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ABSTRACT: Organic materials that undergo singlet exciton fission show
promise as exciton multiplication materials for semiconductor solar cells by
converting high-energy photons into pairs of spin-triplet excitons. However,
singlet fission-based solar cells have experienced delayed implementation due
to inefficient triplet transfer from organic light-absorbing layers to semi-
conductor energy acceptors, such as bulk silicon. As triplet transfer requires
orbital overlap between the triplet-excited organic molecule and semi-
conductor energy acceptor, transfer will be dictated by the structure of the
interface connecting these materials. Rational design and control of transfer
requires detailed information about the structural and energetic environment
of this buried interface, which is difficult to probe experimentally. To this end,
electronic sum-frequency generation (ESFG), a noninvasive spectroscopy, can address this need by providing interface-selective
information about both the molecular order and electronic structure of organic:semiconductor junctions. Here, we demonstrate
ESFG’s potential by comparing the buried interfacial structure of two singlet fission-capable perylenediimide derivatives deposited as
thin films on glass. We find ESFG spectra signal a prominent narrowing of the bandgap of each perylenediimide derivative at the
glass interface relative to their bulk, which we show is consistent with a subangstrom change in intermolecular packing at the buried
interface. In addition, analysis of the polarization dependence of measured ESFG spectra shows that each derivative adopts different
orientations of their perylene cores with respect to the substrate, which has important consequences for achieving exciton transfer
across triplet-extracting semiconductor junctions.

■ INTRODUCTION

Silicon photovoltaics dominate the solar energy market,
accounting for >90% of solar installations.1−3 While the cost
of such installations has reduced significantly over the past
decade,1,2,4 silicon photovoltaic efficiency has remained largely
static over the past 20 years.3,5−7 For these cells, the largest
loss mechanism is the thermalization of excited charge carriers
to silicon’s band edge.2,5,6 Multijunction solar cells composed
of complementary materials with different bandgaps can
mitigate these losses, albeit while also increasing manufacturing
expense and module complexity.1,2 Instead, photon down-
conversion via singlet fission (SF) presents a cost-effective
alternative as SF can be used to create multiple electron−hole
pairs from single photons.2,8,9 SF is a process that occurs in
select organic solids wherein a photogenerated spin-singlet
exciton converts into two spin-triplet excitons, each with an
energy roughly half that of the spin-singlet state.10−15 This
process can be quite fast,16,17 and hence efficient, since SF
conserves electron spin as the triplet pairs it creates are spin-
correlated, with no net spin. Through careful consideration of
its electronic structure, a SF-active material can be combined
with a silicon solar cell to reduce energy lost by the
device.6,7,18,19

Yet, while this idea was originally proposed in the late 1970s
by Dexter,18 only in 2019 has direct spin-triplet exciton
transfer between organic molecules and silicon been
confirmed.19,20 As SF has been shown to be efficient in
many materials,16,21−27 this delayed development has been
attributed to disfavored triplet exciton transfer from the
organic sensitization layer to the underlying inorganic
substrate.3,6,19,28,29 The underlying reasons for poor transfer
are not well-described and could arise from several material-
dependent sources. For example, band bending or the presence
of deleterious surface states at the interface between the
organic sensitizer and silicon could lead to changes in the
energetic landscape that prevent efficient exciton trans-
fer.7,19,29,30 Likewise, the morphology of the organic SF
sensitizer itself at a junction could be a bottleneck, as triplet
energy transfer necessitates wave function overlap between the
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sensitizer and silicon. Because molecular wave functions are
anisotropic, transport properties and energetics at the interface
are likely sensitive to molecular orientation.7,24,31−37 Moreover,
when deposited as a thin film, organic dyes can experience
strong energetic coupling between individual molecules,
causing the electronic states of the film to greatly differ as a
function of how these molecules arrange themselves.31,35,36

Thus, any changes in the morphology of the molecular system
at a silicon junction could induce a shift in the organic solid’s
triplet energy relative to the film’s bulk. If such a shift places
the triplet state lower in energy than silicon’s bandgap, this will
create an energetic barrier for triplet transfer.7,24,31,37−39

To identify the key bottlenecks in organic-to-silicon energy
transfer, there is a critical need to determine how the electronic
structure of the organic SF sensitizer is altered when placed
into contact with silicon. Addressing this problem is
challenging as it requires measurement of a buried interface.
Conventional probes such as electronic absorption and
photoelectron spectroscopy,40 scanning probe measure-
ments,41−43 and X-ray diffraction and related scattering
techniques are either more sensitive to the bulk of an organic
film grown on silicon or limited to exposed interfaces rather
than buried ones. Electronic sum-frequency generation is a
fantastic tool that can fill the gap left by these experimental
tools.
Electronic sum-frequency generation (ESFG) is a measure-

ment technique that selectively interrogates the electronic
density of states and structural organization of molecular
junctions and has been used to study liquid surfaces,44−47

semiconductor surfaces,48−50 and buried organic:inorganic
junctions.51−55 In an ESFG measurement, two pulses of light
simultaneously impinge on a sample. One of these pules is a
spectrally broad white light (WL) continuum that overlaps
with different electronic resonances within the sample. The
other is a spectrally narrow upconversion pulse whose
frequency is set far from electronic resonance with the sample.
The sample acts to mix these two pulses together, producing
light at their sum frequency. As resonance between the WL
pulse and electronic states within the sample enhances this
mixing process, the ESFG spectrum reports on the sample’s
electronic density of states. Importantly, because of symmetry
restrictions, the mixing process that produces ESFG selectively
occurs at regions of a sample that lack inversion symmetry,56

