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Ultrafast Photo-driven Charge Transfer Exciton Dynamics in
Mixed-Stack Pyrene-Perylenediimide Single Co-crystals

Michele S. Myong, Yue Qi, Charlotte Stern, and Michael R. Wasielewski*

ABSTRACT

Electron donor-acceptor co-crystals are receiving increasing interest because of their many useful
optoelectronic properties. While the steady-state properties of many different co-crystals have
been characterized, very few studies have addressed how crystal morphology affects the dynamics
of charge transfer (CT) exciton formation, migration, and decay, which are often critical to their
performance in device structures. Here we show that co-crystallization of a pyrene (Pyr) electron
donor with either N,N'-bis(2,6-diisopropylphenyl)- or N,N'-bis(3'-pentyl)-perylene-3,4:9,10-
bis(dicarboximide) (diisoPDI or CsPDI) electron acceptors, respectively, yields mixed n-stacked
Pyr-diisoPDI or Pyr-CsPDI donor-acceptor co-crystals. Femtosecond transient absorption
microscopy is used to determine the CT exciton dynamics in these single crystals. Fitting the data
to a one-dimensional charge transfer CT exciton diffusion model reveals a diffusion constant that
is two orders of magnitude higher in the Pyr-diisoPDI co-crystal compared to the Pyr-CsPDI co-
crystal. By correlating the co-crystal structures to their distinct excited-state dynamics, the effects
of each mixed stacked structure on the exciton dynamics and the mechanisms of CT exciton

diffusion are elucidated.
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INTRODUCTION

Organic donor-acceptor (D-A) co-crystals are formed by charge transfer (CT) interactions
between their two components, which result in new photophysical properties'-3 with potential
applications in tunable dye lasers,* > sensors,% 7 and organic photovoltaics.®-!! Several studies
characterizing the CT ground state optical absorption as well as the steady-state and time-resolved
photoluminescence of D-A co-crystals have been reported.> 1223 While a few reports on excited
state dynamics in D-A co-crystals employ transient absorption and emission spectroscopy on
polycrystalline powders to draw conclusions about the crystal morphology dependence of the
dynamics,'% 2427 there are even fewer studies that employ transient optical absorption
measurements to study CT exciton dynamics in single D-A co-crystals.?8-30

Port and co-workers reported the first example of using femtosecond transient absorption to
study ultrafast CT exciton dynamics in single co-crystals of anthracene and pyromellitic
dianhydride.?® 2 We recently reported on a single co-crystal of a peri-xanthenoxanthene (PXX)
donor with a N,N'-bis(3'-pentyl)-2,5,8,11-tetraphenylperylene-3,4:9,10-bis(dicarboximide)
(Ph4PDI) acceptor to give an orthorhombic PXX-Ph,PDI D-A m-stacked co-crystal with a CT
transition dipole moment (TDM) perpendicular to the TDMs for S, < S, excitation of PXX and
Ph,PDI. Using polarized, broadband, femtosecond transient absorption microscopy (fSTAM), we
determined that selective photoexcitation of Ph4PDI in the single co-crystal results in CT exciton
formation within the 300-fs instrument response time. At early times (0.3 < ¢ < 500 ps), the CT
excitons decay with a > dependence, which was attributed to CT biexciton annihilation within
the one-dimensional D-A m-stacks producing high-energy, long-lived (>8 ns) electron-hole pairs

in the crystal.
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Here, we have co-crystallized a pyrene (Pyr) electron donor with either an N,N'-bis(2,6-
diisopropylphenyl)- or N,N'-bis(3’-pentyl)-perylene-3,4:9,10-bis(dicarboximide) (diisoPDI or
CsPDI) electron acceptor to yield single Pyr-diisoPDI or Pyr-CsPDI donor-acceptor co-crystals
with mixed n-stacking. Polarized, broadband fSTAM was used to study the CT exciton dynamics
of Pyr-diisoPDI and Pyr-CsPDI single co-crystals, which reveal that the CT exciton diffusion
coefficient in the Pyr-diisoPDI co-crystal (~1x104 cm?/s) is about two orders of magnitude higher
than that of Pyr-CsPDI (~6x10-% cm?/s). Additionally, when the pump polarization is perpendicular
to its crystallographic a-axis (crystal long axis), the CT exciton decay kinetics in the Pyr-diisoPDI
co-crystal are dominated by CT exciton annihilation, while charge recombination of the CT
exciton contributes significantly to the dynamics when the pump polarization is parallel to the a-
axis. In contrast, CT exciton recombination contributes significantly to the dynamics in the Pyr-
CsPDI co-crystal for both pump polarizations. A comparison of the two co-crystal morphologies
shows that CT exciton diffusion is most likely confined to individual D-A w stacks in the Pyr-
CsPDI co-crystal, while rapid charge hopping or delocalization between adjacent donors and
acceptors in the Pyr-diisoPDI co-crystal results in more rapid diffusion, even though CT exciton
diffusion remains one-dimensional. These results provide insight into how crystal morphologies
can be designed to tailor CT exciton mobilities in organic semiconductors for optoelectronic
applications.

