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Intermolecular interactions in m-stacked chromophores strongly influence their photophysical
properties, and thereby also their function in photonic applications. Mixed electronic and vibrational
coupling interactions lead to complex potential energy landscapes with competitive photophysical
pathways. Here, we characterize the photoexcited dynamics of the small molecule semiconductor
copper pthalocyanine (CuPc) in solution and in thin film, the latter comprising two different n-stacked
architectures, a-CuPc and B-CuPc. In solution, CuPc undergoes ultrafast intersytem crossing (ISC) to
the triplet excited state. In the solid state, both a-CuPc and B-CuPc morphologies exhibit a mixing

Received 8th November 2022, between Frenkel and charge-transfer excitons (Frenkel-CT mixing). We find that this mixing influences

Accepted 28th January 2023 the photophysical properties differently, based on morphology. In addition to ISC, a-CuPc demonstrates
DOI: 10.1039/d2cp05240g symmetry-breaking charge transfer, which furthermore depends on excitation wavelength. This

mechanism is not observed in B-CuPc. These results elucidate how molecular organization mediates the
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Introduction

Organic semiconductors (OSCs) are being studied and utilized
for a broad range of applications, including solar electricity,">
solar fuel production,®* light-emitting diodes,”” and transis-
tors.®? The n-conjugated core or backbone of these materials
imparts attractive light-absorption and semiconducting properties.
In the thin films often used for optoelectronics, these molecules
form aggregates or crystalline structures based on the n-stacking
interactions, which can have a significant impact on functional
properties.’®"* Neighboring molecules experience electronic and
vibrational coupling interactions that determine their photoactive
energy landscape and mediate processes such as light-harvesting,
charge separation, and charge transport.

Earlier works established a molecular exciton model for
understanding how chromophore packing impacts absorption
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balance of competitive photexcited decay mechanisms in organic semiconductors.

properties through Coulombic coupling interactions."®™"” More
recently, this model is being extended to consider the signifi-
cant wavefunction overlap afforded in tightly packed (~3.5 A)
n-stacking arrangements, which can allow for short-range
charge-transfer (CT) interactions as well."®>* These inter-
molecular CT interactions can furthermore mix with the local
intramolecular Frenkel excitons, modifying the potential
energy landscape, and thereby also light harvesting, and charge
transport properties. Frenkel-CT mixing has been observed in
various m-stacked organic chromophore systems, including
pentacene,”***” perylene derivatives,”*?* squaraines,’**’
and also in phthalocyanines.”**** This mixing has been pur-
ported to influence photophysical mechanisms, such as singlet
fission and the formation of free charge carriers via symmetry-
breaking charge separation.*®’

Copper phthalocyanine (CuPc) is a robust small molecule
OSC which, along with related derivatives, has attracted atten-
tion for a variety of applications. In addition to being one of the
most commonly used pigments for printing blue ink,*>™*” its
semiconducting properties make it attractive for optoelectro-
nics and other light-driven applications. CuPc has been used
for organic photovoltaics,"**>* light-emitting diodes,>*>*
photodetectors,>®*” non-linear optics, photocatalysis,>®>°
photodynamic therapies.®®®” In thin films, CuPc organizes into
different crystalline morphologies depending on the processing
conditions. The two most common structures are o-CuPc and

and
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Fig. 1 Steady-state absorption of CuPc in 1-chloronaphthalene solution
and in thin films with a- and B-phase stacking morphologies in the spectral
range of the Q-band absorption. The film samples exhibit different

absorption peak positions and relative intensities due to changes in
intermolecular couplings.

500 800

B-CuPc. Both morphologies are reported to exhibit Frenkel-CT
mixing, but they also demonstrate differing steady-state optical
properties. It remains unclear how the morphology influences
the photoexcited dynamics of CuPc thin films. Differences
in Frenkel-CT mixing, for example, could strongly alter the
potential energy landscape.