which is naturally satisfied at organic:inorganic junctions.
Because of this selection rule, ESFG provides spectral
information analogous to an interfacial absorption spectrum.
Moreover, the dependence of the polarization of the emitted
ESFG field on that of the excitation fields reports the
hyperpolarizability of molecules at buried interfaces, which
can be decomposed into a product of the molecules’ transition
dipole moment and polarizability.45,52,57,58 If the mapping of
these parameters onto the molecular frame is known, it is
possible to determine from ESFG spectra the spatial
orientation of molecules at buried interfaces.
Here, we report ESFG spectra of perylenediimide (PDI)

thin films. We choose to examine this class of materials as PDIs
have several qualities that make them attractive for use as SF
sensitization layers for silicon solar cells. First, our group and
others have shown PDIs readily undergo SF in the solid
state.23,59 Importantly, the PDI triplet energy (1.1−1.2 eV)31,59
is near ideal for sensitization of silicon. PDIs are also highly
resistant to photooxidation,60 have large molar extinction
coefficients (50000−100000 M−1 cm−1)23,61−65 that enable

thin PDI coatings to absorb a significant fraction of incident
visible light, and can be easily functionalized to form various
derivatives with distinct solid-state structures and unique
electronic state densities. By use of simple tight-binding
models,36,40 the optical absorption spectrum of a PDI film
becomes a signifier of its underlying molecular packing (vide
inf ra). Such structural control over molecular packing could
likewise be used to optimize SF and triplet transfer to silicon,
as the same intermolecular couplings that govern optical
absorption control relaxation kinetics.31,40,66

In this report, we examine two PDI derivatives deposited as
thin films on fused silica substrates to determine how their side
chains direct packing at a buried interface. This work serves as
a prelude for studies of films on silicon. Understanding the
structure of PDI:SiO2 interfaces is also key as silicon oxide is a
common surface impurity formed when preparing function-
alized silicon surfaces, and the packing structures adopted by
PDIs on nonpolar SiO2 surfaces are expected to be not unlike
those they can adopt on mixed metal oxide/metal nitride
interfaces employed to achieve spin-triplet exciton transfer
from SF materials to silicon.19 As we show below, strain-
induced changes in packing can strongly modify the electronic
structure of PDI derivatives at a buried surface. Thus, altering
PDI side groups provides us with an effective handle to
manipulate the electronic structure of PDI films at these key
junctions and optimize them for spin-triplet exciton transfer.
The paper is outlined as follows. The Experimental Methods

section details techniques used to prepare and characterize PDI
thin films, which includes a description of our ESFG
spectrometer with an emphasis placed on improvements
made to it following our last ESFG report.51 The Results
section begins by showing the bulk crystal structure of our PDI
thin films along with the output of our tight-binding model,
which we use to compute the films’ bulk electronic structure.
We then discuss our observed ESFG spectra and the
application of a thin-film interference model52,67 to this data
to extract the portion of the signal that originates from the
buried PDI:SiO2 interface. We finally analyze a pronounced
narrowing of the PDI bandgap at the SiO2 interface indicated
by our ESFG spectra, which we conclude is consistent with a
subangstrom shift in PDI crystal packing. Taken togther with
our polarization measurements, this indicates a subtle change
in molecular packing at the PDI:SiO2 interface compared to
the bulk PDI structure, which arises from strain induced by the
dissimilar environment interfacial molecules experience
compared to the bulk.

■ EXPERIMENTAL METHODS
Thin Film Preparation and Characterization. PDI

Films were grown following our previously published
procedure.24 N,N′-Dimethyl-3,4,9,10-perylenedicoarboximide
(C1-PDI, 98%, Scheme 1, red) and N,N′-dioctyl-3,4,9,10-
perylenedicarboximide (C8-PDI, 98%, Scheme 1, blue) were
purchased from Sigma-Aldrich and used as received.
Polycrystalline thin films were grown on UV-fused silica
substrates by using a thermal evaporator (AMOD PVD system,
Ångstrom Engineering) at a deposition rate of ∼1 Å/s under
ambient temperature and 10−6−10−7 Torr. We also con-
currently grew films on native-oxide-capped (∼2 nm thick) p-
type silicon (100) wafers. PDI film thickness was determined
by using variable angle spectroscopic ellipsometry (M-2000
ellipsometer, J.A. Woollam) on films grown on silicon (100)
over a wavelength range of 900−1600 nm, which was
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subsequently fit to a multilayer Cauchy model. Grazing-
incidence wide-angle X-ray scattering (GIWAXS) was
performed by using a SAXSLAB Ganesha equipped with a
Dectris 300K detector and a Cu Kα source (λ = 1.5418 Å).
During scattering measurements, films were angled between
the substrate and film critical angle (ω = ∼0.1° to ∼0.3°). Data
were reduced by using the manufacturer supplied analysis
program SAXSGUI. Reflection-corrected absorption spectra
were taken on a Shimadzu UV-2600 absorption spectrometer
with an integrating sphere attachment.
ESFG Measurements. The experimental layout employed

for ESFG is shown in Figure 1A. A femtosecond Ti:sapphire

regenerative amplifier (Coherent Legend Elite Duo, 3 kHz, 4.5
mJ) was used to generate a 90 fs pulse centered at 804 nm with
a bandwidth of 160 cm−1 (fwhm). A small portion of the
amplifier output (0.1 mJ) was focused into a 1 cm path length
water flow cell (Starna Cells, 46-Q-10) to generate a white-
light supercontinuum (WL) that was subsequently collimated

with a 90° off-axis parabolic mirror (MPD129-G01, Thorlabs).
The water temperature was maintained at 13.2 °C by using a
chiller (Thermotek T255P) for optimal WL generation. The
WL spectrally extends from ∼350 nm to the fundamental 804
nm. After spectral filtering, the remaining portion of the WL
(450−750 nm) spectrally overlaps with the visible absorption
features of C1-PDI and C8-PDI films (Supporting Information
Figure S5).
We generated the upconversion pulse using a second portion

