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ABSTRACT: Ultrafast triplet formation in donor—acceptor (D—A) systems

typically occurs by spin—orbit charge-transfer intersystem crossing (SOCT-
ISC), which requires a significant orbital angular momentum change and is
thus usually observed when the adjacent 7 systems of D and A are
orthogonal; however, the results presented here show that subnanosecond
triplet formation occurs in a series of D—A cocrystals that form one-
dimensional cofacial # stacks. Using ultrafast transient absorption
microscopy, photoexcitation of D—A single cocrystals, where D is coronene
(Cor) or pyrene (Pyr) and A is N,N-bis(3'-pentyl)-perylene-3,4:9,10-
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bis(dicarboximide) (C;PDI) or naphthalene-1,4:5,8-tetracarboxydianhy-

dride (NDA), results in formation of the charge transfer (CT) excitons Cor®*-C,PDI*~, Pyr®*-C,PDI*", Cor**-NDA®", and
Pyr®*-NDA®" in <300 fs, while triplet exciton formation occurs in 7 = 125, 106, 484, and 958 ps, respectively. TDDFT calculations
show that the SOCT-ISC rates correlate with charge delocalization in the CT exciton state. In addition, time-resolved EPR
spectroscopy shows that Cor®*-C;PDI*~ and Pyr**-C,PDI*~ recombine to form localized **C,PDI excitons with zero-field splittings
of IDI = 1170 and 1250 MHz, respectively. In contrast, Cor*"-NDA®™ and Pyr*'-NDA®" give triplet excitons in which [DI is only
1240 and 690 MHz, respectively, compared to that of NDA (2091 MHz), which is the lowest energy localized triplet exciton,
indicating that the Cor-NDA and Pyr-NDA triplet excitons have significant CT character. These results show that charge
delocalization in CT excitons impacts both ultrafast triplet formation as well as the CT character of the resultant triplet states.

B INTRODUCTION

Interest in organic donor—acceptor (D—A) cocrystals for
potential electronic and photonic applications' ™ is growing
rapidly due to the ease of designing cocrystals having
properties such as ferroelectricity,”” ambipolar charge trans-
port,"~'° photonic waveguiding,“_m tunable emission,”'*~"”
and near-infrared absorption.'® Early work on triplet excitons
in D—A cocrystals focused largely on their diffusion through
quasi-1D z-stacks, degree of charge transfer (CT) character,
and decay kinetics.'”** Recent studies have dealt with CT
intermediates in singlet fission,”"*" tri}plet—tripiet annihilation
leading to photon upconversion,””” and applications in
photodynamic therapy.”*™*

Surprisingly, no studies to date have examined the rate and
mechanism of triplet formation in single D—A cocrystals.
Spin—orbit-induced intersystem crossing (SO-ISC) is usually
responsible for triplet formation in organic chromophores;
however, singlet fission (SF), radical pair ISC (RP-ISC), and
spin—orbit charge transfer ISC (SOCT-ISC) can also result in
triplet formation.”* *" SF is a spin-allowed, down-conversion
process involving two chromophores that results in the
formation of two triplet excitons following absorption of one
photon and requires favorable energetics. It has been shown
that low-lying interchromophore CT states promote SF
through state mixing; however, if the CT state energies are
below that of the lowest excited singlet state, they
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competitively inhibit SF”* In contrast, RP-ISC occurs
following electron transfer within donor—acceptor (D—A)
systems and requires weak spin—spin exchange and dipolar
interactions in D**—A®".*' Thus, both processes are unlikely in
a m-stacked radical ion pair. SOCT-ISC is typically observed in
D—A systems in which the D and A 7 systems are nearly
orthogonal.”*~** In that case, ultrafast ISC occurs because CT
is accompanied by a large change in orbital angular
momentum, which must be offset by a change in spin angular
momentum to conserve total angular momentum.*

Given that planar D and A molecules usually crystallize into
cofacially -stacked one-dimensional ..DADA... columns, this
geometry is believed to strongly distavor SOCT-ISC because
the # orbitals of D and A are parallel to one another. For
example, we found recently that photoexcitation of a D—A
cocrystal in which D = peri-xanthenoxanthene (PXX) and A =
N,N-bis(3’-pentyl)-2,5,8,1 1-tetraphenyl-perylene-3,4:9,10-bis-
(dicarboximide) (Ph,PDI), where D and A are cofacially z-
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stacked, does not produce a measurable triplet yield.46 In
contrast, several groups have recently found that SOCT-ISC
can occur in cofacial D—A systems; yet a mechanism that
accounts for SOCT-ISC in this D—A geometry has not be
studied.”™*"**

To address this apparent contradiction, we have studied
triplet exciton formation dynamics in a series of donor—
acceptor cocrystals using coronene (Cor) and pyrene (Pyr)
donors each paired with either a N,N-bis(3'-pentyl)perylene-
(3,4:9,10)-bis(dicarboximide) (C;PDI) or a naphthalene-
1,4:5,8-tetracarboxydianhydride (NDA) acceptor (Scheme 1)

