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ABSTRACT: The crystal structure of N,N-bis(n-octyl)-
2,5,8,11-tetraphenylperylene-3,4:9,10-bis(dicarboximide), 1, ob-
tained by X-ray diffraction reveals that 1 has a nearly planar
perylene core and 77— stacks at a 3.5 A interplanar distance in
well-separated slip-stacked columns. Theory predicts that slip-
stacked, m—rn-stacked structures should enhance interchromo-
phore electronic coupling and thus favor singlet exciton fission.
Photoexcitation of vapor-deposited polycrystalline 188 nm thick
films of 1 results in a 140 + 20% yield of triplet excitons (**1)
in 7gp = 180 =+ 10 ps. These results illustrate a design strategy for
producing perylenediimide and related rylene derivatives that
have the optimized interchromophore electronic interactions
which promote high-yield singlet exciton fission for potentially
enhancing organic solar cell performance and charge separation in systems for artificial photosynthesis.

B INTRODUCTION with hlgh quantum efficiency’® and in selected aromatic
Singlet exciton fission (SF) is the process by which a singlet polymers, while it has been discounted in poly-p-phenyl-
enes.”> Despite significant computatlonal work to predict the
optimal molecular structures for SF,' only one designer SF
chromophore has thus far been reported.” Although there are a
few recent reports that explore SF in molecular photovoltaic
devices,'"” SF materials have not been widely used in such
devices because the factors that control SF efficiency in
molecular materials are poorly understood.
In the simplest kinetic scheme, the conversion of a singlet
exciton into two triplet excitons can be written as'®

exciton in a molecular material is energetically down-converted
into two independent triplet excitons." Thermodynamic
modeling predicts that using an SF material in a single-junction
solar cell could theoretically increase the Shockley—Queisser
limit for power conversion efficiency from 32% to 44%,
assuming that SF results in the formation of two triplet
excitons, each of which produces an electron—hole pair
quantitatively.” Another potentially important advantage of
using SF materials in solar cells is that charge recombination of

the initially formed triplet electron—hole pairs to the singlet Sy + 8, ka (TT) Ko T4,

ground state is a spin-forbidden process, such that solar cell 2k, Ko (1)
efficiency losses due to charge recombination should be
reduced. where k4 describes the coupling of the singlet to the correlated
SF was first proposed in 1965 to explain delayed fluorescence triplet pair '(TT), kg is the rate of SF, and kypr, is the rate of
in anthracene crystals,® then invoked in crystalline tetracene to triplet—triplet annihilation. Achieving optimized SF yields
rationalize its low fluorescence quantum vyield, and sub- requires among other factors that the sum of the energies of
sequently confirmed in pentacene crystals,4 SF has been the two triplet excitons (Tl) is lower than the energy of the
observed in mlxed crystals (heterofission) of anthracene doped vibrationally relaxed singlet state (S,), ie, E(S,) > 2E(T,)
with tetracene’ and pentacene doped with tetracene.”” More (Scheme 1). This requirement is not easy to fulfill because in
recently, tetracene,® pentacene, p terphenyl and p-sexiphen- most common chromophores the E(S;) — E(T,) gap is
y1,® tetracyano-p-quinodimethane,"””*® 1,3-diphenylisobenzofur- considerably smaller than the E(T,) — E(S,) gap. Furthermore,
an,” perylene,'® benzophenone,'' and rubrene]2 have all been
shown to have SF triplet quantum yields (@) ranging from 6% Received: May 31, 2013
to 200%. SF has also been observed in carotenoid aggregates Published: September 6, 2013
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Scheme 1. Energy Level Diagram for Singlet Exciton Fission
between Two Interacting Molecules, A and B
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T,—T, annihilation is potentially a serious problem in dimers
and small oligomers, in which the triplet excitons cannot diffuse
apart, as they can in crystals. If E(S;) > 2E(T,), the T,-T,
annihilation rate to yield S, and S, is slow because it is
endogonic (krr,). Annihilation leading to S, + S, is also likely
to be slow because it is very exergonic and occurs in the Marcus
inverted region.19 T,—T, annihilation to yield the next higher
triplet T, and S, could also be nearly isoenergetic and very fast.
Therefore, it is desirable that E(T,) > 2E(T,) to guarantee that
this annihilation process is endogonic and slow. Thus, optimal
SF chromophores should satisfy the condition E(S,), E(T,) >
2E(T;) (Scheme 1).

In addition to the aforementioned energetic requirements, it
is clear that intermolecular electronic coupling and orientation
are also critical for efficient SF, but only two series of slystematic
studies varying these parameters have been reported.” 6020 The
present work highlights the delicate balance among molecular
geometry, electronic coupling, and SF efficiency. It has been
suggested that a cofacial, 7—7 slip-stacked relationship between
molecular chromophores may facilitate high SF efficiency.’ This
is a consequence of the requirement to prevent cancellation of
the electron repulsion integrals involving the HOMOs and
LUMOs of the two chromophores that contribute to the overall
matrix element for the SF process.