(∼1.5 mJ) of the amplifier output to first produce a spectrally
narrow 400 nm pulse using a second harmonic bandwidth
compressor (SHBC-400, Light Conversion). This pulse in turn
pumped an optical parametric amplifier (TOPAS-400, Light
Conversion), producing ∼3 ps shortwave infrared pulses
whose center wavelength could be tuned for a given
experiment. This ability to vary the upconversion pulse’s
frequency is key to accounting for double-resonance effects
caused by electronic resonance of the ESFG field with high-
energy electronic states within a sample (vide inf ra).44,45

Importantly, the temporal length of the upconversion pulse is
sufficiently long to allow it to temporally overlap with the full
spectral bandwidth of the WL field despite substantial
temporal chirp in the latter (Figure 1B,C). This represents a
significant improvement over our prior ESFG setup, which
used an ∼100 fs 800 nm pulse as the upconversion field that
necessitated scanning the path length traveled by this pulse
relative to the WL field to fully record a sample’s ESFG
spectrum.51,52

The upconversion and WL fields were focused onto the
sample using a 15 cm focal length concave mirror in a
noncollinear geometry. Spectra were measured in a reflection
geometry by using an angle of incidence of 45° with respect to
the sample surface normal for both the WL and upconversion
fields. The wavevectors of both incident fields were tilted
slightly out of the plane of incidence (±2.5°−5°), which
allowed spatial separation of the ESFG signal from the driving
fields. The ESFG signal was collected and collimated with a
90° off axis parabolic mirror (50331AL, Newport) and passed
through irises to remove scattered WL. A 50 cm lens focused
the ESFG field onto the entrance slit of a spectrometer (Acton
Spectra Pro SP-2500) where a 300 groove/mm grating blazed
at 300 nm spectrally dispersed the signal onto a 512 × 2048
pixel liquid nitrogen cooled CCD (PyLoN, Princeton instru-
ments).
To avoid sample damage, the pulse energies used for C1-

PDI measurements were 2.1 μJ for the WL beam and 12.5 μJ
for the upconversion field. For C8-PDI measurements, these
values were lowered to 0.7 and 8 μJ, respectively. PDI ESFG
spectra recorded by using pulse energies up to these values
were found to be reproducible day to day. Unless otherwise
noted, the wavelength of the upconversion field was set to 885
nm. Spectral acquisition times for each film were held fixed for
polarization measurements performed on each derivative but
varied between derivatives, with 2 min/spectrum for C1-PDI
and 5 min/spectrum for C8-PDI. All ESFG spectra were
normalized by a reference spectrum of a z-cut quartz piece
placed at the sample position to account for spectral variation
of the WL field and the spectral sensitivity of our ESFG
spectrometer.
In all ESFG measurements, the polarizations of the WL,

upconversion pulse, and emitted ESFG were selected by using
half-wave plates and polarizers shown in Figure 1A. The
polarization combination listed for a given ESFG spectrum

Scheme 1. Molecules Investigated in This Report

Figure 1. (A) ESFG spectrometer layout. F: filter; P: polarizer; CM:
curved mirror; PM: parabolic mirror. (B) ESFG spectra of z-cut
quartz measured as a function of the time separation between the
upconversion and WL pulses. (C) Comparison spectrum taken at a
single time point (Δt = 0, green) and the temporally integrated sum
(black dashed line) across the cross-correlation in panel B. The
overlap of these spectra shows there is no need to sweep the time
separation between the WL and upconversion fields to capture an
ESFG spectrum that uses the full WL spectral bandwidth.
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describes in order the polarization of the ESFG, upconversion,
and WL fields. Thus, in our notation a “SSP” measurement
corresponds to detection of the s-polarized component of the
ESFG field generated by an s-polarized upconversion field
interacting with p-polarized WL.

■ RESULTS AND DISCUSSION
Bulk Properties of PDI Solids. Before characterizing the

interfacial structure of C1-PDI and C8-PDI thin films, we first
examine the structure of their bulk using grazing-incidence
wide-angle X-ray scattering (GIWAXS) and optical absorption
spectroscopy. Both C1-PDI and C8-PDI are known to adopt
crystal structures with PDI molecules arranged in 1D columns
with differing degrees of slip displacement between neighbor-
ing molecules but with similar separation between neighboring
perylene cores (d = ∼3.5 Å; see Figure 2A for a schematic
representation).68,69 When deposited as thin films on SiO2, we
have previously shown these materials form polycrystalline
solids wherein the structure of the crystallites retains much of
the order seen in single crystals of each material.24

GIWAXS measurements of the C1-PDI and C8-PDI films
grown for this study highlight this polycrystalline structure
(Figure 2B). Azimuthally integrated diffractograms for ∼200
nm thick C1-PDI and C8-PDI films are shown in Figure 2C
and exhibit peaks suggesting oriented growth of PDI
crystallites, consistent with prior reports for C1-PDI69−71 and
C8-PDI68,72,73 films grown by using deposition conditions
similar to those we employ. Compared to the computed
powder diffraction pattern, the (002) plane for C1-PDI is
enhanced, indicating C1-PDI films preferentially grow with the

long perylene axis parallel to, and the short axis tilted toward,
the substrate surface (Figure 2D, bottom).74 C8-PDI films
meanwhile adopt a more lamellar structure, with enhancement
of the (001) plane, as previously noted by others72 (Figure 2D,
top). These films display a series of peaks at q∥ ∼ ±0.8 A−1

(Figure 2B, right) that we attribute to various orders of the
{101} family plane along the direction perpendicular to the
substrate. The well-resolved appearance of these peaks implies
the presence of oriented crystallites within C8-PDI films.72 In
contrast, the broad peaks and diffusive rings featured in the
C1-PDI film diffractogram indicate orientational disorder
among the crystallites within the film.
Figure 3 plots optical absorption spectra of ∼50 nm thick