Scheme 1. Structures of the Electron Donors and Acceptors
Used in This Study
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using transient absorption microscopy (TAM)‘K”49 and time-
resolved electron paramagnetic resonance (TREPR) spectros-
copy. We find that charge delocalization in the CT exciton
state is most likely responsible for the angular momentum
change that results in ultrafast triplet formation in these
cocrystals. In addition, we find that the resulting triplet
excitons produced in the Cor-C;PDI and Pyr-C;PDI cocrystals
are localized on a single C;PDI, whereas the triplet excitons of
Cor-NDA and Pyr-NDA retain significant CT character. This
provides an opportunity to design new molecular materials
with tailored triplet exciton production for optoelectronic
applications.

B EXPERIMENTAL METHODS

Single Crystal Structure Determination. Cor, Pyr, and NDA,
and perylene-3,4:9,10-tetracarboxydianhydride (PDA) were obtained
from Sigma-Aldrich, while C;PDI was prepared from PDA as
described earlier.” Cor and C;PDI were cocrystallized from
chloroform and methanol, while Cor and NDA as well as Pyr and
NDA were cocrystallized by slow cooling from a dimethyl sulfoxide
solution that had been heated to reflux.

The crystal structure of the Pyr-CsPDI was reported earlier.”’ A
suitable single crystal of Cor-C;PDI (0.6 X 0.08 X 0.03 mm?), Cor-
NDA (0.047 X 0.185 X 0.450 mm?), or Pyr-NDA (0.061 x 0.085 x
0.465 mm’) was mounted on a MiTeGen loop with paratone oil on
an XtaLAB Synergy diffractometer equipped with a microfocus
rotating-anode Rigaku Cu X-ray source, and a Hybrid Pixel Array
Detector (HyPix) detector. The temperature of the crystal was
controlled at 100 K with an Oxford Cryostat. Following data
collection, data reduction was performed with CrysAlisPro software
using an empirical absorption correction. The structure was solved
with the ShelXT** structure solution program using the Intrinsic
Phasing solution method and by using Olex2 as the graphical
interface. The model was refined with ShelXL>* using least-squares
minimization. Highly disordered solvent molecules were removed

using the solvent mask program in OLEX2."* The structures of the
Cor-C;PDI, Cor-NDA, and Pyr-NDA cocrystals were deposited in the
Cambridge Crystallographic Data Center (CCDC 2082407, 2190090,
and 2190085, respectively). Additional crystallographic data are
provided in the Supporting Information, Tables S1—-S3, and Figures
$1-85.

Powder X-ray Diffraction Measurements. PXRD data were
collected at room temperature on a STOE-STADI-P powder
diffractometer equipped with an asymmetric curved Germanium
monochromator (CuKal radiation, A = 1.54056 A) and one-
dimensional silicon strip detector (MYTHEN2 1K from DECTRIS).
The line focused Cu X-ray tube was operated at 40 kV and 40 mA.
Powder was packed in a 3 mm metallic mask and sandwiched between
two polyimide layers of tape. Intensity data from 5 to 40 degrees two
theta were collected over a period of 30 min. The instrument was
calibrated against a NIST Silicon standard (640d) prior the
measurement.

Steady-State Absorption and Emission Spectroscopy.
Steady-state absorption spectra were collected on the cocrystals
using a Xenon arc lamp (Oriel Instruments, model 66902). The beam
was spatially filtered through a pinhole and polarized using a Glan—
Thompson polarizer. A motorized (ELLI4K, Thorlabs) achromatic
half-wave plate (SAQWPOSM-700, Thorlabs) was used to rotate the
linear polarization. The beam was then sent into the back port of an
upright microscope (Eclipse Ti—U, Nikon). In the microscope the
beam was directed through an internal mirror to a 15X reflective
objective lens (LMM15X, Thorlabs) to focus on the sample. The
transmitted part was collected using a second objective lens and then
sent to a home-built spectrometer (Richardson Gratings, 52A15BK-
224C) and focused onto a fast line-scan camera (OctoPlus, Teledyne
e2v), sampling at 100 000 lines/s. For absorption measurements, a
reference spectrum (on bare glass) and a transmission spectrum
(through a single cocrystal) were collected for each polarization in the
range 0—360° in 10° steps. A dark spectrum, with no light on the
sample, was subtracted from all reference and transmission spectra.

For emission measurements, the output of an optical parametric
amplifier (see next section) was set to the wavelengths indicated in
Figure 2 and ~1 puW using a neutral density filter. The beam was
focused on the sample and recollected employing the same setup used
for steady-state absorption measurements. To resolve the weak
emission, the integration time on the line-scan camera was set to the
maximum of 655 ms.