RESULTS AND DISCUSSION
Donor-acceptor co-crystal structures

Single co-crystals containing a 1:1 stoichiometric ratio of pyrene to either diisoPDI or CsPDI

in their unit cells were grown and their x-ray diffraction structures were determined using

techniques given in the ESI. The Pyr-diisoPDI co-crystal is monoclinic with the space group P2,/c.
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Bravais-Friedel-Donnay-Harker (BFDH) cell morphology calculations (Figures S1) show that the

crystallographic ag-axis is nearly parallel to the crystal long axis. The view down the b-c

a) ; c)

Pyr-Pyr
= 3.34A

diisoPDI-diisoPDI
3.31A

Pyr-diisoPDI
3.37A

Pyr-diisoPDI
6.12A

diisoPDI-diisoPDI - ;I
Figure 1. Pyr-diisoPDI cocrystal structure: (a) View down the b-c crystallographic plane with the interstack
distance labeled, (b) View down the a-c crystallographic plane with the Pyr-diisoPDI and diisoPDI-diisoPDI
distances labeled as well as the angle between the planes of the molecules and the crystallographic c-axis, and (c)
View nearly in line with the crystallographic b-axis showing the edge-to-edge m-n distances of Pyr-Pyr, Pyr-
diisoPDI, and diisoPDI-diisoPDI. Pyr-CsPDI cocrystal structure: (d) View down the a-c crystallographic plane
with intrastack and interstack distances labeled, (e) View down the a-b crystallographic plane, (f) View down the
crystallographic a-axis with the Pyr- CsPDI, CsPDI- CsPDI, and Pyr-Pyr distances labeled.

crystallographic plane shows that the interstack distance between the D-A pairs is 9.6 A (Figure
1a). The planes of the diisoPDI and pyrene molecules are tilted 51° from the a-axis of the unit cell

(Figure 1b) and the Pyr-diisoPDI n-r stacking distance is 3.5 A. While the center-to-center distance
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between two diisoPDI molecules in separate D-A stacks is 7.2 A, they have an edge-to-edge
distance of one of their oxygen atoms to the carbon atom of an adjacent diisoPDI of only 3.31 A
(Figure 1c). The structure also shows that half of the Pyr molecules are in the same plane as
diisoPDI with an edge-to-edge closest distance of the diisoPDI oxygen atom to the Pyr carbon
atom of 3.37 A. In addition, adjacent Pyr molecules have a slip-stacked arrangement in which the
closest edge-to-edge distance of their m systems is only 3.34 A. While the intrastack m-m
interactions of the cofacial Pyr and diisoPDI should be large, given the close edge-to-edge
interstack Pyr-Pyr, diisoPDI- diisoPDI, and Pyr-diisoPDI distances (Figure 1lc), the interstack
electronic interactions may also be sufficiently large to influence the formation, migration, and
decay of CT excitons.

The Pyr-CsPDI co-crystal is triclinic with space group P-1 and its interstack distance is 9.8 A,
while the Pyr-CsPDI n-rt stacking distance is 3.5 A, both of which are very similar to the Pyr-
diisoPDI co-crystal (Figure 1d). BFDH cell morphology calculations (Figure S2) once again show
that the crystallographic a-axis is nearly parallel to the crystal long axis. Looking down at the a-b
crystallographic plane, the angle between the planes of adjacent D-A stacks is 47° (Figure le). In
contrast to the Pyr-diisoPDI co-crystal, the Pyr-CsPDI co-crystal has significantly greater edge-to-
edge m-n distances of closest approach, where these distances are 6.43 A for CsPDI-CsPDI, 6.12
A for Pyr-CsPDI, and 3.98 A for Pyr-Pyr (Figure 1f). This implies that the photophysics of the
Pyr-CsPDI may be dominated by intrastack cofacial D-A interactions.

Steady-state absorption and emission microscopy

Polarization-dependent steady-state absorption and PL spectra of both co-crystals are shown

in Figure 2. The Pyr-diisoPDI co-crystal exhibits three distinct absorption bands at 460, 510, and

550 nm that are assigned to transitions of diisoPDI (Figure 2a).3° Absorption peaks related only to
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Figure 2. Steady-state absorption spectra at various polarizations with respect to the macroscopic crystal long
axis (crystallographic a-axis), and unpolarized PL of (a) Pyr-diisoPDI cocrystal and (b) Pyr-CsPDI cocrystal.

