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ABSTRACT

Side-chain substitutions have important influence on the aggregation of perylene
diimide (PDI), which show a great impact on their excited-state dynamics as well.
Herein, by employing photoluminescence (PL), time-resolved photoluminescence
(TRPL) and transient absorption (TA) spectroscopy, we investigated excited-state
dynamics of two perylene diimide (PDI) derivative amorphous films, i.e.
undecane-substituted PDI (PDI-1) and diisopropylphenyl-substituted PDI (PDI-2),
fabricated with spin coating method. Femtosecond transient absorption spectra reveal
that both films show pronounced ground state bleach (GSB) with lifetime longer than
10 ns while the relaxation of excited state absorption (ESA) has typical lifetime less
than 1 ns. The significant feature of excited state decay in PDI-2 is dominated by
transforming the singlet excited state into two triplet states via singlet fission, which is
evidenced by the appearance of triplet state absorption. By contrast, the absence of
triplet state absorption and the appearance of long-lived emission species in PDI-1
suggest that the decay of excited-like state could be dominated by the formation of
excimer. Our present study reveals for the first time that the singlet fission does occur
in amorphous PDI film, the study also demonstrates that side-chain substitutions have

great impact on the excited-state dynamics of PDI.
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1. Introduction

Perylene diimides (PDIs) were employed as dye or pigments initially and had been
extensively used industrial. Recently, studies on PDIs have been revived concerning
their potential applications in field effect transistor'-, photovoltaic**, light emitting
diodes®, degradation of organic compounds and photocatalytic anticancer
treatment.5! The flat molecular structure in PDI that facilitates intermolecular
interactions with neighboring molecules, as a result, supermolecules can be formed by
molecularly stacking with side-by-side and/or head-to-tail in the solid.!! In these
supermolecules, the stacking modes have great impact on their optical properties,
catalytic performance, solubility, and so on." !> Moreover, substitution at imide
nitrogen with various chromophores shows little effect on optical and electronic
properties but can be used to tailor the aggregation and solubility of PDI molecule.! !?
Singlet exciton fission is a spin-conserved process in which a singlet excited state
transfers its energy to a neighboring molecule to form two triplet excited states, each
has about half of energy of the initial singlet state.!*!® In addition, the inverse process,
triplet-triplet annihilation up-conversion, has also been demonstrated to occur in PDI
films.!® Recent studies on singlet fission have grown rapidly because its potential for
increasing the maximum efficiency of photovoltaics, by which absorbing a single
photon can produce multiple excited electrons.'*!® Interestingly, the energy of triplet
state of PDI was found to be approximately halfway of the lowest singlet excited
state!*, which is ideal for singlet excitons to evolve into a pair of triplet excitations.
2021 On the other hand, formation of excimer is a competitive process with singlet
fission in a closely stacked organic molecule, like PDIs, which have been
demonstrated to be relevant to the molecule stacks.?> Although singlet fission in
various PDI films has been studied extensively in past several years, it has been noted
that all studies of PDI-based singlet fission are carried out on polycrystalline films
fabricated by vapor deposition method.!* 161823 In fact, some PDI derivatives show
good solubility in weak polar solution such as chloroform and acetone’>2*, and PDI
films with large area and good surface morphology are able to be easily fabricated by

spin coating method. This method has been widely used for film fabrication because
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of its low cost and easy to handle. In contrast to vapor deposition method, the
spin-coating can only grow amorphous film. As a matter of fact, the PDI molecules
can be aligned by self-assembly during spin coating process to form certain
aggregation due to the strong intermolecular interaction, which is expected to show
some similarity as that of polycrystalline film. So far as we learn, there is no report
about the singlet exction fission and excimer formation based on amorphous PDI
films. In this study, amorphous films of two PDI derivatives with different
imide-substitutes are fabricated by spin coating method. By carefully adjusting
spin-speed and casting time, PDI films with good surface flatness and high uniformity
are obtained. By using steady absorption and PL spectra combined with transient
spectroscopy, we studied the excited state dynamics of spin casting PDI films with
different imide-substituents for the first time. The experimental results demonstrate
that both PDI films undergo complex aggregation during spin coating process: both J-
and H-aggregate are observable from the steady absorption and PL spectra. On the
other hand, the difference between the two films is also obvious: the
undecane-substituted PDI film shows more closely cofacial stacks, in which the
H-aggregate plays more important role in the optical properties. In contrast,
diisopropylphenyl-substituted PDI film shows weak interaction among PDI molecules,
in which the head-to-tail alignment is preferred during the film growth, as a result the
molecules are stacked with more J-aggregate. Femtosecond transient absorption (TA)
spectra reveal that both films show pronounced ground state bleach (GSB) with
recovery time longer than 10 ns, and relaxation of excited state absorption (ESA)
shows a typical lifetime of ~1 ns. The significant feature of excited state decay in
PDI-2 is dominated by singlet exction fission that is evidenced by the appearance of
triplet state absorption. In contrast, the absence of triplet state absorption and the
appearance of long-lived emission species observed in TA and TRPL spectra for the
PDI-1 film strongly suggest that the decay of excited state could be dominated by the