Herein, we used transient absorption (pump-probe) spectro-
scopy to study the photophysical dynamics of a-CuPc and
B-CuPc. Due to the intermolecular coupling interactions and
Frenkel-CT mixing, the Q-band absorption of the thin films is
much broader than that in solution (Fig. 1, vide infra).
We characterized the photophysical dynamics at various excita-
tion wavelengths across this Q-band absorption. We find that
both o- and B-CuPc thin films exhibit ultrafast intersystem
crossing to form CuPc triplet (T,), as is seen in monomeric
CuPc as well. However, we also find a unique excitation
wavelength dependence in o-CuPc. At bluer excitation wave-
lengths, we observe a competitive decay pathway to a symmetry-
breaking charge transfer photoproduct. We propose that the
morphology dependence of our observations arises from differ-
ences in electronic and vibronic coupling in a- and -CuPc.

Experimental
Sample preparation

CuPc [(29H, 31H, phthalycaninato(2-)-N29,N30,N31,N32) copper(u)]
and 1-chloronaphthalene were purchased from Sigma-Aldrich and
used without further purification.

The solution sample of CuPc was prepared by first heating
the solvent to 60 °C and then adding the CuPc powder. This
mixture was subsequently centrifuged and filtered to retrieve a
homogenous solution. The final concentration gave an OD of
0.2 at 680 nm in a 2 mm cuvette.
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For the thin film samples, quartz substrates (3 x 3 cm, 1 mm
thick) were cleaned in an ultrasonic bath: 10 min. in acetone
and 5 min in isopropyl alcohol. They were then dried under a
N, gas flow. CuPc was vapor-deposited onto the quartz sub-
strates under 10~° mbar vacuum pressure, using a 0.1 A s™*
deposition rate. The substrates were heated to and held at
150 °C during the deposition, and the thickness was monitored
using a quartz crystal balance. This deposition resulted in
o-CuPc thin films. In order to prepare B-CuPc samples,
a-CuPc thin films were placed on a hot plate at 300 °C for
10 h.**"°® The final CuPc layer thickness is 50.6 & 0.8 nm,
as determined by surface profilometry (Bruker, DektakXT). The
assignment of o- and B-phase morphologies is consistent with
the steady-state absorption from literature examples.**¢¢”

Structural characterization

Grazing incidence wide-angle X-ray scattering (GIWAXS) measure-
ments were performed at the Dortmund Electron Accelerator
(DELTA) Synchrotron Facility (Dortmund, Germany), beamline
BLO09. The photon energy was set to be 10 keV (4 = 1.24 A). The
beam size was 1.0 x 0.2 mm” (width x height), and the samples
were irradiated just below the critical angle for total reflection
with respect to the incoming X-ray beam (~0.1°). All X-ray
scattering measurements were performed under vacuum
(~1 mbar) to reduce air scattering and beam damage to the
sample. All data processing and analyses were performed using
the software package Datasqueeze.

Optical spectroscopy

Steady-state absorption was performed using a PerkinElmer
Lambda900 spectrophotometer. Transient absorption (TA)
spectroscopy was performed using a Helios-Fire pump-probe
setup (Ultrafast Systems). This is paired with a regeneratively
amplified 1030 nm laser (Light Conversion Pharos, 200 fs,
200 pJ), set at an effective repetition rate of 1 kHz via an
internal pulse picker. A small portion (20%) of the 1030 nm
fundamental is directed to an optical delay line, and, subse-
quently, to a sapphire crystal to generate the broadband probe
light. The remaining 80% of the 1030 nm fundamental is
directed to an optical parametric amplifier (Light Conversion,
Orpheus-F) to generate the pump pulse at various wavelengths,
as detailed further in the Results section. The pump excitation
density at the sample was adjusted with a neutral density filter,
and the beam diameter was measured using a LaserCamHR-1I
beam profiler (Coherent). Excitation density calculations are
further detailed in the ESI.{ Film samples were photoexcited
from the backside of the sample to minimize pump scatter light
entering the detector. Solution samples for TA were measured
in a 2 mm cuvette with stirring, and in this case both pump and
probe beams were directed onto the front face of the cuvette to
minimize temporal dispersion. The relative polarization
between the pump and probe beams was set to 54.7° (magic
angle) to avoid anisotropic effects in the solution measure-
ments. Global analysis®® of TA data was performed using the
R-package TIMP software,”® with the graphical interface
Glotaran 1.5.1.7°
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Results and discussion
Frenkel exciton and charge transfer mixing in CuPc films