C1-PDI and C8-PDI films. The absorption envelope for each
derivative displays a four-peaked structure that differs in its
overall bandwidth and peak intensity pattern. The absorption
profile of C1-PDI (Figure 3A) shows a peak at 568 nm with a
weak companion peak at 540 nm along with a strong pair of
peaks at 480 and 468 nm. In comparison, C8-PDI (Figure 3B)
exhibits a comparatively weak peak at 565 nm, a stronger
shoulder at ∼540 nm, and a pair of peaks at 480 and 468 nm
that are similar to those in spectra of C1-PDI. Notably, both
films possess low-energy tails of varying length. This tail has
previously been postulated to arise from minority states
created during film deposition,74,75 a hypothesis we believe to
be consistent with our ESFG results (vide inf ra).
The similar peak structure and placement contrast with the

subtle difference in overall bandwidth between the two
derivatives as well as the ordering of peak intensity. Although
these derivatives both form slipped 1D columnar stacks in their

Figure 2. (A) Diagram showing the slip-stacked packing structure common to PDI derivatives. Nearest-neighbor PDI molecules tend to be
separated by ∼3.5 Å, with short axis (SA) and long axis (LA) displacements set by their imide side chains (R). (B) GIWAXS diffractograms of
∼200 nm thick C1-PDI (left) and C8-PDI (right) films grown on SiO2. (C) Corresponding azimuthally integrated diffractogram for both
derivatives, converted to 2θ for ease of comparison to existing literature. The diffuse scattering ring at ∼1 Å−1 (22° in both images is due to the
SiO2 substrate. (D) Dominant orientation of the perylene cores of C8-PDI and C1-PDI on SiO2 as determined by GIWAXS.
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crystal structure,68,70 their side groups induce differing degrees
of slip within these columns, altering the electronic coupling
between molecules in a stack. These subtle packing shifts
modulate the coupling between neighboring molecules that
dictate their resulting optical properties.66,76,77

Knowing the slip-stack geometry our PDI films adopt allows
us to analyze their absorption spectra using a tight-binding
Hamiltonian (see the Supporting Information for full details).
Within this model, excitonic couplings correspond to
Coulombic dipole−dipole interactions, while charge-transfer
coupling is facilitated by electron/hole transfer integrals. As the
charge-transfer interactions are dependent on wave function
overlap, they depend on frontier orbital symmetry. Thus, the
charge-transfer couplings follow the nodal structure and
phasing of the molecular orbitals, causing displacements
smaller than the size of the molecule to have drastic effects
on the couplings.35,36 This variation in coupling has been used
to describe the pronounced crystallochromy seen between
different PDI derivatives.66,76 In addition to the charge-transfer
coupling, the relative energetic spacing between the charge-
transfer and Frenkel exciton states greatly affects each
derivative’s solid-state absorption spectrum.40,76,78

Within our Hamiltonian, we have two unknown parameters
that cannot be experimentally determined: the energy
difference between a nearest-neighbor charge-transfer state
and the ground state, ϵCT, and the energetic relaxation of the
monomer as it transfers from solution to a more polarizable
crystalline environment, ΔS→C. We found the C1-PDI and C8-
PDI spectra can be well reproduced using values for these
parameters similar to those reported elsewhere (Figure 3,
dashed line; see the Supporting Information for parameter
values).40 In particular, the absorption bandwidth and relative
intensity of the major peaks of both derivatives are recovered.
Note that this model does not account for high-energy peaks
that arise from the well-known S0 → S2 transition, which
contributes to experimental spectra in Figure 3 at wavelengths
<400 nm.77 As we show below, this band influences ESFG
spectra of C1-PDI and C8-PDI via double-resonance signal
enhancement.

ESFG Spectra of PDI Film Interfaces. Using ESFG, we
can determine the extent to which differences in the electronic
and molecular structure of C1-PDI and C8-PDI highlighted
above extend to the interfaces they form with SiO2. Figure 4

shows ESFG spectra of a 51 nm thick C1-PDI film and a 72
nm thick C8-PDI film collected by using PPP, SPS, and SSP
polarization conditions. PSS spectra were also measured but
were found to be negligible in intensity. All ESFG spectra are
normalized to the strongest peak in the PPP spectrum of each
derivative to highlight differences in the intensity of spectra
measured for each polarization combination. Figure 4 also
compares ESFG spectra to the optical absorption spectrum of
each film (top). To facilitate this comparison, we have
subtracted the energy of the 885 nm upconversion pulse
from the wavelength axis of the plotted ESFG spectra.
The ESFG data suggest drastic differences in the interfacial

density of states of each film relative to that of their bulk. In
contrast to the broad absorption bandwidth shown by both
PDI derivatives, ESFG spectra for each derivative are decidedly
narrower. Most notable is the PPP spectrum of C1-PDI, which
displays a prominent peak that is red-shifted relative to the
onset of its bulk absorption spectrum. Only a small sideband,
peaked at ∼525 nm, falls within the bandwidth of the film’s
bulk absorption spectrum. ESFG spectra of C8-PDI are more
complicated, displaying a broader set of peaks. Like C1-PDI
however, the onset of the C8-PDI PPP spectrum also falls
below that displayed by its bulk absorption spectrum. These
observations suggest changes in the electronic structure of each
film when moving from their bulk to the SiO2 interface.
The relative intensities of ESFG spectra recorded for

different polarization conditions are also found to vary between
the two PDI derivatives. While the PPP spectrum of each
derivative yields the strongest ESFG signal, the relative
amplitudes of the SSP and SPS spectra differ for the two
derivatives. For C1-PDI, the SPS spectrum is found to be
nearly as intense as that of the PPP spectrum while the SSP
signal is negligibly small. In contrast, the SSP signal for C8-PDI
is 2× stronger that than of the film’s SPS signal but 5× weaker

Figure 3. Absorption spectra (solid line) of an ∼50 nm thick C1-PDI
(A) and C8-PDI (B) films grown on SiO2 along with fits (dashed
line) produced using a tight-binding Hamiltonian model.