Pyr are not observed because the molecule absorbs at 300-350 nm, which is outside of the range
of the absorption measurement. The absorption in the 600-700 nm range is assigned to the CT
band of the co-crystal.3* The CT TDM lies along the direction normal to the n-stacking direction,
so that the TDM makes an angle of ~40° relative to the crystallographic a-axis, which is parallel
to the glass substrate surface. In contrast, the TDM of diisoPDI lies along its N-N axis,?! which is
also ~40° relative to the crystallographic a-axis. As the direction of the linearly polarized light
relative to the g-axis is changed, both the diisoPDI and CT bands exhibit modest intensity changes
(Figure 2a). Additional polarized absorption data are given in Figure S3. The unpolarized PL
spectrum of the Pyr-diisoPDI co-crystal shows a maximum at 710 nm.

The Pyr-CsPDI co-crystal displays a broad absorption band with a maximum at 530 nm and a
shoulder at 577 nm that are both assigned to vibronic transitions of CsPDI (Figure 2b).3! The Pyr-
CsPDI CT band is not observed because its 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 light.3° The orientation of the CsPDI TDM?3! is ~40° relative to the

crystallographic a-axis, so that the CsPDI absorption of the co-crystal exhibits a modest
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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. Additional polarized absorption data are
given in Figure S4. The unpolarized PL spectrum of the Pyr-CsPDI single crystal shows a band
maximum at 710 nm, which is nearly identical to that of Pyr-diisoPDI. We assign this PL to the
CT emission in both co-crystals.
Femtosecond transient absorption microscopy

Polarization-dependent femtosecond transient absorption microscopy (fsSTAM) was used to
investigate the CT exciton dynamics of both the Pyr-diisoPDI and Pyr-CsPDI co-crystals. The
pump and probe focused spot sizes (FWHM) on the sample were 0.83 um and 0.93 pum, with
Gaussian beam shapes (Figure S5). The total instrument response function (IRF) was 300 fs. The
spectral features of Pyr-diisoPDI differ when the probe polarization is parallel or perpendicular to
the a-axis of the co-crystal. After selective photoexcitation of diisoPDI at 540 nm, an absorption
peak appears at 710 nm within the IRF when the probe is perpendicular to the crystallographic a-
axis that is assigned to diisoPDI"~ within the Pyr**-diisoPDI"~ exciton (Figure 3a).3? In contrast,
when the probe direction is parallel to the crystal a-axis, the diisoPDI*~ positive absorption feature
broadens. Both spectra decay over the ~8 ns time window of the pump-probe experiment. The
spectral shape resembles the solution phase spectrum of PDI*~ observed previously.3? Pyr'* is not
observed because the spectral feature would be around 400 nm,*3 which is outside the wavelength
window of the experiment. The sharper diisoPDI*~absorption observed for the perpendicular probe
orientation is a consequence of cancellation of part of the diisoPDI*~ absorption by the ground state
bleach of the CT absorption band at 600-700nm (Figure 3a). When the probe is parallel to the
crystallographic a-axis, the ground state bleach of the CT band is diminished and thus, the

diisoPDI'~ absorption appears more symmetric (Figure 3b).
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Figure 3. FSTAM spectra of the Pyr-diisoPDI cocrystal with probe polarized (a) perpendicular or (b) parallel to
crystallographic a-axis and of the Pyr-CsPDI cocrystal with probe polarized (c) perpendicular or (d) parallel to
crystallographic a-axis. The excitation power density for all spectra was 3.0 x 102 cm,

The fSTAM spectra of the Pyr-CsPDI co-crystal are only slightly probe-polarization dependent.
After selective excitation of CsPDI, formation of the Pyr"*-CsPDI'~ CT exciton is observed as a
broadened positive absorption band at 700 nm due to CsPDI"™ when the probe is perpendicular to
the a-axis of the crystal. The CsPDI"~ feature decays within the 8 ns pump-probe delay window
(Figure 3c). Similar somewhat broader spectral features are observed when the probe is parallel to

the crystal long axis. CsPDI"" is observed at 700 nm along with a shoulder at 640 nm (Figure 3d).