Fig. 1 shows the steady-state absorption spectrum of CuPc in
1-chloronaphthalene solution as well as in thin films with
predominantly a- and p-type morphology. The depicted spectral
range between 500 and 800 nm shows the Q-band absorption
region (S, — S;) and agrees with literature examples.®””"7>

The solution sample represents the absorption of mono-
meric CuPc, which is characterized by a primary 0-0 transition
at 680 nm, and two vibronic peaks at 620 and 645 nm. A single
predominant 0-0 transition is expected for metallated phtha-
locyanines, due to the symmetric molecular geometry.”" The
absorption spectra of both o-CuPc and B-CuPc films are
broader than that in solution, and each exhibit two predomi-
nant peaks. This splitting of the absorption band is due to
excitonic splitting between strongly interacting dimers in the
film.»*”® The relative peak ratios differ between the two
morphologies, as has been previously reported, and are con-
sistent with changes in neighbor-to-neighbor molecular orien-
tation. The structural organization of the thin films was
measured using grazing-incidence wide-angle X-ray scattering
(Fig. S1, ESIt). These experiments show that the a-CuPc exhibits
a characteristic herringbone structure, while the 3-CuPc film is
polymorphic, but with clear evidence of larger molecular dis-
placement between neighboring molecues within the stacks in
the co-existing B-phase. The predominance of the blue (higher
energy) peak in a-CuPc can be attributed to a more face-to-face
n-stacking arrangement and thus stronger intermolecular cou-
pling, while B-CuPc exhibits a more slip-stacked arrangement,
consistent with a red (lower energy) shift.®>”*7® More details
on the GIWAXS measurements and analysis can be found in
the ESL.¥

In addition to excitonic splitting due to interacting dimers,
the steady-state absorption in the solid state represents a mixed
contribution between molecular excitons and a charge-transfer
state which runs parallel to the n-stacking direction. In a-CuPc,
the peaks at 625 and 690 nm are assigned to the first and
second n-m* transitions on the phthalocyanine macrocycle,
respectively, which represent the two lowest energy Frenkel
excitons (F1, F2).”””® The Q-band absorption in a-CuPc also
exhibits two shoulders at ~580 and 725 nm, which arise as a
result of excitonic mixing with an intermolecular CT state.?”:3
The absorption spectrum is therefore comprised of four over-
lapping peaks, representing a mixture of the two lowest energy
intramolecular Frenkel excitons in CuPc (F1, F2) with an
intermolecular charge-transfer state (CT), which is oriented
through the crystalline stack (Fig. 1). The presence of such an
intermolecular charge-transfer state coupled to the intra-
molecular Frenkel excitons has been identified in both
o-CuPc and B-CuPc.’®****798! The spectral lineshape for the
B-CuPc steady-state absorption can therefore be similarly
explained, with the predominant peaks at 640 and 725 nm
being assigned to the first and second m-n* transitions on
the phthalocyanine macrocycle, and lower intensity shoulders
contributing due to the four-fold (F1, F2)-CT mixing. In the
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following, we explore how this mixing mediates photophysical
dynamics in o- and p-CuPc.