Figure 4. Comparison of ESFG and optical absorption spectra (Abs)
of a 51 nm thick C1-PDI film (left column) and 72 nm thick C8-PDI
film (right column). ESFG spectra of each PDI derivative are
normalized in intensity to their corresponding PPP spectrum.
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than that of the PPP signal. These differences in signal strength
for different polarization conditions hint at differences in
molecular ordering of each film at the SiO2 interface.
Before we can map the ESFG spectra to their underlying

molecular origin, we must first deconvolute local field effects
from the data. As PDI thin films necessarily contain two
regions that lack inversion symmetry, the exposed air:PDI
surface and buried PDI:SiO2 interface, ESFG spectra in Figure
4 can contain contributions from both regions. At a detector,
these signals will interfere, leading to either constructive or
destructive modification of ESFG spectra. Data reported by
us52 and others79−81 have shown this can modify ESFG spectra
of thin organic films. Figure 5 highlights this complication by

showing the measured PPP-polarized ESFG spectra of C1-PDI
and C8-PDI films measured for films with thicknesses ranging
from ∼20 to ∼200 nm. Looking at the series of ESFG spectra
for C1-PDI (Figure 5, top left), we see the first strong ESFG
signal for a film thickness of ∼50 nm, a trough at ∼110 nm,
and a recurrence at ∼140 nm for the main ESFG emission
wavelength of 355 nm. This beating pattern stems from signals
produced by the air:PDI and PDI:SiO2 interfaces moving in
and out of phase. We see a similar pattern for C8-PDI with
maxima at film thicknesses of ∼60 and ∼175 nm (Figure 5, top
right).
Fortunately, we can recover the intrinsic response from the

buried PDI:SiO2 interface of each derivative by using a thin
film interference model based on transfer matrices to calculate
the electric field at each film interface, apply a complex
susceptibility response, and fit our experimental ESFG
data.52,80−83 The thin film modeling fit to the C1-PDI spectra
agrees well with the modulation in ESFG bandwidth at thicker
films (Figure 5, middle left) and produces the same trends in
total intensity of the ESFG response when integrating across
the ESFG wavelength axis (Figure 5, bottom left). While
discrepancies between experiment and the fit are apparent for
film thicknesses >100 nm, the fit reproduces well the overall
trend of the data. We show a similar fit to the C8-PDI ESFG
data in the right column of Figure 5. The model broadly agrees

with the lower-energy, high-intensity portion of the PPP
spectrum, with peaks that occur at identical thickness regions
to that of the experiment. However, the reoccurrence of the
lower-energy peak is somewhat weaker than that seen
experimentally (Figure 5, bottom right).
One potential origin for our model’s reduced performance in

matching the spectral amplitude of higher thickness PDI films
could arise from electric quadrupole contributions to each
material’s nonlinear susceptibility.80,84,85 Such contributions
are bulk active and, if present, would affect thicker films more
than thinner films.86 However, these terms should possess a
PSS contribution.85,87,88 As we see no appreciable PSS
polarized ESFG signal, nondipolar terms seem unlikely to
meaningfully contribute to our spectra. More likely, the
difference in strength at the reoccurrence is due to a change
in the ESFG response from the exposed air:PDI interface. As
the surface roughness of PDI films is known to increase as film
deposition occurs,74,89,90 the ESFG signal from the air:PDI
interface may decrease with increasing film thickness due to a
net loss of crystallite orientation induced by stacking fault
formation. We previously hypothesized formation of such
stacking faults underlies differences in the second-order
nonlinear susceptibility associated with the buried and air-
exposed interfaces of copper(II) phthalocyanine thin films.52

Indeed, such an effect was noted by Massari and co-workers
when analyzing vibrational sum-frequency generation spectra
for C8-PDI.79

Although Figure 5 only highlights experimental data and fits
corresponding to PPP polarization conditions, we have also
applied our interference model to data recorded using other
polarization conditions. Fits to SPS and SSP data are shown in
the Supporting Information along with a description of
constraints applied when fitting these data sets. The spectral
responses shown below in Figures 6, 9, and 10 are the result of
these fits.

Polarization Dependence of ESFG Spectra. The
polarization dependence of ESFG spectra is dictated by the

Figure 5. Experimental PPP ESFG spectra of C1-PDI and C8-PDI
films as a function of film thickness (top) compared to results from an
interference model (middle). (Bottom) Spectrally integrated ESFG
intensity as a function of film thickness (solid line) compared against
that predicted by the interference model (dashed line).

Figure 6. Polarization dependence of the extracted susceptibilities for
the PDI:SiO2 interface. Left: the nonzero susceptibility elements
extracted from our interference model for C1-PDI films. Right: the
same elements for C8-PDI films. The trio of letters denotes the
susceptibility tensor element being plotted, and the lines are color
coded to denote the relative amplitudes of different elements. Plotted
values for |χyzy|2 and |χyyz|2 for each PDI are normalized relative to the
maximum value extracted for |χzzz|

2. Values listed in the upper right
corner indicate the multiplicative factors that need to be applied to
|χyzy|2 and |χyyz|2 to have their intensity match that of |χzzz|2.
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degree of anisotropy within a sample’s second-order nonlinear
susceptibility tensor, χ(2). By comparing the relative strengths
of each element of the χ(2) tensor and mapping these
susceptibility elements to the molecular properties they arise
from, we can extract information about the orientation of PDI
molecules at a buried surface.58,82,91,92 Using the excited-state
perturbation method93 and assuming enhancement of ESFG
spectra arises purely from resonance between a sample’s
electronic states and frequency components of the WL field,
we can decompose the tensor elements of χ(2) as χijk = αijμk,
where μk is the sample’s transition dipole moment associated
with the resonant interaction with the WL field and αij is the
sample’s polarizability associated with the frequencies of the
nonresonant pulse and emitted ESFG field.94,95 Using this
formulation, the χyzy element of the χ(2) tensor is χyzy = αyzμy,
the product of the projection of the film’s transition dipole
parallel to the substrate with a portion of its out-of-plane
polarizability. Likewise, χyyz = αyyμz reports the product of the
system’s in-plane polarizability and out-of-plane dipole. The
ratio of these two polarizations has been used to measure the
tilt of transition dipole moments associated with molecular
vibrational modes from surface normal under the assumption
that the system adopts in-plane azimuthal symmetry.82,92