Femtosecond Transient Absorption Microscopy (fsTAM).
The 1040 nm output from a commercial Yb:KGW, 4 W, 100 kHz
repetition rate, 300 fs, amplified laser system (Spirit-One, Spectra-
Physics) was divided into two beams. One beam was sent to an
optical parametric amplifier (OPA) (Spirit-OPA-8, Light Conversion)
to generate the pump beam wavelengths indicated in Figure 4. The
pump was sent to a quarter-wave plate, which converted it to a
circularly polarized beam, and then into an electro-optic amplitude
modulator (EQ-AM-NR-C4, Thorlabs), which was phase-synchron-
ized to the laser output and a polarizer to amplitude-modulate the
beam at 50 kHz. The laser pulses passing through the EOM suffer
severe time stretching of up to a few ps; thus, a lab-built two-prism
compressor was used to recompress them to ~200 fs as measured
using a lab-built autocorrelator. The other 1040 nm beam was sent to
a double-pass linear delay line (Newport, IMS600LM), and then
focused into an 8 mm thick undoped YAG crystal for white light
continuum generation. The beam was then recollimated and the
fundamental was removed using a 1000 nm short-pass filter. The
pump and probe beams were coaxially combined using a 50:50
beamsplitter and sent into the microscope system and spectrometer
described above. The polarizations of the pump and the probe beams
were varied independently using two achromatic half-wave plates. The
pump and probe power on the sample were each set to 2 4W using
two neutral density filters. The pump and probe focused spot size (4
standard deviations of a Gaussian, or 95% of the beam intensity) on
the sample were 2.9 um, giving pump and probe fluence of 0.6 m]/
em? and 0.3 mJ/cm?, respectively. To further mitigate systematic
baseline shifts during the measurement, the TA spectrum at each
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delay point was individually referenced to a fixed negative delay point
(—10 ps).

Nanosecond Transient Absorption Microscopy (nsTAM). A
nanosecond-pulsed 405 nm laser (NPL41B, Thorlabs) was used as a
pump. The laser output was combined with the same white light
continuum beam used in the fsSTAM apparatus, and both beams were
sent to the microscope through the same optical path as described
above. The pump—probe delay was electronically modified using a
delay generator (DG645, Stanford Research). The pump was
electronically triggered at 50 kHz using lab-built electronics.

Data Analysis and Global Fitting. The TA data on each
cocrystal were chirp-corrected in a lab-written Python software by
fitting time-zero to a third order polynomial. All data were globally fit
using a previously described MATLAB fitting program.”*

Time-Resolved Electron Paramagnetic Resonance (TREPR)
Spectroscopy. Time-resolved electron paramagnetic resonance
(TREPR) studies of Cor-CiPDI, Pyr-C,PDI, Cor-NDA, and Pyr-
NDA were performed at 293, 40, 50, and 85 K, respectively, and at X-
band microwave frequency (9.59 GHz) using a Bruker Elexsys ES80
EPR spectrometer equipped with a split-ring resonator (ER4118X-
MS3). A powder of each cocrystal was sealed in a quartz EPR tube
(inner and outer diameters of 2.0 and 2.4 mm, respectively) under a
vacuum of 107 Torr. Powdered cocrystals were employed because
the single cocrystals were too small to obtain TREPR spectra. The
samples were photoexcited at the wavelengths indicated in Figure 6
with 7 ns, 2 mJ laser pulses using an optical parametric oscillator
(Basi-scan, Spectra-Physics) pumped with the 355 nm output of a
frequency-tripled, 10 Hz Nd:YAG laser (Quanta-Ray Lab 170,
Spectra-Physics). Following photoexcitation, kinetic traces of the
transient magnetization were acquired as a function of the magnetic
field in both the real and imaginary detection channels (i.e.,
quadrature detection) under continuous microwave irradiation of
5.0 mW. The data were processed by first subtracting the signal prior
to the laser pulse for each kinetic trace (at a given magnetic field) and
then subtracting the signal at off-resonance magnetic fields for each
spectrum (at a given time). The spectra are fit using the pepper
function in EasySpin 5.2.35.”

TDDFT Calculations. Calculations were performed on Cor-
CsPDI, Pyr-C;PDI, Cor-NDA, and Pyr-NDA D—A pairs using time-
dependent density functional theory (TDDFT) in QChem 5.1.°¢ The
geometry and relative orientation of the donors and acceptors in the
cocrystals were taken directly from the X-ray crystallographic data
without further optimization. Single point energy calculations were
performed using the @B97X-D3 functional, 6-31G* basis set, and
random phase approximation for configuration interaction single
transitions. Orbital contributions and spin densities were all calculated
in Multiwfn 3.8

B RESULTS AND DISCUSSION

Cocrystal Structures. Cor and C;PDI were recently found
to cocrystallize in quasi-1D a-stacks in either 1:1 or 2:1
molecular ratios depending on the growth method, stoichio-
metric ratios, and specific PDI derivative used.””® Cocrystall-
izing equimolar amounts of Cor or Pyr with C;PDI and Cor or
Pyr with NDA in all cases results in dark red, rod-like crystals
(Figures S1—S3 and ref 51), whose structures were determined
using single-crystal X-ray diffraction (Figures 1 and S$4). All
four D—A cocrystals form quasi-1D DADA... z-stacks that are
aligned along the cocrystal long axes with average interplanar
distances between D and A of 3.36-3.65 A (Figure 1).
Additional X-ray diffraction data on all cocrystals are presented
in Figures S1—85 and Tables S1—53. PXRD data obtained on
all four crystals agrees very well with the PXRD pattern
simulated using the X-ray diffraction crystal structure data
(Figure S6).