CT exciton diffusion and decay dynamics
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Our data show that the kinetics of CT exciton diffusion in the Pyr-diisoPDI co-crystal depend
on the pump polarization relative to the crystallographic a-axis. When the pump is polarized
perpendicular to the crystallographic a-axis, the TDM of diisoPDI within the Pyr-diisoPDI co-
crystal is nearly parallel to the polarization direction of the light (Figure 1a), so maximal light
absorption occurs. The decay kinetics are best modeled using a bimolecular, one-dimensional CT

exciton annihilation process:

d[ct]
— = — ky[CT]? (1)

t
which for a Smoluchowski-type time-dependent rate coefficient k, < t ~1/2 has the analytical
solution:**
[CT] = ([CT]5 " + 26v8) ™ )
where C is a composite constant discussed below. This model fits the data well for the ~8 ns time

window of the pump-probe experiment (Figure 4a).

a b 0.07 ¢
0054 o 6.8x10'cm? 006s © 6.8x10"cm? POT o pmoisroes
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Figure 4. (a) Kinetic fits at 710 nm to a bimolecular, one-dimensional decay model at two different pump fluences
for Pyr-diisoPDI with the indicated pump and probe polarizations. (b) Kinetic fits to a bimolecular, one-
dimensional decay and first order decay model at two different pump fluences for the Pyr-diisoPDI cocrystal with
the indicated pump and probe polarizations. Oscillations in the data are due to acoustic phonons produced in the
cocrystal at higher pump powers. (¢) Kinetic fits to a bimolecular, one-dimensional decay and first order decay
model in the Pyr-CsPDI cocrystal at 710 nm with the indicated pump and probe polarizations. The excitation
density is 6.8 x 10! cm™ for both polarizations. Oscillations in the data are due to acoustic phonons produced in
the cocrystal at higher pump powers.
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In contrast, when the pump is polarized parallel to the crystallographic a-axis, the TDM of
diisoPDI within the Pyr-diisoPDI co-crystal is nearly perpendicular to the polarization direction of
the pump diminishing the absorbance. The kinetic model that best describes the data requires the

addition of a first order decay component to eqn. 1:

A o Ki[CT] — ky[CT]? (3)

The analytical solution® to eqn. 3 as detailed in the ESI is:

[CT]ore ™
[CT] = 4)
Jk1 + [CT]oCNT — [CT]oCNT x erfe(\kat)

This model fits the data well for the ~8 ns time window of the pump-probe experiment (Figure
4b).

Charge recombination of the CT exciton begins to compete with the CT biexciton annihilation
process when the pump polarization changes because irradiating the crystal with a parallel
polarized pump reduces the number of absorbed photons and leads to fewer initial CT excitons
produced (Figure 4b). This leads to a diminished CT biexciton annihilation rate and increased
contribution of charge recombination to the decay kinetics. Indeed, the effects of the concentration
of CT excitons on the kinetics can be seen in both pump polarizations when the incident pump
power is decreased from 17 uW to 3.8 uW (Figures 4a and 4b). The lower concentration of CT
excitons causes the nonlinear contribution in eqn. 3 to diminish, leading to slower decay kinetics
and a larger contribution of first-order geminate charge recombination.

The TDM of CsPDI in the Pyr-CsPDI co-crystal is rotated by ~40° relative to the
crystallographic a-axis, so that the CT exciton dynamics are nearly independent of the pump
polarization direction. The CT exciton dynamics in the Pyr-CsPDI co-crystal are best modeled

using eqns. 3 and 4, regardless of pump polarization direction. The Pyr-CsPDI transient absorption

10
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data and kinetic fits using eqn. 4 are shown in Figure 4c. The presence of a significant first-order
decay term at both pump polarizations indicates there is a significant contribution from the CT
exciton recombination in addition to the dominant CT biexciton annihilation process. This is
reasonable because interstack CT exciton diffusion is strongly diminished by the long CsPDI-
CsPDI and Pyr-Pyr edge-to-edge distances (Figure 1f), relative to the corresponding distances in
the Pyr-diisoPDI co-crystal (see below).

The bimolecular annihilation rate constant, k,, can be cast as a one-dimensional diffusion

k _; 8D1D_£ 5
2_R1DN0 mt _\/E ()

where R1p is the annihilation radius in one-dimension and is approximated by the distance between

coefficient using:3

the D-A pairs in the co-crystal structures. The R values for Pyr-diisoPDI and Pyr-CsPDI are 1.06
x 107 cm and 1.20 x 10”7 cm, respectively. Ny is the average molecular density of the system (see
Eq. 3, ESI, page S-3). Using the value of C in eqn. 5, we calculated the CT exciton diffusion
coefficients for both Pyr-diisoPDI and Pyr-CsPDI, which are listed in Table 1. The details of the
calculations for the diffusion coefficients from C and AA are given in the ESI (eqns. S1-S12).
While the mobility of the CT exciton in a donor-acceptor co-crystal can be described by a hopping
rate,>® the movement of excitons in crystalline pentacene and similar materials has also been
modeled by a diffusion coefficient.?>-38 It is known that CT excitons in mixed-stack donor-
acceptor systems diffuse via a superexchange mechanism, where the hole on D** tunnels to the
next D through a virtual singlet state, 1*A.3% 3943 A similar mechanism for tunneling of A is
possible, but less likely in the cases presented here because the virtual "D is much higher in

energy.