Perylene-3,4:9,10-bis(dicarboximide) (PDI) and its deriva-
tives have attracted great interest as visible chromophores for
energy and charge transport studies,”" especially with regard to
potential applications as visible light-absorbing electron accept-
ors in organic photovoltaics.”> Not only are PDIs more
thermally and photochemically stable than most other
molecules currently being explored for SF,* they also exhibit
a strong propensity to self-organize into ordered assemblies,
both in solution and in the solid state via m—m stacking
interactions, often aided by hydrogen-bonding and nano/
microsegregation.”'**™*** Ford and Kamat reported that the
lowest triplet-state energy of PDI (Ey) is approximately 1.2 eV,
about half that of its singlet energy (Eg = 2.34 V), and that the
quantum yield of **PDI by direct excitation is <107
Recently, a weak phosphorescence spectrum of **PDI was
reported, which yields E; = 1.1 eV.*® Also, TD-DFT
calculations at the 6-31G(d) level of theory give E(T,) =
2.69 eV (see the Supporting Information), so PDI comes close
to satisfying the energetic requirements for SF: E(T,), E(S,) >
2 E(T,). PDI derivatives have distinct advantages over currently
known molecules that undergo SF because, unlike chromo-

phores that absorb at shorter wavelengths, PDI derivatives
absorb light strongly in the middle of the visible spectrum, so
the **PDI energy is sufficiently high that hole injection from
**PDI into semiconductors should be facile.

Many early measurements of SF relied on steady-state optical
methods for triplet detection, which suffer from the inability to
determine what fraction of the triplet yield is due to SF. More
recent work uses time-resolved optical methods to detect SF
that can differentiate between ultrafast triplet formation by SF
and conventional triplet formation by spin—orbit-induced
intersystem crossing (SO-ISC).579¥126133b14d17220b27 He peipy
we report the photophysics of polycrystalline thin films of N,N-
bis(n-octyl)-2,5,8,11-tetraphenyl-PD], 1. The crystal structure
of 1 obtained by X-ray diffraction reveals segregated, slip-
stacked columns of 1 that are 7—7 stacked at a 3.5 A interplanar
distance. Femtosecond transient absorption spectroscopy on
vapor-deposited thin films of 1 demonstrates **1 formation as a
result of SF. These results illustrate an attractive design strategy
for producing PDI derivatives that can undergo SF and find
potential applications in enhancing solar cell performance.

B EXPERIMENTAL SECTION

Synthesis. The synthesis and characterization of 1 are described in
the Supporting Information. The final product was purified by gradient
sublimation at 350 °C and 107° Torr.

Crystallography. Single crystals of 1 were grown by slow diffusion
of heptane into a chloroform solution of 1. These crystals were
mounted with Paratone oil on glass capillaries and placed in the
nitrogen cold stream (100 K) of a Bruker AXS APEX2 diffractometer
equipped with a charge-coupled device (CCD) detector and an IuS Cu
Ka microfocus source with MX optics. All data were corrected for
absorption via SADABS. Structures were solved and refined using
SHELXTL.

Thin Film Fabrication and Characterization. All vapor
deposition was performed with a Cooke Vacuum Products organic
vapor depositor. The approximate film thickness was monitored in situ
using an in-chamber quartz-crystal microbalance. Films of 1 were
vapor deposited on heated (383 K) Arrayit Super Clean 2 glass
substrates under a vacuum of 3 X 107° Torr (0.8 A/s). Film
thicknesses were measured in triplicate by profilometry using a Veeco
Dektak 150 surface profiler. Powder X-ray diffraction (PXRD)
measurements on the films were performed using a Rigaku ATX-G
thin-film diffraction workstation in grazing incidence geometry (0.2°
incident angle). All PXRD diffractograms were background subtracted
using the glass substrates. The experimental PXRD pattern was fit
using the Le Bail approach performed in GSAS.*® After background
subtraction, the fit was seeded with lattice parameters obtained from
the single-crystal structure, and the peak intensities, lattice parameters,
and peak profiles were refined sequentially.

Photophysical Measurements. Steady-state absorbance spectra
were obtained with a Shimadzu 1800 spectrophotometer, and
fluorescence measurements were carried out with a PTI QuantaMaster
1 single-photon spectrofluorimeter in right-angle configuration.
Femtosecond transient absorption (fsTA) measurements were made
using a regeneratively amplified Ti:sapphire laser system operating at
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Figure 2. Molecular packing distances and angles for PDI molecule 1: left, within a unit cell; right, between unit cells.

832 nm and a 1 kHz repetition rate as described previously.”® The
output of the amplifier was frequency-doubled to 416 nm using a 200
pim thick lithium triborate crystal to produce 120 fs excitation pulses. A
small portion of the fundamental was focused onto a sapphire disk to
generate the white-light probe spanning 440—800 nm. Spectral and
kinetic data were collected with a CCD array detector and a 6 ns
pump—probe delay track. Solution samples had an absorbance of 0.9 at
the excitation wavelength and were irradiated in 2 mm quartz cuvettes
with 1 uJ/pulse focused to a 0.5 mm diameter spot. fsTA spectroscopy
on the thin films was performed with the pump beam focused to a 1
mm diameter spot size on the films that was matched to the diameter
of the white light probe pulse. The pump pulse energy was varied as
given in the caption of Figure 8 to study the effect of the excitation
density on singlet fission dynamics. The total instrument response
function (IRF) was 180 fs. Transient spectra were averaged for 10 s.
Each three-dimensional AA vs time and wavelength data set was
analyzed by singular value decomposition and subsequent global
fitting® of the principal kinetic components to a model that takes into
account singlet—singlet annihilation of a pair of excitons,”’ which is
competitive with singlet fission:

dlS]]  kesa o 2
BEFTRE [S,]7 + keelS,] (2)
d[t]

= = 2kggS,] 3)

where kgsy and kgz are the rate constants for singlet—singlet
annihilation and singlet fission, respectively. In addition to the rate
constants, the analysis yields the species-associated transient
absorption difference spectra for the excited singlet exciton, A(S;) —
A(Sy), and the triplet exciton, A(T;) — A(Sy). The analysis was
implemented in MATLAB*” and uses a constrained interior point
algorithm to obtain a nonlinear least-squares fit.