Ultrafast intersystem crossing in monomeric CuPc

Fig. 2a shows TA spectra (1ex = 670 nm) of monomeric CuPc,
measured in 1-chloronapthalene solution. The spectra exhibit
negative features at 620, 645, and 680 nm, matching the peaks
from steady-state absorption (overlaid in grey), which are
attributed to ground-state bleaching (GSB). The CuPc solution
TA spectra also exhibit broad positive features between 480-
600 nm, attributed to excited state absorption (ESA). As the
zoomed-in section in the inset of Fig. 2a shows, there is an
increase in the ESA below 500 nm within the first 5 ps (blue to
green traces). The solution TA data were fit using a two-
compartment sequential global analysis model, and the result-
ing evolution associated difference spectra (EADS) are shown in
Fig. 2b. The black trace represents the first EADS and corre-
sponds to features appearing immediately after photoexcita-
tion. In addition to the GSB features previously noted, there is
also a negative contribution to the differential absorption
spectrum at ~725 nm and a broad ESA from 525-850 nm,
which overlaps the negative features. This evolves in 340 fs to
the second EADS (red), wherein the GSB features persist, but
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Fig. 2 (a) TA spectra at selected time delays of CuPc in 1-chloro-
naphthalene photoexcited at J¢x = 670 nm. Inset shows a zoom in of
the ESA features between 480-600 nm, which blue-shift in the first few
traces. The steady-state absorption profile of CuPc in 1-chloro-
naphthalene from Fig. 1 is overlaid for comparison. (b) EADS from global
analysis of the TA data, fit to a sequential two compartment scheme
consistent with ultrafast intersystem crossing to a long-lived triplet state.
Inset shows transient kinetics and fits comparing the decay of the singlet
ESA at 590 nm and growth of the triplet ESA at 500 nm.
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the negative feature at 725 nm has disappeared. Furthermore,
the ESA has blue-shifted and now shows a predominant peak at
500 nm. The transient kinetics within the first 10 ps are shown
in the inset of Fig. 2b along with the fits from global analysis
and confirm that the ESA at 590 nm disappears concomitantly
with the rise of the ESA at 500 nm. This second EADS lives
beyond the 8 ns measurement window of our experiment.

In order to describe the photophysics of monomeric CuPc
and these EADS, we refer to earlier literature reports of inter-
system crossing (ISC) in phthalocyanines.®*®” CuPc in solution
has previously been shown to exhibit no measurable fluores-
cence, but does exhibit phosphorescence.®®*° The first EADS is
therefore assigned to the population of the singlet excited state,
S1, and this further agrees with previously reported TA of ZnPc
in solution.®® The slight negative dip in the first EADS at
725 nm is attributed to a vibronic transition of the stimulated
emission, based on the agreement with previous reports of CuPc
fluorescence measured via upconversion.”™> The singlet excited
state then undergoes ISC within 340 fs to yield the triplet excited
state (T,), represented by the second EADS. This assignment is
consistent with the disappearance of the SE band as well as the
long lifetime (>10 ns). The T; ESA lineshape also agrees with
earlier flash-photolysis measurements, which further show that
the CuPc triplet in solution has a lifetime of 35 ns.®

Excitation wavelength dependent TA of CuPc thin films

TA experiments for both a-CuPc and B-CuPc thin films were
carried out using various excitation wavelengths across the
Q-band absorption, chosen to approximately coincide with
the energies of the four-fold mixed (F1, F2)-CT states. These
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data are shown as contour plots in Fig. 3a-d and 4a-d for the
full temporal measurement window, out to 7 ns. The excitation
power at the sample was adjusted to maintain approximately
equal excitation density at all of the pump wavelengths
(Tables S1 and S2, ESIt).

In o-CuPc, (Fig. 3) all contour plots show positive features
between 480 and 550 nm, and negative features between
600 and 750 nm. There is also a strong negative contribution
between 560 and 580 nm, which appears with the highest
relative intensity at A, = 580 nm (red arrow, Fig. 3a) and has
a diminishing contribution as the excitation energy shifts to
longer wavelengths. The B-CuPc contour plots (Fig. 4) show
positive features between 480 and 600 nm and at 700 nm, with
negative contributions between 600 and 650 and 725 and
800 nm. In contrast to the a-CuPc sample, there are no obvious
excitation wavelength dependent differences in the B-CuPc
sample from the contour plots.

