ordering of interactions between an oscillator (i or j in this case)
with an electric field. A double-sided Feynman diagram, as in
Figure 2, allows for visualization of how the dipole operator
operates. Arrows pointing to the left operate on the bra side,
while arrows pointing to the right operate on the ket side. Figure
2 depicts the rephasing and nonrephasing pathways that
contribute to the diagonal peaks and cross-peaks in 2D spectra.

To evaluate eq 2, four steps are required. First, the defined
dipoles (a and b in Figure 1A), are rotated into the lab frame.
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Figure 2. Double-sided Feynman diagrams for arbitrary oscillators i and
j for both rephasing and nonrephasing pathways that describe the
diagonal and cross-peaks in third-order spectroscopy. The diagonal
peaks are shown as interactions only with i and can be represented as iiii.
The cross-peaks have interactions with both i and j and can be

Then, the third-order susceptibility () is calculated by
considering the projection of the lab frame dipoles in three-
dimensional space. Next, the third-order polarization (P®®) is
calculated by convoluting the calculated susceptibility with
polarized electric fields. Lastly, the projection of the third-order
polarization in the direction of detection is calculated.****>*

For the first step in this calculation, we begin by rotating the
defined dipoles into the lab frame. To do so, one may use
spherical harmonics> or a tensor method.” We have chosen to
use Euler an§les to calculate the dependence of the signal on
orientation.”” With this method we first take our two oscillators
defined in the molecular frame and rotate them into the lab
frame via a Euler rotation matrix. The projection of these lab
frame dipoles is then calculated in the X, Y, and Z directions.

Next, the third-order susceptibility is calculated by consider-
ing the macroscopic orientation of the system of interest. For the
bulk system, the molecules are isotropic; therefore to obtain a
macroscopic orientation of the sample, all possible config-
urations in three-dimensional space must be considered. Thus,
the third-order susceptibility is integrated over all space that is
defined in spherical coordinates by the three angles: ¢, 8, and y.
These angles are evaluated from 0 to 27, 0 to 7, and 0 to 27,
respectively. For the surface system, the surface limits the
possible orientations of the molecule, introducing anisotropy
and reducing the symmetry of the system. Figure 1A defines the
surface system where there are two coupled oscillators, a and b,
in the XZ plane (the surface is shown in the XY plane). The angle
0., separates the two dipoles. In the cases discussed, 8, is set to
30°. Other values for 6, have also been evaluated (results shown
in Figures S1—S4). In the case where molecules at the surface are
highly ordered, the tilt angle (6), and the twist angle (i) are set,
creating a system with polar and uniaxial order. In other words,
the system is biaxial, leading to ensemble differences only in the
¢ dimension. Thus, for the surface system, the evaluation of the
third-order susceptibility need only be evaluated over ¢. In
general, systems that satisfy this type of symmetry are self-
assembled monolayers, thin-films, lipid bilayers, and surface
oriented membrane proteins monolayers.' >’

We then calculate the third-order macroscopic polarization by
taking the evaluated susceptibilities and accounting for the
polarization of each pulse. The resulting macroscopic polar-
ization is summed over all possible combinations in the X, Y, and

https://dx.doi.org/10.1021/acs.jpca.9b11791
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system using two different polarization conditions: XXXX and XXXY.

Z directions. We then determine the detected signal by
calculating the projection of the signal in all possible directions
of detection. We consider two cases for detecting the signal. In
the first case, the detected signal is parallel to the incident light,
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while in the second case the detected signal is perpendicular to
the incident light. We distinguish between these polarization
conditions by referring to them as either XXXX (parallel
detection) or XXXY (perpendicular detection). We note that by

https://dx.doi.org/10.1021/acs.jpca.9b11791
J. Phys. Chem. A 2020, 124, 3471-3483
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convention, for four-wave mixing experiments, the polarization
notation above refers to the polarization of light used where the
fourth interaction is from a local oscillator. In our calculations,
we refer to the fourth interaction as the direction of the detected
signal, although the use of an external local oscillator would
result in the same conclusions. Figure 1A depicts the X and Y
directions with the Z direction normal to the surface. The final
projections of the third-order macroscopic polarization
correspond to the orientational four-point correlation function
described by eq 2.