The nanosecond TA (nsTA) apparatus has been described
previously.®® nsTA experiments on 1 were performed on the same
thin films used for the fsSTA experiments using 7 ns, 416 nm laser

pulses having the energies indicated in the figures and apertured to 1.0
cm diameter spot sizes at the samples. The solution samples were
degassed using five freeze—pump—thaw cycles. Analysis of kinetic data
was performed at multiple wavelengths using a Levenberg—Marquardt
nonlinear least-squares fit to a general sum-of-exponentials function
with a Gaussian convolution to account for the finite instrument
response.

Picosecond time-resolved fluorescence (TRF) measurements were
made using a streak camera system (Hamamatsu C4780 Streakscope).
Excitation pulses at 416 nm were generated using a laboratory-built,
cavity-dumped, Ti:sapphire laser system (center wavelength, 832 nm;
spectral width, 55 nm; pulse duration, 25 fs; repetition rate, 820 kHz)
followed by frequency doubling in a 200 ym thick lithium triborate
crystal. A parabolic mirror was used to focus the excitation beam into
the sample, and the subsequent fluorescence was collected in a
backscattering geometry using the same parabolic mirror. Magic angle
detection was used to avoid polarization effects. The IRFs were 750,
370, 180, 85, 44, and 30 ps (fwhm) in the 50, 20, 10, S, 2, and 1 ns full-
scale time ranges, respectively. All data were acquired in single-photon-
counting mode using the Hamamatsu HPD-TA software. Singular
value decomposition of the three-dimensional intensity vs time and
wavelength data set followed by global fitting yielded the decay-
associated fluorescence spectra using Surface Xplorer 1.0 (Ultrafast
Systems).>*

The phosphorescence emission spectra were measured using a
laboratory-built, time-gated IR spectrometer capable of detecting weak
emission from molecules with phosphorescence quantum yields as low
as 1077, The system is based on the design of Takiff et al.*>* using a
liquid nitrogen cooled germanium photodetector (North Coast
Scientific, EO-817L). Samples were dissolved in 2-MeTHF, housed
in quartz EPR tubes, and loaded into a liquid nitrogen cryostat at 77 K
(Oxford Instruments, Optistat DN). Tunable S ns, 1 m] excitation
pulses from an optical parametric oscillator (Ekspla, NT 342B) were
used to excite the samples. Emission was focused on a fast optical gate
consisting of a 10 cm optical chopper wheel (Scitec, 300CD) rotating
at 6000 rpm and flanked by slits on both sides to reduce scattered light
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and enable fast temporal gating (approximately 30 ys transition from
closed to open). The gated emission signal was further passed through
a 700 nm LWP interference filter and collimated into a
monochromator (Oriel, MS257), followed by the germanium detector.
Rapid time gating is essential to discriminate the intense but short-
lived fluorescence signal from the weak, long-lived phosphorescence.

B RESULTS AND DISCUSSION

Structural Analysis. Molecule 1 packs in the triclinic space
group P1 with one molecule representing the asymmetric unit
and two molecules per unit cell; the primary crystallographic
parameters are found in Tables SI and S2 in the Supporting
Information. The asymmetric unit of 1 shows the PDI core to
be roughly flat with dihedral angles of 4.3° and 7.0° for the four
carbon planes comprising each of the bay regions (Figure 1).
Furthermore, the planes of the phenyl groups at the 2,5,8,11-
skeletal positions are twisted 54.5—67.4° out of the PDI mean
plane (Figure 1). The n-octyl groups are fully extended with all
of the carbons in an all-trans conformation (Figure 1).

The PDI molecules in the single crystals of 1 form slipped
stacks with a PDI-PDI face-to-face distance of 3.5 A and
neighboring molecules slipped by 3.3 A within the unit cell and
3.6 A between unit cells (Figure 2). The offset angle between
the PDI molecules is 44.6—47°, placing the ali§nment in the J-
aggregate regime, but close to the magic angle. © There is also a
small offset of 0.2 A (87°) along the transverse molecular axis.
There are several intermolecular interactions that are less than
the sum of van der Waals radii; all of these involve the four
phenyl groups and the phenyl edge to either PDI face or
carbonyl oxygen (Figure 2).

The phenyl groups on the periphery of PDI molecule 1 form
edge-to-face chains (Figure 3). The n-octyl groups are fully

Figure 3. Space-filling packing diagrams of PDI molecule 1.

extended and aligned parallel to the alkyl chains of neighboring
molecules, thus maximizing their van der Waals contacts. Due
to steric interactions of the phenyl groups, 1 7—n stacks in a
slip-stacked geometry. The 7#—7 stacks pack with the alkyl chain
of one molecule aligning along the perpendicular to the para
hydrogen of the phenyl groups, thus preventing any
interdigitation from the side of the molecule (Figure 3).