formation of excimer-like state.



2. [Experimental Section

Materials and Characterization: Perylene-3,4,9,10 tetracarboxylic dianhydride
(PTCDA), 2,6-diisopropylaniline, and imidazole were purchased from Energy
Chemical and used as received. Undecan-6-amine was synthesized according to the
literature.?> Analytical thin-layer chromatography (TLC) was performed on silica gel
60 F»s4 glass plates. The silica gel 60H (200-300 mesh) manufactured by Qingdao
Haiyang Chemical Group Co. (China) was used for general chromatography. NMR
spectra were recorded on Bruker AV 400 spectrometer at 400 MHz (‘H NMR), 101
MHz (1*C NMR). The residual solvent signals were used as references for 'H and '*C
NMR spectra and the chemical shifts were converted to the TMS scale (CDCls: 0H =
7.26 ppm, 6C = 77.16 ppm).

Synthesis of undecane-substituted PDI (PDI-1): PTCDA (1.96 g, 5 mmol),
undecan-6-amine (2.06 g 12 mmol) and imidazole (10 g) were added into a 100-mL
two-necked round-bottomed flask containing a magnetic stirring bar under N:
atmosphere. After regular stirring at 160°C for 4 h, the reaction mixture was diluted
with ethanol before complete cooling in order to dissolve the crystallizing imidazole.
The reaction mixture was treated with added 2 M HCI solution (100 mL) and settled
for 1 h. The resulting precipitate was collected by suction filtration, washed with
distilled water, dried under reduced pressure to give the crude product. Purification
was done by flash column chromatography on silica gel (eluent: PE:CHCl; = 1:4)
afforded PDI-1 as a dark-red powder (3.21 g, 92%). '"H NMR (400 MHz, CDCls) §
8.80 — 8.47 (m, 8H), 5.18 (tt, J=9.3, 5.8 Hz, 2H), 2.32 — 2.15 (m, 4H), 1.90 — 1.81 (m,
4H), 1.34 — 1.24 (m, 24H), 0.83 (t, /= 7.0 Hz, 12H). The NMR spectrum is shown in
Figure S1 of Electronic Supplementary Information (ESI). The result of the
characterization is consistent with the previous work.?® The left panel in Scheme 1
shows the chemical structure of the PDI-1 molecule.

Synthesis of diisopropylphenyl-substituted PDI (PDI-2): PTCDA (1.96 g, 5 mmol),
2,6-diisopropylaniline (2.13 g, 12 mmol) and imidazole (10 g) were added to a
100-mL two-necked round-bottomed flask containing a magnetic stirring bar under N>

atmosphere. After stirring at 160°C for 4 h, the reaction mixture was diluted with
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ethanol before complete cooling in order to dissolve the crystallizing imidazole. The
reaction mixture was treated with added 2 M HCI solution (100 mL) and settled for 1
h. The resulting precipitate was collected by suction filtration, washed with distilled
water, dried under reduced pressure to give the crude product. The purification by
flash column chromatography on silica gel (eluent: PE:CHCl; = 1:4) afforded PDI-2
as a dark-red powder (2.56 g, 72%)."H NMR (400 MHz, CDCI5) & 8.80 (d, J = 8.0 Hz,
4H), 8.75 (d, J= 8.1 Hz, 4H), 7.51 (t, J = 7.8 Hz, 2H), 7.37 (d, J = 7.8 Hz, 4H), 2.77
(hept, J = 7.3 Hz, 4H), 1.19 (d, J = 6.8 Hz, 24H). 1*C NMR (101 MHz, CDCl;) &
163.62, 145.78, 135.21, 132.24, 130.64, 130.32, 129.85, 126.99, 124.27, 123.55,
123.49, 29.37, 24.16. The NMR spectrum is given in Figure S2 of ESI. The result of
the characterization is consistent with the previous work.?’” The chemical structure of