Overall, we evaluate the detected signal for the Feynman
pathways associated with third-order spectroscopies for both
bulk and surface systems under two polarization conditions;
XXXX and XXXY. We then use those results to map how these
pathway responses influence the diagonal and cross-peak signals
in a 2D spectrum. Additional details of the procedure and
simulations are given in the Supporting Information.

B RESULTS AND DISCUSSION

In the following, we divide our Results and Discussion into four
sections (orientational four-point correlation functions, diago-
nal and cross-peak intensities, simulated 2D spectra, and
comparison to SFG spectroscopy and VCD) to investigate the
polarization scheme XXXY from the bottom up. In other words,
we begin by evaluating the four-point correlation functions for
XXXY and use that information to simulate 2D spectra. This
method provides insight into how the XXXY polarization
scheme can be used to detect signals from surface systems and
not the bulk.

Orientational Four-Point Correlation Functions. The
orientational four-point correlation function solutions for
isotropic systems have previously been published and are
rewritten here in eqs 3 and 4.**>* There is no variation in the
detected signal as a function of twist () and tilt (0) angles
(Figure S6).

2r .4 2z
Siﬂz /0 dy /0 do fo dip sin O(sin ¢ sin 0)*

1
E

3)
1 2r n 2z ) ) . )
[ aw /0 d6 fo d¢b sin O(sin b sin )

(sin ,,(—sin y cos O sin ¢p + cos ¢ cos y)

87*

+ sin @ sin ¢ cos )

1 2
" (2(cos 6,)" + 1) @
For the XXXX polarization conditions for the bulk isotropic
system, the constant value is '/ for pathways that only interact
with one oscillator (iiii and jjjj). For the other six pathways that
involve interactions with both oscillators, the constant value is
equivalent for all pathways (iijj = jjii = ijij = jiji = ijji = jiij) and
depends on the angle between the two oscillators (6,,). For the
XXXY case, the signal of the bulk system for all pathways goes to
zero (Figure S6), because the functions are odd (eqs S17—S19).
Evaluation of the orientational four-point correlation function
for the surface system leads to different functions. Because of the
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order imposed by the surface, the system is azimuthally
isotropic, and the resulting third-order susceptibility is
integrated over ¢. This leads to an orientational dependence
on the detected signal for the surface system as a function of 6
and y for all the pathways considered for both XXXX and XXXY
(Figure 3). We plot the signal of eight Feynman pathways for the
XXXX and XXXY polarization schemes for the surface system as
a function of @ = 0°=90° and y = 0°—=90°. All possible values of §
and y have been investigated and can be found in Figure SS. The
difference between the two polarization conditions for the
surface system is readily apparent. For XXXX, all eight pathways
have positive values that depend on the € and y values and the
six cross-peak pathways are equivalent (Figure 3E—G). In
XXXY, the iiii and jjjj pathways are zero, while the remaining six
cross-peak pathways provide a response as a function of @ and .
In other words, the XXXY four-point correlation functions are
even-order functions over ¢ for the cross-peak pathways. Thus,
these functions are not zero when integrating between 0 and 2.
Moreover, the cross-peak pathways are not equivalent in the
XXXY case. For the XXXY polarization configuration, iijj = —jjii,
the response has a flipped sign (is now negative) when
compared to the XXXX polarization condition. These differ-
ences in the pathway response have implications for the sign of
the signals observed in an XXXY configuration.

We note that setting any one of the pulses in the four-wave
mixing process perpendicular to the other three pulses should
produce the same results as XXXY. For the surface system, this
means that the diagonal peak pathways are zero, while the cross-
peak pathways are not, while for the bulk system, all pathways
are zero. There are eight possible polarization schemes (XXXY,
XXYX, XYXX, YXXX, YYYX, YYXY, YXYY, and XYYY) that are
all able to detect surface signals. However, while the schemes are
equivalent for the iiii and jjjj pathways, the schemes are not
completely equivalent for the off-diagonal cross-peak total
functions. For the surface system, we outline these differences by
calculating the total four-point correlation function for an off-
diagonal cross-peak (the i-j cross-peak) for two of these eight
possible schemes: XXXY and XXYX.

The pathways that make up the i—j off-diagonal cross-peak are
the rephasing ijij, rephasing iijj, and nonrephasing iijj pathways.
In the argument that follows we assume that all pathways
contribute equally. If the contributions of the pathways were
unequal, the intensity of the peaks in the spectra would be
modulated. In the XXXY polarization configuration, the ijij and
iijj pathways are equivalent. For these pathways, there are two
interactions with oscillator i in the X direction, one interaction
with j in the X direction, and one interaction with j in the ¥
direction. Equation S evaluates the orientational four-point
correlation function for the surface with a XXXY polarization
scheme for both the ijij and iijj pathways.