Thin films of 1 were vapor-deposited on glass substrates held
at 383 K during deposition and were 188 + 7 nm thick as
determined by profilometry (Figure S1, Supporting Informa-
tion). PXRD measurements on the films show that they are
polycrystalline (Figure 4), while the calculated XRD diffracto-
gram (Figure S2, Supporting Information) generated from the
single-crystal structure described above allows us to assign the
major peak (5.6°) and minor peak (7.7°) to the (001) and
(010) reflections, respectively. The lattice parameters for the
polymorph in the polycrystalline films were obtained from the
PXRD data using the GSAS program. The fit to the data shows
that the unit cell parameters of 1 change somewhat when

o observed
calculated

Intensity (AU)
w . E=

5 10 15 20 25 30

20 (degrees)
Figure 4. PXRD diffractogram of a film of 1 deposited at 383 K. The
diffractogram was obtained at 295 K, and fit parameters to the data

were obtained using the GSAS program to give the unit cell
parameters.

moving from the single crystal to the film primarily because the
single-crystal XRD data and the PXRD film data were acquired
at 100 and 295 K, respectively (Table 1). Temperature-

Table 1. Comparison of the Unit Cell Parameters Obtained
from XRD on a Single Crystal of 1 and PXRD Measured at
295 K of a 188 nm Film of 1 Deposited at 383 K*

single-crystal XRD (100 K) film PXRD fit (295 K) difference

a (A) 9.8742(11) 9.491(17) —0.383
b (A) 15.5304(17) 15.441(14) —0.089
¢ (A) 16.387(3) 17.240(14) +0.853
a (deg) 93.643(11) 92.50(8) —1.143
S (deg) 99.206(11) 100.21(15) +1.004
7 (deg) 105.959(8) 105.54(11) —0.419

“The parameters fit to the PXRD data were obtained using the GSAS
program to give the unit cell parameters.

dependent changes in the lattice parameters orthogonal to the
PDI stacking direction in N,N-bis(phenethyl)-PDI single
crystals have been observed previously.”” Assuming that the
aromatic core structure of 1 does not change significantly with
temperature, the observed changes in lattice parameters can be
used to estimate how the relative distances between the two
PDI molecules within the unit cell change in going from the
single crystal to the film. The two PDI molecules in the unit cell
are rotated significantly away from the unit cell axes, so a
rotational transformation was performed to obtain the changes
in PDI-PDI spacing. In going from the single crystal at 100 K
to the film at 295 K, the PDI long (N—N) axis slips by an
additional 0.45 A, the short axis slips by an additional 0.1 A, and
the average 7—z distance increases by 0.18 A. These changes
can be viewed as an upper limit because the changes in lattice
spacing may simply involve the more flexible n-octyl chains.
Thus, the slip-stacked z—7 interactions indicated by the single-
crystal structure are maintained in the vapor-deposited films.
Steady-State Photophysics. The steady-state UV—vis
absorption spectrum of 1 in toluene is compared to that of the
vapor-deposited film in Figure S. The film spectrum exhibits
intensity changes as well as broadening and red shifting,
resulting in maxima at 462 and 573 nm. The spectrum of 1 in
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Figure S. UV—vis absorption and fluorescence spectra of PDI molecule 1: (A) in CH,CL,, fluorescence excited at 490 nm, (B) a 188 nm thick film of
1, fluorescence excited at 460 nm. The fluorescence spectra are normalized to the absorption spectra.

the film strongly resembles those of N,N-dimethyl-PDI and
N,N-bis(phenethyl)-PDI,*”** which are known to crystallize in
m—r slip-stacked geometries similar to that of 1. Theoretical
analyses of these spectra have questioned the role of charge
transfer (CT) states in addition to Frenkel excitons in
describing the electronic states of these PDI derivatives in the
solid state.** However, recent computational studies at a high
level of theory indicate that the 462 nm band can be assigned to
the Sy — S, transition, which is considerably enhanced and red-
shifted in the solid relative to the corresponding monomer in
solution, while the 573 nm band is assigned to the S, — S,
transition, which is also red-shifted relative to the monomer
transition at 525 nm.*

The fluorescence spectrum of 1 in the film occurs at 616 nm
and mirrors the absorption spectrum of 1 in the film (Figure
SB). The energy-averaged maxima of the absorption and
emission spectra of 1 in the thin film yield E5; = 2.08 eV,
whereas in solution Eg, = 2.34 eV.