In order to elucidate excitation dynamics, we used global
analysis to fit the TA data. The data was truncated to the first
50 ps to avoid heating artefacts. TA experiments on thin film
samples are highly susceptible to local heating effects, and it is
critical to avoid misinterpretation of a heat-induced spectral
feature as a photoproduct.”®** Excitation density dependent
measurements reveal the line shape which arises from local
heating in o- and B-CuPc (Fig. S2, ESIT). Spectral traces of the
TA data at selected pump-probe delay times indicate that
the heating effects in these thin films appear only at longer
timescales (Fig. S3, ESIT), in agreement with the literature.®>®?
We therefore limit the global analysis to the first 50 ps of the
experiment window, where we are confident that heating
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Fig. 3 (a—d) Contour plots of the TA measurements carried out on a-CuPc thin films photoexcited at various wavelengths across the Q-band

absorption. For each sample, the excitation density was scaled to be similar at all excitation wavelengths. Red arrow: a-CuPc shows a negative band at
575 nm (red arrow) which is strongest at ¢, = 580 nm and has a diminishing contribution as the excitation energy is red-shifted. (e—h) EADS from global
analysis of the first 50 ps also shows excitation wavelength dependent differences. The steady-state spectrum of the a-CuPc thin film from Fig. 1 is

reproduced in (g) for lineshape comparison.
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(a—d) Contour plots of the TA measurements carried out on B-CuPc thin films photoexcited at various wavelengths across the Q-band

absorption. The excitation density was scaled to be similar at all excitation wavelengths. No clear differences emerge based on excitation wavelength for
B-CuPc. (e—h) EADS from global analysis of the first 50 ps also shows similar spectral lineshapes at all excitation wavelengths. The steady-state spectrum
of the B-CuPc thin film from Fig. 1 is reproduced in (g) for lineshape comparison.

effects are minimal. The resulting EADS from global analysis of
a-CuPc and B-CuPc TA data are shown in Fig. 3e-h and 4e-h,
respectively. Datasets for both samples fit well to a sequential
3-compartment model, and each of these compartments will be
further referred to as EADS 1, 2, 3, with specificity for the
sample as EADS 1(a/p) when appropriate.

At all excitation wavelengths and in both samples, EADS 1 is
attributed to the population of the singlet excited state. The
positive features of EADS 1 are ascribed to S; absorption.
In EADS 1a, the S; ESA appears as a broad feature from 480
to 550 nm with a peak at 545 nm. In EADS 1, the S; ESA
exhibits a broad peak from 480-600 nm and a strong absorp-
tion at 690 nm. The apparent differences are due to the
differing interference with the sample GSB, but the general
position of the S; ESA is the same for both o-CuPc and B-CuPc
and also agrees with the solution S; ESA (Fig. 2b). The negative
features of EADS 1 are characterized by a mix of GSB
(550-750 nm) and SE (725 nm). In the case of EADS 1o, the
SE exhibits a relatively larger intensity at longer excitation
wavelengths, as compared with the GSB peak at 620 nm. In contrast,
in EADS 1B, the relative intensity of the SE band compared to the
GSB (640 nm) does not change with the excitation wavelength.

EADS 1 evolves into EADS 2 with the time constant 7, and, at
all measured excitation wavelengths, this is accompanied by
quenching of the SE. This is consistent with ISC from S; to Ty,
with 7, representing the ISC rate. The consistent ISC rate of
~500 fs for all samples agrees with the solution measurement.
EADS 2 and EADS 3 have a similar line shape, suggesting that in
the CuPc films the resulting T; decays biexponentially, with a
faster rate on the order of ~10 s of picoseconds and a slower
rate on the order of nanoseconds. The faster decay is likely due

This journal is © the Owner Societies 2023

to annihilation effects in the crystalline thin films.’ The slower
decay is fixed as a non-decaying feature within this time
window, but based on the full time range of data (Fig. S3, ESIT)
we can approximate that T, fully recovers to the ground state on
the order of nanoseconds, in agreement with literature.®* The
spectral evolution from EADS 1 to EADS 2 is accompanied by a
blue-shift of the ESA, yielding a T; ESA with peak at ~530 nm.
This is in agreement with the T; ESA from solution (Fig. 2).
In EADS2a, the quenched SE also reveals underlying GSB
features, and the four GSB peaks in EADS2a correspond exactly
to the two peaks and two shoulders from the steady-state
absorption. As described above for Fig. 1, these arise from the
(F1, F2)-CT mixing in the film. However, the two lower energy
peaks are much smaller in ratio to the higher energy peaks
when compared to the ground-state spectrum. This suggests
the presence of an additional T; ESA between 675-800 nm,
which is destructively interfering with the GSB in this region.
Such an ESA is consistent with earlier literature reports on CuPc
films,® as well as with EADS 2 which shows a positive feature
at 700 nm. Similar to the GSB of EADS2a, EADS 23 shows
multiple GSB peaks, consistent with (F1, F2)-CT mixing.