((ﬁ, Ex) (ﬁ} EX)(ﬂ, EX)(ﬁ, EY))

= <(ﬁ, EX)(ﬁ, Ex) (ﬁ] Ex) (/2] EY))
1

n
+ cos ¢ cos ) + sin 0 sin ¢ cos 6,,)

2n
f dep(sin ¢ sin 0)*(sin 0,,(—sin y cos 0 sin ¢
0

(sin 6,,(—sin y cos O cos ¢ — sin ¢h cos y) + sin O sin ¢ cos 6,,)

in 0. (sin 0)?
—w(cosﬂﬂl7 sin @ — cos @ sin y sin §;)

4 ()
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On the other hand, when we consider the ijij and iijj pathways in
XXYX, the pathways are not equivalent. In the case of iijj, there
are two interactions with oscillator i in the X direction, one
interaction with oscillator j in the X direction, and one
interaction with oscillator j in the Y direction. For ijij, there
are instead two interactions with oscillator j in the X direction,
one interaction with oscillator i in the X direction, and one
interaction with oscillator i in the Y direction. These lead to two
different four-point correlation functions for the ijij and iijj
pathways in the XXYX polarization scheme. These are evaluated
in eqs 6 and 7.
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These differences in the orientational four-point correlation
functions of the iijj and ijij pathways leads to a different value for
the total function that defines the off-diagonal cross-peak that
depends on the polarization used. In the case of XXXY, where
the rephasing ijij, rephasing iijj, and nonrephasing iijj are
equivalent, then the total contribution to the off-diagonal cross-
peak will just be three times that of eq S. This total function is
expressed in eq 8. For XXYX, ijij and iijj have four-point
the negative of ijij. To obtain the total, we add the function for ijij
(eq 6) to twice that of the function for iijj (eq 7) (to account for
the rephasing and nonrephasing pathways contributions),
leading to the result in eq 9 for the total off-diagonal cross-
peaks in XXYX:

XXXY.

off-diagonal cross-peak

3 cos yr sin 6, (sin 0)*

(cos @, sin 0

4
— cos 0 sin y sin 6,,) (8)
XXYX oft. diagonal cross-peak
_ _ cosy sin g,,(sin 0) (cos @, sin 0
4 a
— cos 0 sin i sin 6,,) (9)

Equation 8 and eq 9 provide the following relationship between
the polarization conditions XXXY and XXYX for the surface
system:

XXXY,

off-diagonal cross-peak

Equation 10 shows that the off-diagonal cross-peak intensity
of XXXY will be three times that of the off-diagonal cross-peak
intensity in XXYX. We can do this same analysis of the

off- diagonal cross- peak
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orientational four-point correlations functions for the other six
polarization schemes to determine the relationships between
them. Table 1 depicts these relationships. The evaluated

Table 1. Relationships between All Possible Singularly Cross-
Polarized Cross-Peak Four-Point Correlation Functions

mostly X interactions
XXXY = 3XXYX
YXXX = 3 XYXX

mostly Y interactions
YYYX = 3YYXY
XYYY = 3YXYY
overall relationships
XXXY = —YXXX = ~YYYX = XYYY
XXYX = —XYXX = ~YYXY = YXYY

orientational four-point correlation functions for the remaining
six polarization schemes can be found in the Supporting
Information (eqs S3—S16). It should be noted that while this
argument only considers the i—j cross-peak, the same
conclusions can be made when considering the j—i cross-peak.