Phosphorescence spectra for 1 were obtained at 77 K using
the high-sensitivity apparatus described in the Experimental
Section. Figure S3 in the Supporting Information shows that
cooling a solution of 1 in 2-MeTHF to 77 K results in a UV—
vis absorption spectrum that displays absorption features
characteristic of both monomeric 1 (Figure SA) and the
slipped-stacked structure (Figure SB), indicating that a mixture
of these species exists in the low-temperature glass. Selective
excitation of the monomer absorption at 535 nm results in a
phosphorescence spectrum with a maximum at 970 nm (1.28
eV), whereas selective excitation of the slip-stacked structure at
580 nm reveals a spectrum with a maximum at 1090 nm (1.14
eV) (Figure 6). These data show that 7—x slip-stacking of 1
results in stabilization of its triplet exciton energy by 0.14 eV,
which is slightly more than half the 0.26 eV stabilization
observed for its corresponding singlet exciton (Figure S).
Computational studies predict that the electronic coupling
between a singlet exciton and neighboring ground-state
molecules is often much larger than that of the corresponding
triplet exciton.'® In contrast, the stabilization of the triplet
exciton of 1 by interaction with neighboring molecules of 1 is
relatively large compared to the corresponding singlet exciton
stabilization. Comparing the value of E(S;) = 2.08 eV for 1 in
the polycrystalline solid with the measured triplet energy E(T,)
= 1.14 eV for aggregated 1 in 2-MeTHF at 77K, SF in films of 1
should be endothermic by 0.2 eV. This modest endothermicity
is similar to that observed for tetracene, which nevertheless
undergoes SF in nearly 200% yield® Recent observations by
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Figure 6. Phosphorescence spectra of PDI molecule 1 in 2-MeTHF at
77 K.

Zhu and co-workers have attributed the temperature-
independent high SF yield in tetracene to coherent coupling
of the excited singlet state to the multiexciton state and a
favorable entropy change for SF, which makes the overall SF
processes exergonic.”’

Transient Emission and Absorption Measurements.
The time-resolved fluorescence decay of 1 in the film shows
three components, 210 + 20 ps (0.75), 870 + 130 ps (0.11),
and 2.5 + 0.8 ns (0.03) (Figure 7A). The data were obtained
with a low excitation density (excitons per cm®) of 2.2 X 10"
cm™ to avoid singlet—singlet annihilation. Singular value
decomposition and global fitting of the data were used to
obtain more accurate decay times and their decay-associated
spectra (Figure 7B). This latter analysis agrees well with the
tsTA data presented below. The spectrum of the shortest decay
component matches that of the steady-state spectrum of 1 in
the film, while the spectra of the 940 ps and 2.0 ns components
are red-shifted with broad maxima at 664 and 675 nm,
respectively. These spectra are most likely a result of excimer-
like emission from defect sites within the polycrystalline film.
The 2.0 ns component is attributed to a small amount of
delayed fluorescence resulting from triplet—triplet annihilation
in the film, leading directly to a second population of excimer-
like states having geometries that afford greater stabilization of
the excimer-like state as implied by their slightly more red-
shifted emission. Due to the low emission yield of the excimer-
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Figure 7. Time-resolved fluorescence data for a 188 nm thin film of PDI molecule 1 excited with a 0.2 nJ, 416 nm laser pulse at a 820 kHz repetition
rate (excitation density 2.2 X 10'® cm™): (A) time-resolved fluorescence decay monitored at 610 nm, (B) decay-associated spectra for the indicated

time constants.

like species, and the dynamic range of the measurements, there
is no reliable evidence of longer lived components. The
fluorescence lifetime of monomeric 1 immobilized in a
polystyrene film is ~4 ns at 295 K, which implies that its
emission quantum yield in the polycrystalline film is reduced by
about a factor of 20.

Figure 8A shows fsTA spectra following photoexcitation of
the film of 1 with 120 fs, 416 nm laser pulses having an
excitation density of 7.1 X 10" cm™. For comparison, on the
basis of the crystallographic data, the number density of 1 in the
solid is 8.4 X 10*° cm™, so the number of excitons produced in
the solid film is relatively low. Ground-state bleaching at 590
nm as well as 480—550 and 640—800 nm transient absorption
features appear within the IRF and are attributed to formation
of 1. The three-dimensional fsTA data set of AA vs time
(0—6 ns) and wavelength (480—800 nm) was analyzed using
singular value decomposition (SVD) and subsequent global
fitting of the principal kinetic components to the model
described in eqs 2 and 3 to yield reaction rate constants as well
as the relevant species-associated spectra (Figure 8B,D,F,H).**

The model produces two spectra clearly identified with the
A(S;) — A(S,) and A(T;) — A(S,) transient absorption
difference spectra, where A(S,), A(T,), and A(S,) are the
absorbances of S;, T, and S, respectively. In all cases, the
A(S;) — A(S,) transient spectra have a strong bleach at $90 nm
and a broad absorption at 620—800 nm. This bleach persists in
the A(T,) — A(S,) transient spectra, whereas the near-infrared
absorption is much weaker. The decay of the A(S;) — A(S,)
spectrum is dominated by singlet—singlet annihilation, which
occurs with ke = 5.8 X 102 M ™! s7! (or 9.3 X 1072 em® s71),
which is similar to the rates observed for closely packed
chlorophylls in photosynthetic light-harvesting proteins.® In
contrast, the A(T;) — A(S,) spectrum rises with kg = (5.6 +
0.2) X 10° s7! or 74z = 180 =+ 10 ps and lives for 7 >> 6 ns. The
data show that lowering the excitation density to only 7.1 X
10" cm™ (Figure 8G,H), where the ratio of ground-state
molecules to excited molecules is ~1000:1, results in somewhat
less singlet—singlet annhilation, yet it still competes effectively
with SF. Nevertheless, a comparison of the SF time constant
(7gr = 180 =+ 10 ps) obtained from modeling the fsTA data on
the films of 1 with the time constant for the principal
fluorescence lifetime component (z; = 180 + 10 ps) reveals
that these numbers are identical within experimental error. The
excitation density for the fluorescence measurement is only 2.2

14706

X 10" cm™, and the fluorescence lifetime data analysis yields
no resolvable shorter components, so the annihilation-free SF
time constant is 180 ps. For comparison, Figure S4 in the
Supporting Information shows several single-wavelength kinetic
fits to the fsTA data in Figure 8A, which yield kinetic
components and amplitudes very similar to those obtained
from the global fits.