EADS 1/2/3B exhibit similar line shape at all excitation
wavelengths. In contrast, EADS 1/2/30. have some distinct
differences based on excitation wavelength. As has been men-
tioned above, the SE feature exhibits a higher relative intensity
compared to the GSB with longer excitation wavelength. In
addition, there is a negative feature between 560-580 nm,
which appears strongest at shorter excitation wavelength, as
expected from the contour plots. Furthermore, the relative
intensity of the ESA in the 480-550 nm range is higher at
shorter excitation wavelength. Fig. S4 (ESIt) compares the
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spectral line shapes of the decay-associated difference spectra
(DADS) for the fastest decay at each excitation wavelength,
which indicate the spectral changes that occur with the asso-
ciated decay time.®®’° In the B-CuPc data, the line shapes are all
similar and independent of excitation wavelength. However, in
the a-CuPc data, the line shapes strongly differ in the range of
525-625 nm. Here, the a-CuPc DADS exhibit two peaks at 560
and 600 nm, and the peak ratios depend on the excitation
wavelength. At 1., = 580, 620, the peak at 560 nm predominates,
while at 1., = 680, 720, the peak at 600 nm is higher.

We highlight these differences further by comparing the
transient kinetics at different excitation wavelengths for both a-
CuPc and B-CuPec. Fig. 5 shows the transient kinetics monitored
at select wavelengths. The transient kinetics at 725 nm (a-CuPc)
and 740 nm (B-CuPc) depict the SE quenching followed by GSB
decay, and therefore follow the ISC process. This is indepen-
dent of excitation wavelength for both a-CuPc and B-CuPc, in
agreement with literature.** As our solution measurements
(Fig. 2) and earlier work® has shown, ISC in CuPc is intrinsic
to the monomer, and occurs following excitation into the
intramolecular Frenkel exciton plane.

However, the transient kinetics monitored at 560 nm show a
marked dependence on excitation wavelength in a-CuPc. Here,
the AA signal begins positive and then later becomes negative.
As Fig. 5a shows, the rate of this change is faster for shorter
excitation wavelengths. This is the same region associated with
S; ESA decay and could point to a change in the rate of S; — T;.
But, since the SE quenching does not exhibit the same depen-
dence, this change is not due to the ISC. Instead, this observa-
tion suggests an additional photodynamic feature which
appears differently depending on excitation wavelength.

Symmetry-breaking charge transfer in a-CuPc

Based on the contour plots, global analysis, and comparison
of the transient kinetics, we conclude that the o-CuPc thin film

a) 1.0

‘u-CuPC‘

02 ‘ Iyin = 560 Nm ‘ 02 ‘ Igin = 560 Nm

o,o-‘ Mn = 725 nm }7 0.0 -‘ Myin = 740 nm

1 10 1 10

Time (ps) Time (ps)
Fig. 5 Transient kinetics for (a and b) a-CuPc and (c and d) B-CuPc thin
films show that at 560 nm, the a-CuPc decay dynamics vary with excita-
tion wavelength. The decay dynamics of B-CuPc at 560 nm do not exhibit
any such dependence. Furthermore, the kinetics associated with the SE
quenching at 725 and 740 nm do not depend on excitation wavelength in
either sample. Data truncated to the first 50 ps.
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Fig. 6 Calculated difference spectrum between EADS fits for a-CuPc thin
film excited at Aex = 580 NmM and Aex = 720 nm shows features consistent
with symmetry-breaking charge-transfer at iex = 580 nm and increased
relative stimulated emission at dex = 720 nm.

exhibits a unique excitation wavelength dependence in its
photophysics, described by an additional spectral feature
around 560 nm. The question then remains to explain the
origin of this feature in a-CuPc, and why it appears only in this
morphology. Fig. 6 shows the difference spectrum (AAA)
between Ao, = 580 and ., = 720, calculated for both EADS1a
and EADS2a to highlight the excitation dependent changes.
The AAA spectra show a positive contribution between 480-550,
with a peak at ~530 nm, a negative feature between 550-
625 nm. AEADS1a also shows a positive feature at 725 nm.