PDI-2 is presented in the right panel of Scheme 1.

e

PDI-1: N,N'-di(undecan-6-yl)- PDI-2: N,N'-di(2,6-diisopropylphenyl)-
3,4,9,10-perylenedicarboximide 3,4,9,10-perylenedicarboximide

aV
VaW,

Scheme 1. The chemical structures of two PDI derivatives

Thin Film Preparation: The PDI films were obtained by spin-coating of
corresponding PDI chloroform solution with concentration ~102 M on 1-mm thick
fused silica substrate. The speed of rotation is adjusted to be 30 rpm for 5 s initially,
then the speed turns to be about 70-80 rpm for 10 s. The average thickness of the final

film is determined to be about 300 nm. X-ray diffraction (XRD) patterns of the films



are shown in Figure S3 in ESI, obviously the XRD patterns of both PDI-1 and PDI-2
films are almost same as that of the substrate, fused silica, which demonstrate that the
PDI spin-coating films are in amorphous phase.

Absorption and fluorescence characterization: UV-visible absorption spectra of
two PDI solution and films were carried out on Shimadzu spectrometer (UV-3600).
Steady and transient photoluminescence (PL) spectra for both solution and films were
carried out on Edinburgh o-1000. A picosecond time-correlated single photon
counting (TCSPC) system was used for time-resolved photoluminescence (TRPL)
decay measurements. The samples were excited by a 95 ps semiconductor laser
(EPL-485 Edinburgh) with wavelength of 485 nm. The instrumental response
function (IRF) is better than 100 ps.

Transient absorption spectroscopy: The ultrafast spectroscopy of the two PDI films
was carried out on transient absorption spectroscopy (ultrafast system, Hellos Fire
Transient absorption spectrometer). Briefly, the light source was output from a
commercial mode-locked Ti: sapphire laser (Coherent, Astrella tunable USP) with a
central wavelength of 800 nm, repetition rate of 1 kHz, and pulse duration of 35 fs,
the incident pulse trains split into pump and probe pulses. The pump pulse was guided
into an optical parametric amplifier system, which was used to tune the wavelength of
the pump pulse in order to get the experimental-need wavelength beam, the pulse
duration of the output from OPA was about 60 fs. The other 800 nm-beam was
focused on a 1 mm-thick sapphire in order to produce a white light continuum with
pulse duration of 120 fs, which acts as probe beam in the ultrafast system. An
achromatic lens was used to focus the white continuum (probe) on the spot of 0.5 mm
in diameter, which is rough half in size of the pump beam. An optical filter was used
to remove the redundant 800 nm-beam to produce the white light ranged from 450 nm
to 780 nm. The pump and probe beams were focused on the surface of sample
overlappingly. The pump induced the transmission change of probe beam was
collected by a high sensitive charge-coupled device. In this study the pump
wavelength is fixed at 485 nm with fluence of about 3.9 pJ/cm?, which is 10 times

larger than that of the probe pulse. The pump induced absorption changes of probe
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beam (AA) was used to describe the optical induced change of the PDIs films from
the transient absorption spectra. AA<O (>0) indicates a photo-induced bleaching

(absorption). All measurements were performed at room temperature.

3. Experimental Results

The intensity normalized steady absorption and PL spectra of the two PDIs in solution
and film are shown in Figure 1. The absorption and PL spectra of both PDIs in 10° M
chloroform solution show exact the same, in which absorption bands are located
around 526, 489, and 458 nm for 0—0, 0—1, and 0—2 vibronic bands, respectively.
While the PL spectrum shows clear mirror symmetry with the absorption band, in
which the 0—0, 0—1, and 0—2 vibronic emission bands are located around 533, 573 and
620 nm, respectively?®. As mentioned above, the imide-substituent of PDI in dilute
solution has negligible effect on optical properties. Through the steady absorption, it
can draw a conclusion that PDIs exist in monomer form when in dilute solution'.
Furthermore, the absorption and PL features in solution and films vary greatly.
Comparing with the PDI maximum absorption in solution, the PDI-1 film shows blue
shift of ~27 nm, indicating the dominant of H-aggregate in film. On the other hand,
the film absorption shows a flat and broad absorption band, and the onsite absorption
has extended from 550 nm in solution to 700 nm in film. The PL spectrum shows the
simaliar result as well: a broader and featureless emission band with large red shift
(142 nm) relative to that of solution, which indicates J-aggregate has also existed in
the film.!® The complex optical spectra demonstrate that aggregation in PDI-1 film

can’t be described with either J-aggregate or H-aggregate only?’.
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Figure 1. The intensity normalized UV-visible absorption and photoluminescence spectra of

DPI-1 (a) and DPI-2 (b) in dilute CHCl; solution and films, respectively.