Steady-State Absorption and Emission Data. The
polarization-dependent, steady-state electronic absorption

% @I 3.65A

c)

!

Figure 1. X-ray crystal structures of (a) Cor-C;PDI, (b) Pyr-C;PDI,
(c) Cor-NDA, and (d) Pyr-NDA cocrystals.

spectra of each cocrystal are given in Figure 2, while the
corresponding polar plots are shown in Figure S7. The Cor-
C;PDI cocrystal shows several prominent maxima at 510, 553,
and 597 nm along with a weaker, broad absorption at about
650 nm (Figure 2a). Similar spectral features in Cor-bis(N,N-
cyclohexyl)PDI cocrystals have been observed using unpolar-
ized light.”® These intense bands are strongly red-shifted
relative to the reddest absorptions of Cor (430 nm)*’ and
C:PDI (520 nm). Given that Cor and C;PDI are 7-stacked at
near van der Waals distances, these shifts most likely result
from a strong CT interaction between the Cor electron donor
and the C;PDI electron acceptor with the band at 650 nm
being the lowest energy CT transition.”” The photo-
luminescence (PL) spectrum exhibits a maximum at 710 nm
(Figure 2a). The energy average of the 650 nm CT absorption
and 710 nm PL band yields a CT state energy of 1.83 eV. Data
for the Pyr-C,PDI cocrystal were reported earlier,”’ and in that
case, the Pyr-C;PDI CT band comparable to that of Cor-
C;PDI is not observed because its transition dipole moment
(TDM) is nearly perpendicular to the crystallographic a-axis,
which is parallel to the glass substrate surface, and is thus
nearly orthogonal to all orientations of the polarized Iight.46 In
addition, the orientation of the C{PDI TDM®' is ~40° relative
to the crystallographic g-axis, so that the C;PDI absorption of
the cocrystal exhibits a modest dependence of the polarized
light orientation. The sharp absorption band at 410 nm may
result from the red-shifted pyrene absorption in the solid state.
The unpolarized PL spectrum of the Pyr-C;PDI single
cocrystal shows a band maximum at 710 nm, which is assigned
to the CT emission in the cocrystal and indicates that the CT
state energy is also about 1.8 eV (Figure 2b).

The Cor-NDA cocrystal displays broad absorption bands
with maxima at 545 and 590 nm (Figure 2c), while the Pyr-
NDA cocrystal has similar bands at 557 and 592 nm (Figure
2d).°" These bands are significantly red-shifted from the
absorption bands of Cor (430 nm),”” Pyr (335, 370 nm),*
and NDA (380 nm)®’ and are thus attributed to a strong CT
interaction between the Cor or Pyr donors and the NDA
acceptor. The unpolarized PL spectra of the Cor-NDA and
Pyr-NDA cocrystals have single broad bands with maxima at
712 and 683 nm, respectively, which are assigned to CT
emission (Figures 2¢ and 2d). The energy average of the
absorption and photoluminescence bands yields CT state
energies of 1.92 and 1.93 eV for the Cor-NDA and Pyr-NDA
cocrystals, respectively.

Charge Transfer Energetics. The one-electron oxidation
potentials of Cor and Pyr are both 1.2 V vs SCE,”* while the
one-electron reduction potentials of C;PDI and NDA are both
—0.5 V vs SCE.*® The difference between these two potentials

https://doi.org/10.1021/jacs.2c08584
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Figure 2. Polarization-resolved steady-state absorption and unpolarized PL spectra of (a) Cor-C;PDI, (b) Pyr-C;PDI, (c) Cor-NDA, and (d) Pyr-
NDA cocrystals. The angles given refer to the polarization direction of the linearly polarized light relative to the long axis of the cocrystal.

is approximately the CT state energy in a polar solvent, which
for all four D—A pairs is 1.7 eV. The optical spectra of all four
cocrystals show that their CT state energies are about 0.1-0.2
eV higher than that estimated from the redox potentials. Weller
has shown that for a D*'—A®" pair at a fixed distance the CT
state energy decreases relative to that predicted by the redox
potentials as a result of the Coulombic attraction of the two
ions.”> However, this decrease is more than compensated by
the increase in CT state energy due to the low polarity of the
cocrystal environment relative to the polar solvents in which
the redox potentials are measured.”” The cocrystals described
here have the advantage that the strong D—A CT interactions
result in absorption and emission bands from which the CT
energies can be determined directly rather than relying on the
assumptions intrinsic to the Weller treatment. The energetics
are summarized in Figure 3.