While our GIWAXS data show oriented growth of PDI
crystallites along the surface normal, the diffuse ring attached
to each C1-PDI diffraction peak and the (001) peak for C8-
PDI indicates these crystallites are randomly oriented within
the plane parallel to the sample surface. This allows us to apply
azimuthal symmetry to our sample analysis. Under this
assumption, the in-plane coordinates, x and y, are interchange-
able, while the coordinate normal to the substrate, z, is unique.
Full details on how these “molecular frame” coordinates map
onto the polarization of our fields can be found in the
Supporting Information and ref 94.
The polarization dependence of χ(2) reflects the macroscopic

electronic structure of our PDI films, which in turn is set by the
degree of electronic coupling between individual molecules
within each film.94 As we lack a quantitative calculation of how
intermolecular coupling alters the polarizability tensor
associated with PDI electronic states, we refrain from
attempting to extract from polarization-dependent ESFG
spectra a full quantitative description of the orientation
adopted by C1-PDI and C8-PDI films at the SiO2 interface.
However, under the assumption of weak Davydov splitting
between molecules, the orientation of the principal transition
moments and the polarizability response of the coupled system
are not expected to strongly deviate from that of uncoupled
PDIs. While this is perhaps a crude approximation, for the
purposes of the present discussion this allows us to use the
properties of PDI monomers as a basis for interpreting the
polarization dependence of our ESFG spectra.
The transition moments of monomeric C1-PDI and C8-PDI

are nearly identical. Each molecule possesses a primary
transition dipole moment associated with their lowest-energy
dipole-allowed transition (S0 → S1) that is nearly exclusively
oriented along the long axis of their perylene core.76 The
ground-state static (zero frequency) polarizability of each
molecule is also similar, being largest along the perylene long
axis, followed next by the perylene short axis, and then the out-
of-plane direction (normal to the aromatic plane). We use this
static polarizability to qualitatively approximate the orientation
of each PDI’s frequency-dependent polarizability contributions
to their χ(2) tensor.96,97

The left portion of Figure 6 provides the extracted
polarization dependence of the C1-PDI films at the buried
PDI:SiO2 interface, which reveals |χyzy|

2 dominates |χyyz|
2 in

intensity. As the transition dipole of C1-PDI monomers lie
along the long axis of their perylene core, this suggests C1-PDI
molecules orient in either a face-on or an edge-on manner with
their long axis parallel to the SiO2 substrate. The preference for
one of these geometries over the other can be determined by
noting the polarizability of C1-PDI monomers is larger along
the perylene short axis than in the direction normal to the
plane of the perylene core, which favors molecules aligning in
an edge-on manner (Figure 2D). In contrast, a comparison of
the susceptibility elements for C8-PDI (Figure 6, right panels)
show an opposite ordering of intensities, with |χyyz|

2 being
∼10× larger than |χyzy|

2. This intensity ordering suggests C8-
PDI molecules adopt an orientation at the SiO2 interface
where the long axis of their perylene core orients at an angle to
the surface normal, so that the in-plane and out-of-plane
components of the C8-PDI transition dipole each contribute to
the ESFG response. This orientation analysis agrees well with
the data gathered via X-ray diffraction, where the perylene core
for C8-PDI is oriented ∼60° from surface normal.72,73,90 While
we have admittedly made some crude assumptions in
interpreting our ESFG spectra, analysis of the spectra provides
a picture of the interfacial structure of both C1-PDI and C8-
PDI films consistent with the texturing of these films along
their surface normal inferred from GIWAXS data in Figure 2.
Thus, structures adopted by both C8-PDI and C1-PDI
molecules at the SiO2 interface appear to form templates for
the oriented growth of each film.
For both derivatives, χzzz is the strongest susceptibility by far.

To a certain extent, this is expected. Simpson and co-workers
found that for vibrational SFG, χzzz can be inherently 2× (or
more) larger than other susceptibility elements after orienta-
tional averaging of the molecular hyperpolarizability and the
symmetry of the transition are taken into account.94 However,
we note care should be taken in interpreting the large value of
χzzz reported by our fitting routine. Information on χzzz comes
solely from the PPP spectrum of each derivative, which is
dependent on χzzz as well as χyyz, χyzy, and χzyy. Analysis of the
local field strengths at each interface shows the Fresnel
coefficients associated with the p-polarized fields that allow χzzz
to contribute to the PPP ESFG spectrum are an order of
magnitude weaker than other contributions to the PPP
response from other tensor elements. As our model made no
assumptions of the relative strength of the different
susceptibilities, it found χzzz needed to be overwhelmingly
strong to have any impact on the spectrum. Even with this
large value, the χzzz contribution to the PPP spectrum of each
derivative was very small. Indeed, going so far as to set χzzz to
zero left the resulting spectra largely unchanged. Given this
fact, we conclude that our spectra are not sensitive to χzzz.
While we report the values of χzzz extracted from our
interference model as they do improve the fit to our data,
we caution that we need a more precise understanding of the
local symmetry that creates our ESFG response, along with
more intricate theory, to bound χzzz.