Triplet-State Characterization. The long-lived (>3>6 ns)
A(T,)—A(S,) transient absorption spectrum was further
characterized by performing nsTA on the film of 1 using 7
ns, 416 nm, 1.7 mJ laser pulses (Figure 9A). The nsTA spectra
are nearly identical to those obtained by fsTA in Figure 8 and
are also similar to the published spectrum of unsubstituted
3%1.2% The dependence of the magnitude of the nsTA spectra
on the excitation density was found to be linear in this range of
excitation densities, so singlet—singlet annihilation does not
compete kinetically with SF in the nanosecond experiment
(Figure 9B).

To determine the influence of the phenyl substituents on the
T, — T, absorption spectrum of monomeric **1, nsTA
measurements were also performed on 1 in toluene solution
with anthracene added as a triplet sensitizer.”>** Following
selective photoexcitation of the anthracene at 4, = 355 nm,
the anthracene triplet (**An) absorption initially observed at
428 nm? decays with a time constant 7, = 2.37 + 0.01 ps. This
decay is accompanied by the rise in absorption at 450—650 nm,
which results from the formation of **1 (Figure SS, Supporting
Information). Adding the scaled ground-state absorption
spectrum of 1 to its nsTA spectrum at 3 us gives the T, —
T, spectrum of 1 in toluene (Figure 10A), which agrees well
with that reported previously by Ford and Kamat for
unsubstituted >*PDI,> except that the 524 nm T, — T,
absorption maximum of 1 is red-shifted by 19 nm relative to
that of unsubstituted PDI. Similarly, the ground-state UV—vis
spectrum of the film was scaled and added to that of the nsTA
spectrum at 60 ns (Figure 9) to obtain the T; — T, absorption
spectrum of 1 in the polycrystalline film (Figure 10B). The
criterion used to determine how much to scale the ground-state
spectrum before adding it to the nsTA spectrum to obtain the
T, — T, absorption spectrum is minimizing the residual
inflection remaining at the wavelength of the ground-state
bleach at 590 nm. This is the largest contributor to the error
bars on the T; — T, extinction coeflicient and thus to the
triplet yield determination given below. In both solution and in
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Figure 8. (A, C, E, G) fsTA spectra of a 188 nm film of PDI molecule 1 at the indicated times following 120 fs, 416 nm laser pulses having excitation
densities of 7.1 X 10'%, 3.5 X 10™, 1.4 X 10" and 7.1 X 10'7 cm™, respectively. (B, D, F, H) Species-associated spectra obtained from SVD analysis,
global fitting, and target analysis of (A), (C), (E), and (G), respectively.

the film there is significant overlap of the Sy = S, and T, = T,

spectra of 1.

The T, — T, spectrum of 1 in the film has sharper features
and is red-shifted relative to that obtained in solution. It also
bears a striking resemblance to the Sy — S, spectrum of 1 in the

film, albeit with a significant blue shift of its lowest energy
absorption band. The S; — S, and T, — T, spectra of a
relatively small number of organic single crystals, e.g.,

anthracene,*
and perylene,*’
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44
benzophenone,

p-terphenyl,*®

1.‘;'ans—stilbene,46
have been measured using transient absorption
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1.2 X 10 cm™). The glass slide was mounted in a cryostat evacuated to 107> Torr at 295 K. (B) Excitation density dependence of the transient
bleach at 60 ns following a 7 ns, 416 nm laser pulse and the linear fit to the data (R* = 0.988).

techniques. The spectra observed in single crystals generally
appear similar to those measured in solution provided that the
interchromophore molecular orientations minimize electronic
coupling between them. In contrast, when significant orbital
overlap between the chromophores occurs within the crystal,
the Sy = S, and T; = T, spectra both show considerable
deviations from those in solution. The S; — S, spectra often
show strong Davydov splitting as well as an overall environ-
mental red shift of the transitions, while the T, — T, spectra
show a wide variability. This variability for triplet excitons
results from the fact that the long-range dipole—dipole
contribution to the overall electronic interaction between the
triplet exciton and its neighboring chromophores is negligible.
Thus, the electronic interaction of the triplet exciton with its
neighboring chromophores is largely orbital overlap driven,
making the interaction exponentially distance dependent and
very sensitive to small structural changes in the solid. For
example, the T| — T, spectra of both a- and -perylene crystals
have an additional red-shifted band that is not present in
solution. This band is broad and featureless in a-perylene,
which has two z-stacked perylene molecules, whereas the band
is much more structured in f-perylene, in which the z—=
distance is longer.*’* The authors suggest that these bands may
be charge transfer transitions that result from increased
electronic coupling in the crystals resulting from the con-
strained interchromophore orientations.