We first consider if the excitation wavelength dependence
could be a local heating artefact. Our own measurements and
literature®® report that local heating effects can produce a AA
spectrum with a negative feature at 570 nm (Fig. S2, ESIT).
However, the heating effects in these samples do not appear
until after 100s of picoseconds, while the excitation wavelength
dependent feature appears at very early times. In addition, the
AAA line shape in Fig. 6 also exhibits significant differences
from the heating line shape. In particular the AAA exhibits a
positive feature in the region of 530 nm. We further confirm
that this line shape is not due to local heating by comparing the
spectral line shapes at A, = 680 at different excitation densities
(Fig. S5, ESIT). At delay times of 1 and 10 ps, the spectral line
shapes match. We therefore conclude that the additional
spectral feature in o-CuPc is not a heating effect.

The region at around 560-580 nm has also been identified
as the spectral range where the intermolecular CT state exhibits
a strong contribution in both a-CuPc and B-CuPc.*>*>7°7%" The
excitation dependent feature identified in Fig. 6 furthermore
agrees well with the published work reporting the cation
spectrum measured for an o-CuPc thin film.°® Recent work
has also reported symmetry-breaking charge transfer and
separation (SBCT) for a ZnPc dimer, and the spectral line shape
of SBCT in that work matches closely with the AAA spectrum in
Fig. 6 of this work, albeit at a shifted spectral position due to
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7 Based on this

the shorter range coupling in the dimer.’
evidence, we assign the ESA between 480-550 nm, which
appears selectively at shorter-wavelength excitation, to SBCT
through the a-CuPc stack. This feature is further accompanied
by a GSB associated with the intermolecular CT band. In
addition, the positive peak at 725 nm in AEADS1a is consistent
with the earlier observation of a relatively higher degree of SE at

longer excitation wavelengths.

Morphology dependence of mixed electronic pathways in CuPc

Our results point to the following picture for the excited state
dynamics in CuPc solution and thin films (Fig. 7): in solution,
the lowest Frenkel excitons F1, F2 are degenerate. Following
excitation into the Frenkel exciton plane, ISC proceeds via a
spin-exchange interaction between the Cu metal center and the
n-ring ligands, which forms an intramolecular CT state in the
molecule.’®°° This offers an efficient pathway to ISC, without
any spin-orbit coupling required.

In crystalline thin films, the degeneracy of the F1, F2
excitons is lifted, due to reduced symmetry. Since the ISC
occurs intramolecularly, it is reasonable that this still occurs
in the thin films.?*'°%1%% Furthermore, the formation of the
intermolecular CT state can also impact the photophysical
pathways. As described in the text above, the multiple peaks
associated with the steady-state absorption in o-CuPc and
B-CuPc thin films arises from a mixture of the two lowest
energy intramolecular Frenkel excitons in CuPc with an inter-
molecular charge-transfer state, which is oriented through the
crystalline stack. The transition dipole moment of such a CT
state will typically be small, but coupling to a Frenkel exciton
can facilitate intensity borrowing, and allow for direct excita-
tion into the CT state.””®" Photoexcitation of these crystalline
thin film samples will lead to a coherent Frenkel/CT state, with
varying character depending on electronic and vibrational
coupling arising from the molecular packing.>®%*~1%°

We therefore propose that in a-CuPc, longer wavelength
excitation populates states with predominantly Frenkel (F1,
F2) exciton character, yielding competitive SE and ISC, followed
by triplet decay. Shorter wavelength excitation, on the other