Diagonal and Cross-Peak Intensities. The differences
between the bulk and surface systems pathways shown in Figure
S6 and Figure 3 ultimately influence the 2D spectra collected. By
considering what pathways contribute to which peaks, we can
elucidate how the diagonal and cross-peaks differ between the
bulk and surface systems. The iiii and jjjj pathways correspond to
diagonal peaks. The iijj and ijij pathways correspond to the lower
i—j cross-peak (as oscillator i is set to absorb at a lower energy),
and the jjii and jiji pathways correspond to the upper j—i cross-
peak. The nonrephasing ijji and the nonrephasing jiij pathway
contain cross-peaks that appear on the diagonal. We plot the
normalized (to the maximum value) diagonal and cross-peak
intensity dependence on € and y for both bulk and surface
systems in Figure 4. It is assumed that each pathway contributes
equally. As before, we consider the XXXX and XXXY
polarization conditions. For the bulk, we obtain the expected
result. For the XXXX polarization, there is no dependence on 6
and  angles as the macroscopic orientation is isotropic, leading
to a constant value (Figure 4A and Figure 4F). In this case, the
constant value is negative and corresponds to the ground state
bleach. For the XXXY case, the bulk response goes to zero for
both the diagonal and cross-peaks (Figure 4B and Figure 4G),
consistent with the values obtained for the bulk pathways
(Figure S6). For the surface system, the diagonal and cross-peak
responses are different between the two polarization cases. For
the XXXX case, the diagonal and cross-peak responses of the
surface have a negative response that depends on the 6 and y
values of the system, corresponding to ground state bleach
(Figure 4C and Figure 4H). However, this is not true for the
XXXY case. Here, the diagonal and cross-peak responses are
different signs (Figure 4D,E and Figure 41], boxed in gray). The
i diagonal peak intensity is solely from the nonrephasing ijji
pathway that has an on-diagonal cross-peak, and the j diagonal
peak is from the nonrephasing jiij pathway. These have opposite
signs relative to each other, just like the pathway responses in
Figure 3] and Figure 3M. The other pathways that contribute to
the diagonal peaks (iiii and jjjj) are zero as seen in Figure 3C,D.
Thus, the only signals observed from a surface detected in XXXY
result from cross-peak pathways. The sign of the upper (j—i) and
lower (i—j) off-diagonal cross-peaks are also opposite (Figure
41]) from each other. Moreover, the fact that the lower off-
diagonal cross-peak has the opposite sign between the XXXY
and XXXX configurations is a signature of the surface response.

https://dx.doi.org/10.1021/acs.jpca.9b11791
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Figure 4. Normalized diagonal and cross peak dependences on € and y angles for both bulk and surface systems for two different polarization

conditions: XXXX and XXXY.

jjii, and jiji pathways. The sign change provides clear indications
for detecting the signal only from molecules at the surface.
Simulated Two-Dimensional Spectra. We further
investigate the surface response by simulating representative
2D spectra of two coupled oscillators based on our calculations
above. In these simulations, two well-separated arbitrary
wavelengths are defined for oscillator i and oscillator j. i and j
correspond to the lower energy and higher energy transition,
respectively. This diagonalized Hamiltonian uses fixed diagonal
and off-diagonal anharmonicities by assuming that the
oscillators are close to harmonic and thus scale as p, = 2u3;.
The angle between the two dipoles (6,;) is set to 30° as in the
calculations above. Using the original dipoles defined in Figure
1, the coupling term (f3) is found between the two oscillators (eq
$26). This coupling constant is then used to determine the
mixing angle (@) between the two dipoles (eq $29). On the basis
of this mixing angle, the two dipoles are redefined (eqs S30 and
S31). The magnitude of these new vectors defines the transition
dipole strength. This transformation effectively maps the relative
orientation and the coupling of the dipoles to the intensity of the
transitions. The 2D spectra are simulated by using the
orientational response of each pathway calculated in Figure 3
and weighting them by the transition dipole strength. These
values are then plugged into the third-order rephasing and
nonrephasing response functions. Equations 11 and 12 are
representative rephasing (R{®) and nonrephasing (R{)
response functions for the diagonal peaks of one oscillator, i.

Rty 1y, 1)) o« —((A-E)(a-E)(a-B,) (A -E,))u)*

eiw,(tl—t3)—(t1+t3)/Tz

(11)
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R{(ts, by, 1) o =((, B (BB () (4Bt

e_iwi(tl+t3)_(tl+t3)/T2 (12)
In egs 11 and 12, the term in the brackets, ((aE) (0B (i
E,)(fi-E,)), is the value of the orientational four-point
correlation function that was evaluated in Figure 3; lul* is the
magnitude of the dipole to the fourth power; t; and ¢, are the
coherence times in the probe and pump dimensions,
respectively; T, is the dephasing time (set to 2 ps for these
simulations). To create the total rephasing spectra and total
nonrephasing spectra, the third-order response function for each
Feynman pathway that contributes to the diagonal peaks, the
cross-peaks, and the excited state absorptions are summed
together. Each of these third-order response functions is
provided in the Supporting Information (eq S20—S25). A
Fourier transform along both the pump and probe dimension is
performed, taking the spectra to the frequency domain. The
nonrephasing and rephasing spectra in the frequency domain are
then added together to obtain a purely absorptive spectrum. The
spectrum produced represents changes that are purely due to the
orientation of the system under investigation. Table S1 and
Table S2 contain the specific parameters for each simulated 2D
spectra.