We speculate that the similarity between the S, — S, and T,
— T, spectra of 1 in the film results from the unusually strong
electronic coupling between the triplet exciton of 1 and its
neighboring molecules. The triplet exciton spectral width
depends on several factors, including the degree of order in the
molecular solid and the magnitude of the Davydov splitting.*®
The dipole—dipole contribution to the Davydov splitting is
most likely negligible in this case as it is for most triplet
excitons,*® so the sharpening of the spectrum more directly
reflects the significant orbital overlap within the one-dimen-
sional 7-stacks of 1 illustrated by the XRD structure shown in
Figure 3. There is a considerable interaction of the triplet
exciton on 1 with its neighboring chromophores in the film as
evidenced by the fact that its T; — T, absorption maximum is
red-shifted by 35 nm relative to its maximum in solution. In
comparison, the S; — S transition red shifts by nearly 50 nm.
The red shift in the T; — T, absorption maximum of 1 in the
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film is comparable to the 20 nm red shift in the T, — T,
absorption maximum of 6,13-bis[(triisopropylsilyl)ethynyl]-
pentacene (TIPS-pentacene) that we observed ;)reviously in
going from solution to a polycrystalline film. 4 1t is also
consistent with the fact that the triplet energy of 1 is lowered by
0.14 eV in the film relative to the monomer, which is a
considerable amount relative to the 0.26 eV stabilization of the
singlet of 1, indicative of a relatively strong interaction between
the triplet exciton and its environment.

The triplet yield due to SF can be measured by determining
the ground-state bleach immediately following ultrafast laser
excitation, but prior to SF, and then observing the increase in
the bleach as a second ground-state disappears as SF
proceeds.”® This increase should be accompanied by the
corresponding absorption changes resulting from formation of
two triplet states. However, this method requires that the S,
and T, absorption spectra are sufficiently well-resolved to
distinguish readily between them over the time course of SF.
Unfortunately, in the case of 1, the Sy and T spectra strongly
overlap, thus preventing such an analysis.

Thus, we developed an alternative method to determine the
%1 vyield in the film using a quantitative analysis of the
nanosecond transient absorption data. As mentioned above, the
number density of molecules in the film determined from X-ray
crystallography is 8.44 X 10*° cm™. The excitation density & in
the film is determined from the following equation:

_ EAK(1 —107")

la

: @
where E = 1.70 + 0.05 mJ, K = 5.034 X 10" J™ nm™, 1 = 416
nm, A = 0.302 + 0.002 at 416 nm, [ = (1.88 + 0.07) X 107° cm,
and a = 0.785 cm? so & = (1.21 + 0.05) X 10*° cm™. The
errors on the measured quantities are the standard deviations of
several measurements, and the resulting errors are arithmeti-
cally propagated to give the final errors on the derived
quantities. Given that the number density of molecules in the
film is (8.44 + 0.01) X 10%° cm™3, an excitation density of (1.21
+ 0.05) X 10*° cm™ implies that 14.3 + 0.5% of the molecules
of 1 in the film are initially excited. Since the absorbance of the
film at 590 nm is A = 0.563 + 0.002 (Figure 5, A = (20800 +
S0 M~ em™) X (1.44 M) X [(1.88 + 0.07) X 1075 cm]), the
expected initial AA at 590 nm due solely to ground-state
bleaching and no T—T absorption in the nsTA experiment is
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Figure 10. (A) S, and T, absorption spectra at 295 K of PDI molecule
1 (A) in toluene solution and (B) in a 188 nm film. (C) Comparison
of spectra for a 188 nm thin film of 1, where A(S,) is the amount of
ground-state bleach needed to be added to the A(T,) — A(S,)
transient spectrum to obtain the triplet spectrum A(T)). See the text
for an additional explanation.

(—0.143 £ 0.005) X (0.563 + 0.002) = —0.078 = 0.00S. Thus,
if the absorption of one photon results in the loss of only one
ground-state molecule, the number of photons absorbed by the
film should only produce a ground-state bleach of —0.078 +

0.00S. However, to obtain the nsTA spectrum recorded at 60 ns
(Figures 9 and 10C), the total ground-state absorbance that
must be subtracted from the triplet spectrum at 590 nm is 0.11
+ 0.01 (Figure 10C, A(S,) black spectrum), so the increase in
required ground-state bleach means that (—0.11 + 0.01)/
(—0.078 + 0.005) = 1.4 = 0.2 molecules have left the ground
state, so the singlet fission yield is 140 + 20%. The ratio of
ground-state bleach to triplet absorption at long times due to
SF will always be 1:1 because two triplet states are produced at
the expense of two ground states. This method was
corroborated by successfully applying it to pentacene thin
films, which undergo SF with a 200% yield (Figures S6—S9,
Supporting Information),’"” as well as palladium meso-
tetraphenylporphyrin thin films, which undergo SO-ISC to
produce a 100% triplet yield (Figures S10—S12, Supporting
Information).*” The main error source in this analysis is the
uncertainty in subtracting the correct amount of ground-state
absorption from the triplet exciton spectrum. This process is
illustrated in detail for the PDI thin film in Figure S13 in the
Supporting Information, where the ground-state spectrum is
scaled to varying degrees and then added to the nsTA spectrum
to obtain the PDI triplet spectrum.