Transient Absorption Microscopy. FsTAM and nsTAM
data were obtained on single cocrystals of Cor-C,PDI, Pyr-
C,PDI, Cor-NDA, and Pyr-NDA by exciting each cocrystal at a
wavelength (4,.) where the cocrystal absorption is nearly
independent of pump polarization (Figure 2). For each
cocrystal, the short wavelength limit of the data is determined

18610
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Figure 3. Measured energy levels of the Cor-C;PDI, Pyr-C;PDI, Cor-
NDA, and Pyr-NDA cocrystal CT states as well as the lowest excited
singlet (S,) and triplet (T,) state energies of their constituent donors
and acceptors. The blue lines and labels denote the nearly degenerate
energies of the Cor-NDA and Pyr-NDA CT states, while the red lines
and labels denote the nearly degenerate energies of the Cor-C;PDI
and Pyr-C;PDI CT states.
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Figure 4. FsTAM data for single cocrystals. (a,c,e,g) FsSTAM spectra vs pump—probe delay time for Cor-C;PDI (A, = 450 nm), Pyr-C;PDI (4, =
450 nm), Cor-NDA (4, = 475 nm), and Pyr-NDA (4, = 475 nm), respectively, where the probe beam is polarized parallel to the crystal long axis.

(b,d,£,h) Normalized evolution-associated spectra for Cor-C;PDI, Pyr-Cs

PDI, Cor-NDA, and Pyr-NDA, respectively, using an A — B — C state

model. Plots of kinetics at selected wavelengths and normalized populations as a function of time are given in Figure S8.

largely by the intensity of the white light probe pulse as well as
the optical density of the cocrystal. Photoexcitation of the Cor-
C:PDI cocrystal at 450 nm results in ground-state bleaches
(GSB) at 510, 555, and 604 nm, as well as excited state

18611

absorption (ESA) from 660 to 800 nm characteristic of
C,PDI*~ (Figure 4a).”® The Cor®" absorption occurs at 465
nm in selution and is mostly likely blue of the 500 nm probe
limit of this experiment.67 These absorption changes appear in
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J. Am. Chem. Soc. 2022, 144, 18607-18618



Journal of the American Chemical Society pubs.acs.org/JACS
a) b)
1.0
1.04 A1,=0.30+0.06 us
0.5 @ 05/
5
o 0. ;
© 00 g 00
% .0.5 " &
< \ /—-50 ns —— 500 ns v -0.5 /
< -1.04 \uuf 10 ns 1us <
[ —20ns u
154 ——50ns -1.04
' ——100 ns
2.0 : ; 20011 ‘ 15 : : :
550 600 650 700 550 600 650 700
Wavelength (nm) Wavelength (nm)
0.4
Aty 5= 060+0.03 s
—~ 0.2
]
© 00 -
-
o -0.21
©
~— _0_4 4
2
X 0.1
-0.8-
-1.00 ; i ; -1.0 . y ;
550 600 650 700 750 550 600 650 700 750
Wavelength (nm) Wavelength (nm)
e) 0.5 f) 1.0
- fra o5 Aty 5=140+003ps
2 i N,
= -0.54 —.0.095 ns ‘e 00
o —10ns =]
— -1.04 ——100ns o 0.5
= 205ns ‘5
g 15 ——505ns ~ 1.0
700 ns [7s]
2.0+ — 1.00 s < 45
— 1518 w 15
25 -2.04
3.0 . : : 25 . . ;
550 600 650 700 750 550 600 650 700 750
g) Wavelength (nm) h) Wavelength (nm)
1.0 1.00
—01ps 1.5 us
0.8 —o2us —1.75ps 0.75 —A1,=3.0+£02ps
0.6 —05ms 2.0 us s
—07ps 2.25 us » 0.50-
o 044 —10ps —25ps ‘é‘
‘C_’ 02] 125 us ——2.75 s : 0.254
£ 0.00 A
& 0
& 0251
5 -0.504
-0.75-
1.0 -1.00+— r ; T T - :
560 580 600 620 640 660 680

560 580 600 620 640 660 680
Wavelength (nm)

Wavelength (nm)

Figure 5. NsTAM data for single cocrystals excited with a 405 nm, 6 ns pulse. (a,c,e,g) NsTAM spectra vs pump—probe delay time for Cor-C;PDI,
Pyr-C;PDI, Cor-NDA, and Pyr-NDA, respectively, where the probe beam is polarized parallel to the crystal long axis. (b,d,fh) Normalized
evolution-associated spectra for Cor-C;PDI, Pyr-C;PDI, Cor-NDA, and Pyr-NDA, respectively, using an A — ground state model. Plots of kinetics
at selected wavelengths and normalized populations as a function of time are given in Figure S9.