Double-Resonance Contributions to ESFG Spectra.
Having established the ESFG polarization dependence agrees
with structural data if we assume the ESFG is resonantly
enhanced by a dipole-allowed, low-energy transition, we can
now analyze the interfacial electronic structure. When we
compare the C1-PDI tensor elements to the bulk absorption
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spectrum of a C1-PDI film, we see a strong reduction in
spectral bandwidth, with a greatly reduced number and
placement of peaks in the ESFG data compared to the
absorption spectra (Figure 4). In addition, there is a general
red-shift, with the strongest ESFG peak appearing at λWL = 585
nm vs the first absorption peak at 568 nm for C1-PDI, an ∼50
meV shift. This notable red-shift places the maximum of the
C1-PDI ESFG spectrum near the low-energy onset of the film’s
bulk absorption spectrum, suggesting the electronic states
viewed via ESFG may correspond to “low-energy trap states”
previously postulated by Jones and Ferguson.74 C8-PDI films
show similar differences between ESFG and absorption
spectra.
Given the polarization dependence of the ESFG signal of

each derivative tracks with the orientation of the transition
dipole moment of their lowest excited singlet state, it is natural
to assume this state is solely responsible for the resonance
enhancement of the ESFG signal. On the other hand, ESFG
spectra of each film are reduced in spectral bandwidth
compared to their absorption spectra. As our WL pulse has
sufficient bandwidth to cover the entire band-edge region of
our films (Figure S5), it seems strange their ESFG spectra
should be dominated by only a single resonance. However, we
note that the frequency of the emitted ESFG field falls close to
low-amplitude peaks within each film’s absorption spectrum
associated with their S0 → S2 transition. Thus, there is a chance
that the ESFG signal is dictated by either a two-photon or a
double-resonance condition (Figure 7), each of which would
not follow the same behavior as a one-photon resonant ESFG
response.94

To discern the origin of our response, we varied the
frequency of our upconversion pulse, as the three resonance
conditions will differ in how they adapt to changes in the
photon energy of the upconversion field. Under the one-
photon resonance condition (Figure 7, left), the upconversion
pulse is used to nonresonantly upshift a resonance driven in
the sample by the WL field. As the upconversion pulse is
nonresonant, as its frequency is scanned the frequency of the
ESFG field should linearly shift with it. In contrast, a two-
photon resonance enhancement (Figure 7, middle) is
analogous to Feynman pathways that contribute to two-
photon absorption or “Raman-active modes” mentioned in
vibrational sum-frequency generation studies.85 As the
transition probed under this resonance condition sits at the
sum of the frequencies of the WL and upconversion fields,

scanning the frequency of the upconversion field will induce
summing with different frequency components of the spectrally
broad WL field to give an ESFG signal at the same output
frequency. Lastly, there is a doubly resonant condition (Figure
7, right) where two separate electronic states of a sample work
in concert to give rise to the ESFG signal. As the upconversion
pulse is scanned, a double resonance would give a change in
the frequency of the ESFG signal intermediate to that expected
for the one- and two-photon resonance conditions.
Figure 8A shows ESFG spectra of a 52 nm thick C1-PDI film

as a function of the wavelength of the upconversion pulse. If

the ESFG signal is dominated by a two-photon resonance
condition, we would expect to see intensity variations of the
ESFG signal but no shift in the spectral position of its peaks as
the wavelength of the upconversion pulse is varied (Figure 8A,
gray dashed line). In contrast, if a one-photon resonance
dominates the signal, the ESFG spectra should undergo a red-
shift as the wavelength of the upconversion pulse increases
(Figure 8A, green solid line). We see the peak of the ESFG
spectra exhibits a shift with increasing upconversion wave-
length that is intermediate between these two predictions,
suggesting the spectra arise from a double-resonance
condition.
We note this behavior is reminiscent of other systems where

double-resonance contributions were found to dominate
vibrational sum-frequency generation spectra.44,98,99 These

Figure 7. Different resonance conditions that can give rise to ESFG
spectra. Dotted lines denote virtual states, and solid lines denote
electronic states of the sample. ωWL, ωUP, and ωESFG denote frequency
components of the white light, upconversion, and emitted ESFG
fields.

Figure 8. (A) PPP ESFG spectra of a 52 nm thick C1-PDI film as a
function of the wavelength of the upconversion pulse. (B) ESFG
spectra calculated using a sum-over-states (SOS) model. Black dots
signify the maxima of spectra simulated for different upconversion
wavelengths. (C) Comparison of the square modulus of the one-
photon resonance found using the SOS model (black line) to the C1-
PDI absorption spectrum (dashed gray line).
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spectra were able to be reproduced by using a sum-over-states
(SOS) approach. As such, we have attempted to fit our ESFG
response to a SOS model (Figure 8B) that multiplies a one-
photon resonance line shape driven by the WL field with a pair
of higher energy states that are accessed by the sum-frequency
field. This model is similar to one used by Tahara and co-
workers to describe ESFG spectra of oxazine 750 in water,44

and its formulation is described in the Supporting Information.
We find the SOS model gives excellent agreement with ESFG
spectra in Figure 8A, recreating the red-shift of the most
intense peak as the upconversion pulse is shifted to lower
energy. This allows us to extract the one-photon resonance
contribution to C1-PDI ESFG spectra. A corresponding fit to
data for a C8-PDI film appears in the Supporting Information.
Comparing the extracted one-photon resonance to the film’s
optical absorption spectrum shows the pronounced red-shift
seen in ESFG spectra stems from a decrease in the C1-PDI
bandgap of ∼80 meV at the buried SiO2 interface (Figure 8C).
Electronic Structure of the PDI:SiO2 Interface. By

accounting for thin film interference effects and double-
resonance contributions to our ESFG spectra, we can extract
the contribution to this data from both the PDI:Air and
PDI:SiO2 interfaces. The square modulus of the most
important element to our ESFG spectra (χyzy for C1-PDI
and χyyz for C8-PDI) is shown in Figure 9. Upon comparison