For the surface response, we choose to investigate the signal
produced when 6 = 30° and y = 30° (other conditions have also
been calculated, see Figure S4). The bulk two-dimensional
spectra are also simulated. We also choose to investigate the
complementary polarization conditions, YYYY and YYYX, as
well. While these polarization conditions are the same for the
bulk case (as you are effectively just rotating the plane by 90°),
for the surface system, the order in which the interactions
between X and Y occur matter, similar to the difference to left vs

https://dx.doi.org/10.1021/acs.jpca.9b11791
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Figure 5. Simulated two-dimensional spectra for two coupled oscillators in both bulk and surface systems under four polarization conditions: XXXX,
YYYY, XXXY, and YYYX. The angle between the two oscillators is 8,;, = 30°. For the surface system, oscillator a is along the z axis, while b is in the XZ
plane, as shown in Figure 1. For the surface two-dimensional spectra, @ = 30°and y = 30°.

right-handed polarized light in VCD. This leads to different
responses in the 2D spectra as discussed below. The plotting
convention we choose to use is a negative ground state bleach for
the bulk isotropic system under a parallel polarization scheme.
Thus, any differences from this convention are of consequence.

In Figure S, A and B are for bulk systems. For the XXXX and
YYYY cases, each pathway has the same response (Figure S6),
resulting in the same 2D spectrum. The probe frequency is
plotted on the horizontal axis, while the pump frequency is
plotted on the vertical axis. The spectrum is unnormalized, and
the resulting intensity is purely due to the orientation of the
dipoles and the transition dipole strength. We see two diagonal
peaks, one for each oscillator, with both a negative ground state
bleach (blue) and a positive excited state absorption (red). Both
an upper (j—i) and lower (i—j) cross-peak are seen. For the bulk
system investigated with the XXXY and YYYX, once again the
pathway responses are the same (Figure S6), leading to the same
2D spectrum. However, the value of the pathways in a XXXY or
YYYX polarization configuration is zero, leading to zero signal in
the 2D spectrum, as seen by the colormap of the spectra in
Figure SB.

The 2D spectra of the surface are different in intensity and
sign from that of the bulk and are shown in Figure SC—E. Again,
the XXXX and YYYY responses are the same for the surface
system (Figure S7), and thus produce the same spectrum
(Figure SC). Two diagonal peaks with a ground state bleach and
excited state absorption are observed, as well as upper and lower
cross-peaks. In the XXXY polarization configuration of the
surface (Figure SD), the 2D spectrum is quite different than the
all parallel polarization case. Our conventional diagonal peaks
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associated with the iiii and jjjj pathways are completely gone,
consistent with the values of the pathways seen in Figure 3.
Instead, all we observe are cross-peaks. The nonrephasing on-
diagonal cross-peak from the ijji and jiij pathway appear in place
of the purely absorptive diagonal peaks. The two on-diagonal
cross-peaks are opposite in sign as predicted in Figure 4D,E. The
nonrephasing ijji pathway leads to a negative ground state bleach
for the lower on-diagonal cross-peak, while the nonrephasing jiij
pathways lead to a positive ground state bleach for the upper on-
diagonal cross-peak. Two off-diagonal cross-peaks are present in
the XXXY spectrum in both the upper and lower quadrant, just
like in the XXXX/YYYY polarization. However, in the XXXY
case, the upper and lower cross-peak are opposite in sign and
different in magnitude. The lower cross-peak has a flipped sign
as compared to the off-diagonal cross-peak in the XXXX/YYYY
case. Here, the ground state bleach of the lower off-diagonal
cross-peak is now positive (red) while the excited state
absorption is negative (blue) (Figure SD). The upper cross-
peak, however, maintains the conventional sign of the ground
state bleach and excited state absorption. Although the
magnitude is less than that of the lower off-diagonal cross-
peak. This can be explained by considering the contributions of
the jjii and jiji pathways to that cross-peak. The pathways that
contribute to the j—i off-diagonal cross-peak are the rephasing
jiji, rephasing jjii, and nonrephasing jjii pathways. As seen in
Figure 3, the jjii pathway is positive while the jiji pathway is
negative. Thus, the jiji pathways cancel with one of the jjii
pathways, leaving only one contribution from the jjii pathway.
This causes the upper diagonal cross-peak to be !/ the signal
strength of the lower diagonal cross-peak.