<300 fs and decay to leave the ground state bleaches
overlapping and canceling part of a broad ESA extending
from 500 to 670 nm, which lives beyond the 7 ns pump—probe
delay time. Since the 500—670 nm band is spectrally similar to
the ESA of **PDI seen in PDI films®® and is long-lived, we
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assign it to the formation of **C;PDI in the cocrystal. This
assignment is confirmed by TREPR measurements described
below. Global fitting of the data using an A - B — C model
yields the evolution-associated spectra (EAS) shown in Figure
4b. Species A is assigned to a hot CT exciton Cor®**-C;PDI*~

https://doi.org/10.1021/jacs.2c08584
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Figure 6. TREPR spectra and simulated spectra of powdered (a) Cor-C;PDI, (b) Pyr-C;PDI, (c) Cor-NDA, and (d) Pyr-NDA cocrystals at 293,
40, 50, and 85 K, respectively, obtained 100 ns after a 7 ns laser pulse at 675, 600, 635, and 600 nm, respectively.

that relaxes in 7,_5 = 14 + 1 ps to species B, the relaxed CT
exciton. Rapid intersystem crossing accompanies charge
recombination of the relaxed CT exciton in 75 = 125 + 7
ps to produce **CPDI in about a 37% yield based on a
comparison of the initial GSB to that of the triplet exciton at
long times (Figure S11). A comparable data set for a Cor-
CsPDI cocrystal using 630 excitation is given in Figure S11,
which yields similar results. NsTAM data show that **C,PDI
decays to ground state in 7 = 0.30 £ 0.06 ps (Figures Sa and
5b).

The fsSTAM data obtained on the Pyr-CsPDI cocrystal
following photoexcitation at 450 nm results in the formation of
the Pyr®*-C,PDI*~ hot CT exciton in 7 < 300 fs as indicated
once again by the GSB at 604 nm and the broad ESA at 700
nm due to CPDI*” formation (Figure 4c). Pyr®* absorbs at
453 nm with weak bands in the near-infrared,’ so it is unlikely
that the observed absorption changes have significant
contributions from this radical cation in the 525—800 nm
wavelength range accessible in this experiment. The observed
transient spectra, which have significantly higher signal-to-
noise ratios than those we reported earlier,”" decay to leave the
GSB that overlaps and cancels part of a broad ESA extending
from 525 to 600 nm. These absorption changes survive 37 ns
and are also assigned to **C;PDI on the basis of the TREPR
spectra described below. The apparent blue-shift of the
relatively weak **C.PDI transient spectrum in Pyr-C,PDI
relative to that of Cor-C;PDI results once again from the fact
that the TDM of **C,PDI is about 40° relative to the glass
substrate surface.”’ The EAS are shown in Figure 4d. Species A
is assigned to a hot Pyr**-C,PDI*~ CT exciton that relaxes in
Ta_p = 11 + 1 ps to the relaxed CT exciton, species B. Rapid
intersystem crossing accompanies charge recombination of the
relaxed CT exciton in 75_,c = 106 + 6 ps to produce **C,PDI
in 43% yield (Figure S11). NsTAM data show that **CsPDI
decays to ground state in 7 = 0.60 + 0.03 us (Figures Sc and
5d).
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The fsSTAM spectra of a single Cor-NDA cocrystal show a
strong GSB of the cocrystal absorption at 600 nm, which
cancels out part of the ESA that appears at 525—750 nm
(Figure 4e). The absorption that extends out to 750 nm is
consistent with the absorption of NDA®~,** while, once again,
the Cor*" most likely absorbs at wavelengths bluer than our
$25 nm probe limit in this experiment.”” These absorption
changes appear in <300 fs, which implies that the hot Cor®'-
NDA*" CT exciton is formed immediately upon photo-
excitation. The EAS are shown in Figure 4f, where species A is
the hot exciton that decays to the relaxed CT exciton, species
B,in 75,5 = 10.0 + 0.3 ps. These bands decay in 7 ,c = 484 +
1 ps to a long-lived GSB at 600 nm accompanied by weak ESA
with maxima at 560 and 627 nm. It is likely that the GSB is
canceling out the relatively weak absorption of **NDA that
occurs in this spectral region. This long-lived species is
assigned to **NDA based on its triplet TREPR spectra shown
below and is produced in a 41% yield (Figure S11). The
nsTAM spectra show that *NDA decays to ground state in 7
= 1.40 + 0.03 us (Figures Se and 5f).

FsTAM spectra of a single Pyr-NDA cocrystal once again
show the appearance in <300 fs of ground state bleach features
at 560 and 605 nm accompanied by formation of a strong ESA
with an apparent maximum at 652 nm that is partially canceled
out by the GSB (Figure 4g). The EAS are shown in Figure 4h,
where species A is the hot Pyr**-NDA®*” CT exciton that
decays to the cooled Pyr**-NDA®*~ CT exciton, species B, in
Ta_p = 23 = 4 ps. The relaxed CT state then decays in 75_,¢ =
958 + 20 ps to form a long-lived species characterized by an
ESA from 525 to 700 nm superimposed on the ground state
bleach at 617 nm, which is consistent with the formation of
3*NDA. As is the case for the Cor-NDA cocrystal, the long-
lived species is assigned to **NDA based on the triplet TREPR
spectra obtained for this species shown below and is produced
in a 46% yield (Figure S11). The nsTAM spectra show that

https://doi.org/10.1021/jacs.2c08584
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**NDA decays to ground state in 7 = 3.0 + 0.2 us (Figures Sg
and Sh).