Triplet-State Formation Mechanisms. The intrinsic
triplet quantum yield of monomeric PDI is very low (<1%)
because SO-ISC is slow.”® The ultrafast 180 ps time constant
for the appearance of **1 in the polycrystalline thin films
examined here is consistent with a dominant SF mechanism.
Any competing triplet formation mechanisms must readily
account for both the fast formation and the high triplet exciton
yield in polycrystalline 1. For example, photoinduced charge
separation within electron donor—acceptor molecules fre-
quently produces radical ion pairs in which the spin—spin
exchange interaction, 2], between the two radicals is sufficiently
weak that radical-pair intersystem crossing (RP-ISC) takes
place to yield a triplet radical ion pair, which subsequently
recombines to produce the neutral triplet state of either the
donor or the acceptor.’® While symmetry-breaking within the
excited singlet state of n-stacked amino-substituted PDI
derivatives leading to charge separation has been observed
previously when their CT states are low-lying,*"*" the fsTA
spectra of 1 in the thin films show no evidence of 1°* or 1°7.>
On the basis of the measured one-electron redox potentials for
formation of 1** or 1°~ (Eqx = 1.61 V and Eggp = —0.65 V vs
SCE, respectively™), as well as the relatively low static dielectric
constant of the largely aliphatic/aromatic molecular solid (g =
2.5), the dielectric continuum model of solvation®* predicts that
photogeneration of a 1°*—1°" radical ion pair on adjacent
molecules within the slip-stacked structure should be strongly
endergonic. Moreover, even if photoexcitation of 1 within the
slip-stacked columns in the polycrystalline solid could generate
an energetically accessible 1°*—1°" radical ion pair on adjacent
molecules, the value of 2] would mostly likely be orders of
magnitude too large to permit RP-ISC.* Lastly, spin evolution
within radical pairs centered on light elements is generally slow,
on the order of 108—10” s7%, so the observed time constant for
3*1 formation in the polycrystalline thin film is much faster
than that for RP-ISC. On the basis of our experimental
observations and the weak coupling requirements of the RP-
ISC mechanism, triplet exciton formation in films of 1 by this
mechanism can be discounted.

Another triplet formation mechanism originally proposed by
El-Sayed,® first noted in electron donor—acceptor molecules
by Okada et al.*® and more recently explored by Dance et al.*’
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using a variety of donor—bridge—acceptor systems, relies on the
large changes in orbital angular momentum characteristic of
transferring electrons between orbitals of differing symmetries
to induce rapid intersystem crossing in a photogenerated
radical ion pair followed by charge recombination. Once again,
this spin—orbit charge transfer intersystem crossing (SOCT-
ISC) mechanism requires charge separation, which is not
observed in films of 1 and at the same time requires the transfer
to occur between orbitals having different symmetries, which is
not the case in the m—x slip-stacked structural relationship
between individual molecules of 1 within the polycrystalline
solid.

Lastly, **1 formation may occur via ordinary SO-ISC in
excimer-like states, '*(1,1;), where molecules A and B are
adjacent within the z—7 slip-stacked structure.>’®
studies on covalent PDI derivatives in which two PDI
molecules are constrained to adopt a cofacial geometry show
that intersystem crossing is relatively slow for '*(1,1y),
generally occurring in 5—20 ns.*® The results presented here
show that **1 formation occurs in high yield on an ultrafast
time scale, which is consistent with an SF mechanism and not
SO-ISC within an excimer-like state.

While extensive computational work has been carried out on
pentacene and other SF chromophores to identify and quantify
which electronic coupling matrix elements are responsible for
SE,'® there is only one report which maps out the overall
electronic coupling matrix element for SF as a function of x,y
translation of two parallel PDI molecules offset in the
interplanar 7—7 stacking z-direction by 3.5 A.'®™ These
computations predict that the SF yield has a local maximum
when the degree of slippage along the N—N axis (defined as dx
in ref 16m) is 3.5—4.0 A and dy = 0.0—0.5 A. The PXRD data
for the polycrystalline films of 1 suggest that this intermolecular
geometry is present in these samples, so our high SF yield in
these films is consistent with this computational model.

8 .
8 Previous

B CONCLUSIONS

The present results on molecule 1 show that its 7—x slip-
stacked structure in the solid state produces a high SF quantum
yield. Even though SF in this system is endothermic by about
0.2 eV in vapor-deposited polycrystalline thin films, the yield of
3%1 is 140 + 20% and occurs in Tgp = 180 + 10 ps. This high
yield is most likely due to the entropic effects of generating two
triplet excitons, resulting in an overall exergonic process as was
recently suggested for tetracene.”” Transient absorption and
emission spectroscopies show that only singlet—singlet
annihilation competes with SF at higher laser excitation
densities on an ultrafast time scale and that no other competing
triplet formation mechanisms are experimentally observed.
Further studies using time-resolved EPR spectroscopy are being
pursued to better understand the SF mechanism. On the basis
of the results presented here, perylenediimide and related
rylene derivatives provide an effective platform for developing
an understanding of how molecular structure in the solid state
determines the photophysical characteristics of these chromo-
phores in ways that promote singlet exciton fission. This
understanding will have an important impact on the use of
these derivatives as photoactive materials to potentially enhance
solar cell performance and charge separation in systems for
artificial photosynthesis.
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