https://dx.doi.org/10.1021/acs.jpca.9b11791
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Furthermore, the surface spectrum is also different in the
YYYX case (Figure SE). Here, the spectrum is just the negative
of the XXXY case, as predicted by Table 1. This makes intuitive
sense when the order of the pulses is considered. In the XXXY
configuration, the first three interactions are in the X direction
and the last is in the Y direction. This rotation of light is in the
clockwise direction (relative to the axes defined in Figure 1A).
When the YYYX polarization configuration is used, this is
equivalent to rotating light in a counterclockwise direction.
Moreover, if the =Y—Y—YX polarization condition is used, the
sign of the signals follows that of the XXXY configuration as the
interactions are still performed in a clockwise matter. The —X—
X—XY polarization, follows that of the YYYX configuration by
the same argument. The pathway responses for the YYYX
polarization are plotted in Figure S7.

To further understand the origin of the flipped sign of the oft-
diagonal cross-peaks, we consider how the lower cross-peak
depends on @, Figure S3 shows the 2D spectra in the XXXX
and XXXY configurations for the same two oscillators depicted
in Figure 1, but with different values of 6,,. The lower off-
diagonal cross-peak does not always flip sign for the XXXY
configuration when compared to the XXXX case. The origin of
this difference comes in the sign of the response for the iijj and
ijij pathways. Figure 6 plots these pathway responses for a value
of @ =30° and = 30° as a function of @ ;. In both the XXXY and
YYYX polarization configuration, iijj and ijij are equivalent and
the iijj and ijij path is negative for 8,, less than 49.11°, and
positive for 0, greater than 49.11° (Figure 6A). Conversely, in
the YYYX case, when 6, is less than 49.11°, the iijj and ijij
responses are positive and become negative when 0, is greater
than 49.11° (Figure 6B). The ijji pathway follows the opposite
trend of the iijj and ijij pathways in both the XXXY and YYYX
cases. From the simulated 2D spectra in Figure S and Figure S3,
itis clear that the off-diagonal cross-peaks have the opposite sign,
relative to the all parallel detection case, when these iijj and ijij
pathways have a negative value. This flipping dependence of the
cross-peaks as a function of 6, provides insight into the
orientation of the molecule at the surface. By measuring both
XXXY and YYYX, we can obtain insight into the value of 8,
depending on in which spectrum the cross-peak has a flipped
sign relative to the parallel case. If the cross-peak sign has flipped
in the XXXY case, then 8, is less than 49.11°, while if it is flipped
in the YYYX case, then 8, is greater than 49.11°. However, it
should be noted that the 6, at which the flipped sign of the
cross-peak occurs also depends on the 6 and y values of the
surface system (Figure S8), as well as on the dipole’s original
orientation relative to the surface (Figure S9). The same analysis
can also be done with the upper cross-peak.

In the proposed singularly cross-polarized scheme, enhance-
ment techniques can be used as long as the polarization is
retained. All types of experimental geometry may be used as well
(i.e., BOXCARS, pump—probe, or ATR). While the calculations
presented in the main text assume an incident angle of all three
pulses to be normal to the surface (ie., collinear), this is
unrealistic in experimental practice. Figure S10 shows how the

diagonal and cross-peak signals change as a function of incident
angle between the pump and probe for different surface
orientations. Overall, the trends discussed above are independ-
ent of the incident angle on the sample. The diagonal peak
pathways are zero when using a singularly cross-polarized
scheme, and the sign of the cross-peak changes. However, the
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Figure 6. Cross-peak pathway dependence on 6, for € = 30° and for y

pathways are equivalent for the XXXY and YYYX functions and are
plotted in blue. The ijji and jjii pathways is plotted in red.

intensity of the signal does decrease as the incident angle
between the pump and probe increases. When considering the
intensity of the signal to quantify the orientation and structure of
a system, the polarization relative to the surface must also be
considered.