(F1,F2)-CT [ aroomanes
SBCT

S, 3 Fl

NIRRT
1/

Monomer

o
3
3

4 (F1,F2)-CT
SBCT
=

o
<}
S

(wu) yibusjarepm

=
o
3

@
3
15}

N

T,

Energy

a-CuPc B-CuPc

Fig. 7 Summary of photoexcited pathways in CuPc. The monomer exhi-
bits ultrafast ISC followed by decay to the ground state. In a-CuPc and
B-CuPc, the lowest excited states are spread over a broad range of
energies due to the (F1, F2)-CT mixing. In a-CuPc, longer wavelength
excitation leads to ISC, while shorter wavelength excitation leads to a
competition between ISC and SBCT. In B-CuPc, only the ISC pathway is
observed, independent of excitation wavelength (energies not to scale).
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hand, leads to multiple pathways in o-CuPc. Some of the
excited state population still decays via SE + ISC. But another
pathway also emerges, wherein excitation populates an excited
state with significant CT character, resulting in the formation
of a symmetry-breaking charge-transfer state, through the
intermolecular stack. This is consistent with photocurrent
measurements, which have indicated the formation of free
charges in a-CuPc thin films upon direct excitation of the CT
band.®® These results also explain the reduced SE at shorter-
wavelength excitation, as the excited state with significant CT
character will not exhibit SE.

Previous work has reported SBCT in m-stacked MgPc and
OTiPc, and in the latter case especially this was reported in
various morphologies.'°®'°” The contribution of a CT state to
the absorption in the region of 560-570 nm is also present in
B-CuPc.**>7® But the sample with predominantly B-CuPc
morphology exhibits no clear evidence of any excitation wave-
length dependence from these experiments. In B-CuPc, our
results suggest that a single pathway for ISC dominates,
wherein excitation leads to excited states with predominately
Frenkel exciton character, and subsequent ISC via the same
spin-exchange mechanism as in the monomer.

The reason for selective SB-CT in a- vs. f-CuPc morphlogies
can be attributed to both the differences in molecular packing
as well as differences in vibronic coupling. The smaller Cu-Cu
molecular packing distance in o-CuPc could lead to optimal
electronic coupling for SBCT.'*'%® The GIWAXS measure-
ments furthermore indicated that the B-CuPc thin film exhibits
two phases, and this could have an impact on the disorder
mediated photophysical decay pathways. Vibrational spectro-
scopy of SnPc showed that direct excitation of the CT is
associated with intermolecular vibrational modes through the
n-stacks."®® Changes in vibronic coupling between the two
morphologies can also be responsible for the observed photo-
physical differences. Previous work has shown that the CT state
in a-CuPc is resonant with intramolecular vibrational energies
in CuPc, but this does not hold for B-CuPc.”*”® Vibronic
coupling has been purported to facilitate and possibly accel-
erate SB-CT processes.'® On the other hand, the vibronic
spacing of the CT band in B-CuPc has also been shown to
correlate with a vibrational mode associated with a pair of
ionized CuPc molecules.*” Therefore, another possibility is that
the SBCT is occurring in B-CuPc, but remains more localized
and recombines quickly. From the present experiments, it is
not possible to distinguish between these two possibilities.
However, the essential finding remains that o-CuPc and B-CuPc
exhibit distinct photophysical behavior arising from the changes
in vibronic as well as electronic coupling, which emerge due to the
changes in morphology.

Conclusions

In this work, we have characterized the photophysical dynamics of
the organic chromophore CuPc in solution and in two different
solid-state morphologies, o-CuPc and B-CuPc. Transient absorption
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spectroscopy characterizes intramolecular ultrafast intersystem
crossing (ISC) in CuPc in solution, which also occurs in the thin
film. Our results further show an additional photodynamic
feature in the transient spectra of o-CuPc, the appearance
of which is furthermore excitation wavelength dependent.
We identify this additional photoproduct as a symmetry-
breaking charge transfer through the o-CuPc stack, which
appears selectively upon excitation into the intermolecular CT
band. Direct excitation of this intermolecular CT band is made
possible by the strong mixing and resultant intensity borrowing
to the Frenkel exciton manifold. The differences in molecular
packing and spacing in o-CuPc and B-CuPc lead to differences
in electronic and vibrational coupling, and this is why the SBCT
state is only observed in the a-CuPc thin film.

These results suggest how intermolecular coupling and
morphology mediate competitive photophysical pathways in
organic chromophore systems, and could be used to design
organic materials with selective pathways along mixed electro-
nic states.
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