Concerning the broad band absorption and featureless emission spectra with large red
shift, we can infer that the molecules in PDI-1 form closely co-facial stacking,!® in
which H-aggregate plays dominated role accompanied with formation of J-aggregate
during the film fabrication with spin-coating method. As illustrated in Fig. 1(b), the
absorption and PL spectra of PDI-2 film show distinct features comparing with PDI-1.
The PDI-2 film presents clear 0-0, 0-1 and 0-2 vibronic absorption bands, located
around 535, 496 and 466 nm, respectively, which resembles to that of the solution
except for ~10 nm red shifts. It is also noted that the PL spectrum of PDI-2 film also
shows large red shift (~107 nm) with respect to the solution. The most significant
difference in PL spectra between PDI-2 and PDI-1 is that the PDI-2 film shows
vibronic modulated emission resembling to the corresponding solution. Therefore we
infer that the PDI-2 film undergoes head-to-tail stacking with large charge-transfer
coupling in the film.'¢ Figure 2 presents the time-resolved PL of the two PDIs in
solution and films, it can be easily seen that the solution shows monoexponential
decay with typical lifetime of ~3.9 ns. In contrast, the films show multiple relaxations,
the fast relaxation time with typical lifetime of ~1.0 ns, which is 4-fold faster than that
of PDI monomers in solution, indicating the presence of competing nonradiative
decay processes in solid. The reduced fluorescence lifetime can be attributed to the
close packing that enhances electronic coupling between molecules in the film.*3! In

addition, each film displays a small, long-lived emission component that persists for



14.8 ns for PDI-1 and 4.3 ns for PDI-2, suggesting this emission originates from a

process other than PDI monomer relaxation.
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Figure 2. The intensity normalized PL spectra of PDI-1 and PDI-2 in dilute chloroform solution

and films, respectively.

In order to understand the side-chain influence on the excited state dynamics, we
carried out transient absorption measurement on the two films. Figure 3(a) presents
the TA spectra of PDI-1 film in visible region collected at several delay times after
photoexcitation at 485 nm. The distinct features of the TA spectra are that the film
behaves photoinduced bleaching centered at 558 nm, and two photoinduced
absorption peaks located around 625 nm and 765 nm, respectively. The three
dimensional plot of the transient absorption spectra are given in Figure S4 in ESI. The
GSB at 558 nm corresponds to the 0-0 vibronic transition of the film. It can be seen
that the photoabsorption signal disappear completely when delay time is longer than
At=1 ns, however the photobelaching signal remains ~10% of weight after At=7.5 ns,
which reveals the recovery of GSB is in the time scale much longer than the lifetime
of singlet excited state. In order to learn more dynamical information of the
photoexcitation, four featured wavelengths of 535, 558, 625 and 765 nm are selected
to monitor the excited state dynamics after photoexcitation of 485 nm. Figure 3(b) and

3(c) present the dynamical relaxations at each selected wavelength in a short time
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window (b) and long time window (c), respectively. It can be seen from Fig. 3(c) that
the recovery processes of GSB at both 535 nm and 558 nm do not reach baseline up to
7.5 ns, the limit of our experimental setup. In contrast, the relaxation of ESA at both
625 nm and 765 nm return back the to initial sate within 1 ns. This strongly suggests
that an intermediate state can be assigned to trap singlet exciton, while the ground
state remains unoccupied. It can be adopted from Fig. 3(c) that the sign of the AA at
625 nm changes from positive to negative occurring around ~1.9 ns, which suggests
the overlapping between the photoinduced absorption of singlet state and emission of
newly formed excimer-like in the film, and the formation of excimer-like state will be

discussed later.
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Figure 3. Transient absorption spectra of PDI-1 film after photoexcitation of 485 nm. (a) TA
spectra collected at delay times of -0.5, 0.5, 1.0, 5.0, 50, 200, 1000, 5000 ps, respectively. (b)
Transient dynamics of PDI-1 at four selected wavelengths in short time window, and (c) Transient

dynamics of PDI-1 at four selected wavelengths in long time window.
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Figure 4. Transient absorption spectra of PDI-2 film after photoexcitation of 485 nm. (a) TA
spectra collected at delay times of -0.5, 0.5, 1.0, 5.0, 50, 200, 1000, 5000, and 7500 ps,

respectively. (b) The enlargement of (a) around 516 nm.