Comparison to SFG Spectroscopy and VCD. The
singularly cross-polarized technique above builds oft of previous
work by Simpson and Mukamel and demonstrates that surface-
specific information can be obtained with a third-order
spectroscopy.”>~** In this section, we compare the proposed
technique to VCD, SEG spectroscopy, chirality-induced 2D IR,
and conventional 2D spectroscopy to provide insight into the
similarities and differences between these spectroscopies. Table
2 provides a summary of these comparisons.

The first comparison made in Table 2 across the five
spectroscopies of interest is the order of the susceptibility
measured. VCD is a linear spectroscopy, while the three 2D
spectroscopies (chiral induced, conventional, singularly cross-
polarized) are nonlinear third-order experiments. SEG spec-
troscopy is a nonlinear even-order technique that measures the
second-order susceptibility. These differences influence what
determines the intensity of the signal and the type of systems
that can be studied.
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Table 2. Comparison of Different Spectroscopies to Singularly Cross-Polarized 2D Spectroscopy

singularly cross-polarized 2D

category VCD SFG chiral induced 2D IR conventional 2D optical spectroscopy spectroscopy
susceptibility order Ve e 7 7 7 7
signal intensity oxpm xXap c><r/44 0(;14 cxmzyjz ocﬂ%yf
systems studied bulk interfaces surfaces bulk bulk interfaces surfaces bulk
molecule requirements chiral chiral or achiral chiral chiral or achiral chiral or achiral chiral

SFG spectroscopy is the only even-ordered spectroscopy
considered in the table (although further comparisons could be
made to 2D SEG spectroscopy). The signal intensity of SFG
spectroscopy relies on both the transition dipole () and the
Raman tensor (or transition polarizability) («) of the vibration
of interest. SFG spectroscopy also measures interfaces and
surfaces with surface-specificity, as the SFG signal of bulk
centrosymmetric systems go to zero. This is similar to singularly
cross-polarized 2D spectroscopy that also measures signals from
interfaces and surfaces. However, the important distinction is
that for the third-order case the signal relies on the transition
dipole squared of two coupled states (ﬂlzﬂ}z) Thus, for the
singularly cross-polarized 2D spectroscopy, the molecules at the
surface must be coupled in a nonparallel way to produce cross-
peaks in the 2D spectra of the surface. In conventional 2D
spectroscopy, the signal strength of a single state is dependent on
the transition dipole to the fourth. These types of signals are not
observed in the singularly cross-polarized technique. But the
cross-peak signal intensity observed in conventional 2D spectra
is equivalent to what is observed in the singularly cross-polarized
scheme, meaning that they depend on the transition dipole
squared of two coupled states. Conventional 2D spectroscopy
has been used to study bulk systems extensively,”*"” although,
there are examples of 2D spectroscopy studying monolayers and
surfaces in a surface-sensitive way.~ The singularly cross-
polarized technique would complement existing even-ordered
spectroscopies, such as SFG spectroscopy, by providing
structural sensitivity due to coupling, dynamics through line
shape analysis, and other observables typical of 2D IR/vis
spectroscopies, but for surfaces specifically.

VCD and chirality induced 2D IR both rely on measuring bulk
chiral molecules. The signal strength of VCD is determined by
the rotational strength (r), or the dot product of the transition
dipole and the magnetic dipole (), which can be rewritten as
the cross-product of two transition dipoles.”” Chirality induced
2D 1R is the two-dimensional equivalent of VCD, the signal
strength of which depends on the rotational strength and the
transition dipole to the fourth power (ru*)."”** The chiral
induced signals are detected by using the same pulse sequence as
proposed for the singularly cross-polarized 2D spectroscopy:
XXXY. The difference between chirality induced 2D IR and
singularly cross-polarized 2D spectroscopy is the type of systems
and molecules measured. In the chirality induced 2D spectros-
copy, bulk chiral molecules are measured, resulting in both
diagonal peak and cross-peaks associated with 2D spectroscopy
in general. For the singularly cross-polarized technique
proposed here, the XXXY pulse sequence is applied to a surface
system, removing the requirement that the molecule be chiral.
Moreover, the singularly cross-polarized technique is completely
dipole allowed. However, only cross-peaks are observed in this
spectrum as described above. VCD, chirality induced 2D IR, and
singularly cross-polarized 2D spectroscopy all measure reduced
symmetry systems, but how the symmetry is reduced is in
different ways. For VCD and chirality induced 2D IR, the
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molecules themselves are chiral, and thus have reduced
symmetry, while for the technique proposed here, the surface
induces a reduced symmetry system. Thus, all three of the
spectroscopies can be considered “chiral” methods. Chiral
methods work for chiral molecules in the bulk as well as chiral
and achiral molecules on a surface. Thus, the singularly cross-
polarized technique is applicable to bulk chiral molecules, as well
as chiral and achiral molecules on a surface. In the case for which
an interface of where the molecules probed are chiral, the
technique proposed here is no longer surface-specific if there is
bulk solution present the sample. Here, the signals from both the
chiral bulk molecules and the chiral surface molecules will be
detected in the singularly cross-polarized method (Table 2).
This also true when SFG spectroscopy is applied to chiral bulk
molecules and the visible beam is resonant with the electronic
state of the chiral molecule.”’ ™ However, these bulk chiral
SEG signals are different from the surface chiral SFG signals
probed with a chiral SFG method that is indeed surface-
specific.* %