11
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Table 1: Rate constants, C values, and diffusion coefficients for Pyr-diisoPDI and Pyr-CsPDI
cocrystals at different pump polarizations.

Co-crystal ki (ps) C (cm3-5172) D (cm?/s)
Pyr-diisoPDI, L pump -4 5.64 x 10716 1.00 x 104
Pyr-diisoPDI, || pump | 1.57 £0.08 x 10 1.35 x 10717 5.75 x 108
Pyr-CsPDI, L pump 5.1+03x 10 1.72 x 1016 5.65 x 10
Pyr-CsPDI, || pump 6.3+0.5 x 10 1.67 x 10716 537 x 106

¢The Pyr-diisoPDI cocrystal with the pump perpendicularly polarized to its crystallographic a-axis is fit to
the kinetic model shown in Eq. 1. The other cocrystal data are fit to the kinetic model in Eq. 3.

What aspect of the Pyr-diisoPDI co-crystal structure leads to a 100-fold increase in its CT
exciton diffusion coefficient relative to that of the Pyr-CsPDI co-crystal? Photoexciting the Pyr-
diisoPDI co-crystal may lead to efficient charge hopping or delocalization because the diisoPDI-
diisoPDI and Pyr-Pyr edge-to-edge distances are close enough to ensure interstack wavefunction
overlap (Figure 1c¢). Using EPR and ENDOR spectroscopy, we demonstrated earlier that the
radical anions of PDI dimers and trimers with orthogonal core nt-systems separated by ~3.2 A have
charge hopping rates that are >>107 s71,* so that the nearly coplanar diisoPDI n-systems in the
Pyr-diisoPDI co-crystal should also have a comparable or higher hopping rate. Dispersing the
charge in the CT exciton will reduce the Coulomb attraction of the CT state and the probability of
charge recombination.*> Moreover, charge dispersal should result in additional electronic coupling
pathways for CT exciton diffusion via the superexchange mechanism outlined above. Thus, CT
exciton diffusion becomes more favorable, even though CT exciton migration remains largely one-
dimensional. When the Pyr-diisoPDI co-crystal is excited with the pump polarized parallel to the
crystallographic a-axis, the diisoPDI TDM is perpendicular to the pump polarization, which results

in far fewer CT excitons produced. The significantly lower diffusion coefficient of ~6 x 10-% cm?/s

12
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observed for this situation is most likely a consequence CT excitons produced at defect sites within
the crystal having diisoPDI TDM orientations that favor CT exciton formation, but geometries that
do not favor CT exciton diffusion. In contrast, the Pyr-CsPDI cofacial n-stacks in the co-crystal
structure are positioned farther apart, so that charge hopping or delocalization between adjacent n-
stacks is unlikely, thus confining CT exciton diffusion to the individual n-stacks. Therefore, the
fact that the CT exciton diffusion coefficient for the Pyr-diisoPDI co-crystal is much larger than
that of the Pyr-CsPDI co-crystal is consistent with the co-crystal morphologies, although one
cannot completely discount some contribution from differences in the density of CT exciton trap
sites.
CONCLUSIONS

Two co-crystals, Pyr-diisoPDI and Pyr-CsPDI, were characterized using X-ray
crystallography, steady-state absorption and emission microscopy and fsSTAM. The fsTAM spectra
of both co-crystals indicates the formation of Pyr"*-diisoPDI*- and Pyr**-CsPDI- CT excitons,
whose kinetics were modeled using a one-dimensional CT exciton annihilation model with the
addition of a first-order decay term in certain cases. It was determined that one-dimensional CT
exciton diffusion occurs in the m-stacking direction in both Pyr-diisoPDI and Pyr-CsPDI co-
crystals. The 100-fold increase in the CT exciton diffusion coefficient of the Pyr-diisoPDI co-
crystal relative to that of the Pyr-CsPDI co-crystal is attributed to charge dispersal within the CT
exciton in the former case. These results illustrate how D-A co-crystal morphology strongly
influences CT exciton diffusion and provide insight into optimizing D-A-co-crystals for

optoelectronic applications.
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