of the air:PDI and PDI:SiO2 interfaces, it is apparent that the
PDI:SiO2 interface provides a larger response than its
counterpart. This is not surprising; given the strong absorption
properties of PDI derivatives in general, the WL field at the
PDI:SiO2 interface will be weaker than at the air:PDI interface,
which necessitates that the PDI:SiO2 susceptibility be
sufficiently strong to yield near cancellation of the air:PDI
signal as the film thickness is increased (Figure 5). As our films
are textured, we attribute the origin of this difference in
susceptibility strength to averaging induced by heterogeneity at
the air:PDI interface. That is, because the air interface of our
films possesses multiple crystallites that do not appear

directionally oriented, this interface is likely more isotropic
over the spatial region we probe, resulting in partial
cancellation of the generated response.
The apparent red-shift of the PDI response at the SiO2

interface relative to each material’s bulk may arise from
multiple sources. For instance, the SiO2 surface may induce a
solvatochromic narrowing of the interfacial PDI bandgap.30

However, given SiO2 has a similar dielectric constant as the
PDI derivatives, and both C1-PDI and C8-PDI exhibit as
much, if not more, of a spectral shift at the air:PDI interface,
this effect would seem minor. Another potential explanation
for the bandgap narrowing is formation of hybrid surface states
that span the PDI:SiO2 interface that result from charge
donation from PDI to SiO2, as has recently been observed in
conjugated polymer:gold interfaces.100 However, as SiO2 is a
wide bandgap insulator, any hybridization between SiO2 and
PDI valence states is highly unlikely.
Instead, we believe the changes result from subtle, strain-

induced alteration of the PDI crystallite structure at the SiO2
interface. As noted here and elsewhere31,35,59,69,101 small
changes to the slip-stack arrangement of neighboring
molecules greatly modulates the solid-state electronic and
photophysical properties of PDI molecular solids. In addition,
given the lattice mismatch between the SiO2 substrate and
organic film, there can be pronounced changes in PDI packing
when moving from the interface to the bulk.72,73,102−104 Thus,
small (subangstrom) changes in molecular packing seem a
reasonable candidate for the apparent narrowing of each film’s
interfacial bandgap.
To test this hypothesis, we employed the tight-binding

Hamiltonian used to fit absorption spectra of C1-PDI and C8-
PDI films to estimate how the electronic density of states of
stacks of each PDI change as they are slipped along their short
and long-axes (Figure 10A,C). As our experimental data
possess doubly resonant character, this complicates the
calculation of ESFG line shapes using this model as it assumes
only a single resonance contributes to spectra. As such, we
forego comparing line shapes calculated using this model
against ESFG data and focus solely on computing how the
lowest-energy eigenstate of each PDI changes as a function of
slip displacement between neighboring molecules. We scan
over reasonable values for how this displacement may change
due to strain at the SiO2 interface to identify configurations
where a transition between the PDI ground state and its first
excited eigenstate match the spectral position of the PDI band
edge inferred from our ESFG spectra (Figure 10B,D).
For C1-PDI, this model predicts the lowest energy

eigenstate can experience the ∼80 meV shift we observed in
our ESFG data as a result of only a 0.75 Å displacement from
the slip-stacking structure it adopts in molecular crystals
(Figure 10A). For the C8-PDI ESFG response, we find the
band edge shift inferred from ESFG spectra (∼10 meV) can be
accounted for by an even smaller shift of ∼0.1 Å from its native
slip-stacking geometry (Figure 10C). This trend is encourag-
ing; as C8-PDI molecules possess a much longer alkyl chain
compared to C1-PDI, C8-PDI molecules have additional
degrees of freedom that allow them to adapt to external strain
without needing to perturb the intermolecular ordering of their
perylene cores. As C8-PDI was found to pack in similar ways
on Al2O3 and SiO2, it is reasonable to believe the interface
plays a less important role in packing.72,73 This suggests efforts
to structurally engineer the packing of PDI and related
molecules in bulk solids to achieve processes such as SF and

Figure 9. Comparison of the air exposed (Air:PDI) and buried
(PDI:SiO2) nonlinear susceptibilities: (top) C1-PDI |χyzy|

2 and
(bottom) C8-PDI |χyyz|

2. Notice that both C1-PDI and C8-PDI
possess buried interfacial nonlinear susceptibilities that are stronger
than their air-exposed counterparts.
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triplet energy transfer can be preserved at an interface if the
molecules possess a sufficient buffer layer that can adsorb
strain.

■ SUMMARY AND CONCLUSIONS
By looking at a combination of bulk and interface-specific data
for C1-PDI and C8-PDI films, we have shown each material
undergoes a change in its electronic density of states at
material interfaces. These changes vary between derivatives
and correlate with differences in the long-range ordering of
each film. We attribute the changes in the interfacial density of
states for these molecules to slight modifications of their slip-
stack arrangement at the SiO2 interface compared to their bulk.
Our results highlight that ESFG directly complements existing
thin-film structural probes, providing a nondestructive measure
of buried interfacial structure.
More broadly, our experiments suggest C1-PDI and C8-PDI

films each undergo a small structural change that enhances
spatial overlap of their PDI cores at the SiO2 interface. This
overlap increases intermolecular electronic coupling, which
reduces the PDI bandgap at the interface and potentially
creates an energetic gradient that might funnel excitons toward
the interface. Given the propensity of PDI derivatives to
undergo efficient singlet fission, such a gradient could prove

useful for moving energy to semiconductor charge collectors,
such as silicon. In addition, the stronger coupling strengths that
give rise to a narrowing of the PDI bandgap may enhance
triplet transport to the interface as these excitons must travel
via orbital overlap. Additional studies investigating how control
of PDI interfacial structure impacts spin-triplet exciton
extraction are warranted.
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