B CONCLUSIONS

We have computed how to extend third-order spectroscopies,
such as 2D infrared and 2D electronic spectroscopies, into the
surface-specific regime. We do this by taking advantage of how
the macroscopic orientation of molecules at the surface is
mapped onto the third-order signal under specific polarizations.
By using a singularly cross-polarized detection scheme, all peaks
in the bulk system, as well as diagonal peaks in the surface
system, are zero. This leaves only cross-peaks from the ordered
surface in the detected spectrum. Previously, only even-ordered
spectroscopies, such as SFG spectroscopy, have been able to
discern between signals from the bulk and the surface, by only
measuring the response from the molecules at the surface or
interface. Our proposed polarization scheme provides third-
order spectroscopies that same capability typically only
associated with even-ordered spectroscopies. Moreover, the
dependence of the sign of the cross-peaks with the polarization
used provides evidence of signals only from the surface and not
from the bulk. The proposed method is a completely dipole
allowed chiral method, as the sign of the signal depends of the
macroscopic polarization of light. This same pulse sequence has
been demonstrated to work for bulk chiral molecules.””*> We
propose to use the XXXY polarization condition on a surface,
which induces chirality to the system independent of whether
the molecules on the surface are chiral or not.

Previously, different polarization conditions have been used
to specifically interrogate cross-peaks in bulk systems.”"*~"!
Here, we provide an approach to probe cross-peaks from surface
systems without influence from the bulk. These surface systems
must be biaxial, meaning that there is long-range order over two
axis. In our simulations, the surface system we studied had
defined tilt (6) and twist () angles. In practice, this technique
might be used to study any ordered biaxial system, such as a
monolayer, crystal, or exposed and buried interfaces. These
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systems would include both chemisorbed and physiosorbed self-
assembled monolayers, ordered two-dimensional thin films, and
membrane proteins in lipid bilayers. Despite a low number of
molecules in these systems (1 nmol/cm? or less),”” 2D
spectroscopies are capable of such measure-
ments, 16/1922:2428,73,74

The singularly cross-polarized 2D spectroscopy proposed
here does not hold for every system. The molecule or molecules
of interest must have transition dipoles that are coupled in a
nonparallel way to create cross-peaks. For vibrational spectros-
copy, this is common for small molecules with multiple
functional groups. For electronic spectroscopy, coupled
chromophores or different electronic states in the same
molecule are applicable. However, cross-peaks from vibrational
progressions in the ground or excited state would not work as
the transition dipoles of those transitions are usually parallel.
The system can have a variation in the twist and tilt angle of the
transitions with respect to the surface; however, the size of the
variation will impact the size of the observed signals in the
singularly cross-polarized scheme. The size of the observed
signal will also be modulated by how well the polarization of
light is maintained, with imperfect polarization leading to
decreased signal.

In this work, the singularly cross-polarized scheme proposed
broadens the capabilities of an already impressive technique.
From observing coherences in light harvesting proteins.,75_7 to
probing the singlet fission process of TIPS-pentacene,”® to
monitoring the chemical exchange of hydrogen-bond forma-
tion,””*” and detecting changes in protein structure and
aggregation,”**"*> 2D spectral measurements of bulk systems
provide insight on both the structure and dynamics of such
systems.”’ These same types of measurements can now be done
at a surface, of which the structure and dynamics may be altered
due to surface packing, surface diffusion, and differences in
solvation.
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