Triplet State EPR Spectroscopy. Time-resolved electron
paramagnetic resonance (TREPR) spectroscopy was used to
characterize the long-lived triplet excitons formed in the D—A
cocrystals. Since the single cocrystals were too small to obtain
high quality TREPR spectra, a powdered sample of each
cocrystal was examined. Following photoexcitation of the
powdered cocrystals, a triplet TREPR spectrum is observed at
100 ns (Figure 6), in which the six-line spectrum of the triplet
exciton is spin polarized with an (ee,ea,a,a) spectral powder
pattern from low to high magnetic field, where (a) and (e)
designate enhanced absorptive and emissive signals, respec-
tively. The triplet TREPR spectra of the cocrystals are shown
at temperatures for which the signal-to-noise is optimal;
however, the observed zero-field splittings, |DI and |El, do not
depend significantly on temperature.

The simulated spectrum for the Cor-C;PDI cocrystal
(Figure 6a, red line) closely matches the experimental
spectrum when the zero-field splittings of the triplet are DI
= 1170 MHz and IE| = 120 MHz, which are typical for **PDI
derivatives (IDI = 1274 MHz and |E| = 130 MHz).”" Similarly,
the simulation of the TREPR spectrum of the triplet state
resulting from charge recombination of Pyr**-C,PDI *~ gives
IDI = 1250 MHz and |El = 130 MHz, which again are similar to
those of **PDI (Figure 6b). Assuming D > 0, the spin
polarization pattern indicates that SOCT-ISC selectively
populates the T, and T, spin sublevels of the triplet manifold.”"
In contrast, simulation of the experimental TREPR spectrum
resulting from charge recombination of Cor®"-NDA®*™ in
Figure 6c¢ reveals that [DI = 1240 MHz and |El = 350 MHz,
in which ID| is substantially reduced relative to that of both
¥Cor (IDl = 2910 MHz and IEl = 0 MHz)"* and **NDA (IDI
= 2091 MHz and |El = 51 MHz).” Similarly, the TREPR
spectrum of the triplet state resulting from charge recombina-
tion of Pyr*"-NDA"®™ gives DIl = 690 MHz and |El = 9 MHg, in
which IDI again is substantially smaller than that of **Pyr (IDI
= 1852 MHz and |El = 202 MHz)"* and 3*NDA (Figure 6d).
The (e,e,e,a,a,a) polarization pattern is characteristic of SOCT-
ISC and thus rules out singlet fission”> and radical pair
intersystem crossing’' as the mechanism for the fast triplet
formation because they result in a characteristic (a,e,e,a,a,e)
polarization pattern.

A decrease in ID| relative to the value expected for an
isolated chromophore triplet state is usually attributed to CT
interactions with a neighboring molecule in which a triplet
charge transfer state mixes with the neutral triplet state
localized on the chromophore. This increases the average
distance between the two electrons comprising the triplet
exciton resulting in a smaller electron—electron dipolar
interaction, and hence, a smaller IDI. For Cor-C,PDI and
Pyr-C;PD], ID| decreases by about 8% and 2%, respectively,
while for Cor-NDA and Pyr-NDA these decreases are far more
substantial, 41% and 63%, respectively. These data show that
the triplet exciton in the latter two cases has a high degree of
CT character.

Mechanism of Triplet Exciton Formation. The rapid
formation of triplet excitons in these cocrystals is somewhat
surprising given that ordinary SO-ISC in organic chromo-
phores occurs typically with rates on the order of 10°-10°
s71.7° For example, it is especially slow in PDI derivatives,
leading to triplet yields typically <1%.°® As noted above,
another potential explanation for fast triplet generation is

SOCT-ISC,*****”” in which photoexcitation of a D—A pair
results in ultrafast '(D**—A*") formation followed by charge
recombination directly to **D—A or D—**A, if there is a
change in the orbital angular momentum resulting from the
electron transfer. However, the question remains: how does
the needed angular momentum change occur in a 7-stacked,
cofacial D—A cocrystal? We propose a mechanism for ultrafast
SOCT-ISC in these cocrystals that considers the differing
orbital interactions between the donor and the acceptor that
result in charge delocalization within the CT state influenced
by the D—A m-stacking geometry.

Despite the fact that the D—A pairs are all nearly cofacial,
the crystal structures of the cocrystals given in Figures 1 and $4
show that the degree of slip-stacking and rotation of the donor
plane relative to that of the acceptor about the z-stacking axis
is different in each cocrystal, and in no case are the two z-
systems symmetrically placed on top of one another. TDDFT
calculations were used to determine the electron distributions
in the HOMO and LUMO of each cocrystal D—A pair using a
Mulliken population analysis (Figure 7). These calculations

Cor-C;PDI

Cor-NDA

>00Eodi s

Cor-CsPDI

Cor-NDA

Figure 7. Calculated HOMOs and LUMOs for the indicated donor—
acceptor pairs with the relative Mulliken populations on the donor
and acceptor.

show that the HOMOs of the four D—A pairs have electron
density that is shared to varying degrees between the donors
and the acceptors, whereas the corresponding LUMOs are
localized largely on the acceptors. The HOMOs of Cor-C;PDI
and Pyr-C;PDI have 36% and 9%, respectively, of their
electron density on the C,PDI acceptor, while those of Cor-
NDA and Pyr-NDA have 2% of their electron density residing
on the NDA acceptor. The hole is delocalized along the z-
stacking axis, which we will label the z-axis, while the electron
remains localized. When charge recombination occurs, both
charges are now confined to motion in the x—y plane of the
acceptor 7 system, resulting in an angular momentum change
that requires a spin angular moment change to conserve total
angular momentum.

The smaller charge delocalization calculated for Cor-NDA
and Pyr-NDA suggests that the rates of triplet exciton
formation should be slower for these two cocrystals relative
to Cor-C;PDI and Pyr-C;PDI, which is borne out by

https://doi.org/10.1021/jacs.2c08584
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experiment. However, in making these comparisons one must
also consider the free energy changes. The free energy change
upon charge recombination of Cor®'-C,PDI*” and Pyr*'-
CiPDI*” to the corresponding triplet excitons is AG = —0.6
eV. Since the internal reorganization energy for charge
recombination in both cases is about 0.5 eV,”"°° and there
is no solvent contribution, the rate of recombination to the
triplet exciton should be near the maximum of the Marcus rate
vs free profile,”""™ so that the rate of triplet exciton formation
is not limited by AG. In contrast, given that the angular
momentum changes for charge recombination of Cor®'-
NDA®*™ and Pyr**-NDA®" are smaller and AG = 0 eV for
these processes, the charge recombination rates to the triplet
exciton for these systems are slower and retain significant CT
character as shown by the significant reduction in their IDI
values obtained from TREPR spectroscopy.

The latter conclusion is also supported by TDDFT
calculations of the triplet state spin densities on the donor
and acceptor for the triplet excitons generated in the cocrystals
(Figure 8). The calculations predict that for Cor-CsPDI and

o

Cor: 0.035

Pyr: 0.013

NDA: 1.807 NDA: 1.065

Cor: 0.193 Pyr: 0.935

Figure 8. Calculated spin densities on D and A in **(D—A) using
TDDEFT.

Pyr-CsPD], the triplet is almost entirely localized on CPDI,
which agrees very well with the experimental IDI values for the
triplets formed upon charge recombination of Cor®*-C;PDI"~
and Pyr**-C,PDI*". In contrast, the TDDFT calculations
predict 19% CT character for Cor-*NDA triplet exciton, while
the triplet exciton produced in the Pyr-NDA cocrystals is
almost a pure CT triplet exciton *(Pyr**-NDA®"). Once again,
these predictions are in concert with the significant decreases
in the IDI values observed by TREPR for the triplet states of
the NDA-containing pairs.

B CONCLUSIONS

Ultrafast transient absorption microscopy shows that photo-
excitation of Cor-C;PDI, Pyr-C;PDI, Cor-NDA, and Pyr-NDA
single cocrystals produces CT excitons in <300 fs followed by
subnanosecond charge recombination leading to SOCT-ISC in
each cocrystal. SOCT-ISC is usually observed when the 7
systems of D and A are orthogonal; however, rapid SOCT-ISC
in these cocrystals is a consequence of initial charge
delocalization along the 7-stacking direction followed by an
orbital angular momentum change upon charge recombination
that elicits a rapid spin angular momentum change to conserve
total angular momentum. Charge recombination of the Cor®*-
C;PDI*~ and Pyr**-C;PDI"* CT excitons produces **C.PDI
in which the triplet exciton is localized on C;PDI In contrast,
charge recombination of Cor**-NDA®~ produces Cor->*NDA,

which has 19% CT character as determined using TDDFT
calculations, while subnanosecond ISC produces the long-lived
CT triplet exciton *(Pyr*-NDA®") with nearly complete
charge separation (94%). TREPR spectra of the resulting
triplet states in the cocrystals all display a spin polarization
pattern characteristic of triplet formation by spin—orbit charge-
transfer intersystem crossing (SOCT-ISC) and zero-field
splitting DI values in agreement with the TDDFT predictions
regarding CT contributions to the triplet excitons. We
conclude that ultrafast triplet generation in 1D, m-stacked,
D—A single cocrystals depends critically on the orbital
interactions of D and A, as determined by their crystal
structures, so that D—A single cocrystals can be designed to
promote triplet exciton formation as needed for particular
electronic or photonic applications.
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