Figure 4 (a) shows the TA spectra of PDI-2 at several selected delay times. Figure S5
in ESI presents the 3D plots of the TA spectra. Different from the PDI-1, the PDI-2
shows remarkable ground state bleaching signal centered at 535 nm and relatively
weak and flat photoinduced absorption ranged from 600 to 770 nm. Interestingly, it is
noted that there is a weak signal centered around 516 nm, in which the signal changes
from bleach in early delay time to absorption in later delay time. It is more clear that
the signal shows red shift and becomes broad with delay time as illustrated in Fig.
4(b). In order to investigate the dynamical relaxation after photoexcitation of 485 nm,
we selected three featured wavelengths located respectively at 516, 535 and 610 nm
for detailed study, which is displayed in Fig. 5. Similar as that observed in PDI-1
presented in Fig. 3, the recovery time of GSB at 535 nm for PDI-2 is much longer
than 7.5 ns, over the limitation of our experimental setup, but the relaxation of ESA at
610 nm is completed within 1 ns, this manifests the existence of intermediate state
again. It is clear that the rising time of ESA is slower than that of GSB as shown in
Fig. 5(b), which arises from the exciton relaxation to the lowest singlet state. In
addition, the recovery of bleach signals at 516 and 535 nm follow almost same profile
in the early stage (note: the signals at 516 nm and 610 nm are multiplied by 3 and 8,

respectively for comparison). Through Figure 5 (c), the transient dynamics of the
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zoomed-in amplitude for the three selected wavelengths, obviously, the signal of 516
nm is evolved from bleaching signal at early delay time into the absorption signal at
later delay time, and the absorption signal does not show any obvious decay up to 7.5

ns.
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Figure 5. (a) Transient dynamics of PDI-2 film centered at 535 nm (black) for ground state bleach,
at 516 nm (blue) for triplet exciton absorption, and 610 nm (red) for excited state absorption,
respectively. (b) The transient dynamics in (a) for short time scale, and (c) Zoomed-in the

amplitude of AA in (a)

4. Discussions

From the TA spectra in both PDI-1 and PDI-2 films, it is strongly suggested that an
intermediate state could be formed after photoexcitation. The nature of the
intermediate state can be triplet state or excimer depending on the stacks of PDI
molecules, which compete with each other for dissipating the excitation energy. In
PDI films, long-range Columbic interactions between PDI chromophores dominate
the overall shape of the absorption spectrum, and small distortion between
nearest-neighbor PDIs can result in certain changes in the absorption spectra, as a
result, the excited-state photodynamics of PDI films can be affected significantly. In
addition, as outlined by Eaton and Le et al.!® 2> short-range interaction due to
charge-transfer can be either H-like or J-like depending on the degree of lateral

displacement of neighboring molecules. The complex nature of excited-state
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dynamics observed in our PDI-1 and PDI-2 films arises from complex short- and
long-range molecular interactions. In PDI-1 film, the undecane-substitutent at imide
position tends to align PDI molecule in form of H-aggregate dominated stacks. The
relaxation of ESA at 765 nm has lifetime of ~1 ns, while the recovery of GSB is seen
to last longer than 10 ns. In addition, there is no observable triplet absorption in the
investigated wavelength, from which we can conclude that the formation of triplet
state is negligible acting as the intermediate state. Besides, the relaxation of ESA at
625 nm is seen to develop from positive magnitude to negative one, which manifests
the formation of excimer-like state after photoexcitation.?® The magnitude of AA at
625 nm is resulted from the superposition of excited state absorption and excimer-like
emission. The lifetime of the excimer in PDI-1 film is about 14.8 ns as determined
from TRPL measurement shown in Fig. 2, which is comparable to the reported
excimer lifetime in PDI solutions.’** In order to confirm the excimer formation
dynamics in PDI-1 film, we have measured transient fluorescence spectra, which are
illustrated in Fig. 6. Figure 6(a) and 6(b) present the two-dimensional transient
fluorescence contour map and the transient photoluminescence spectra collected at
several delay times, respectively. In thin film, the co-facially stacked PDI aggregates
generally have a widen absorption and large red-shift fluorescence bands with
significantly longer decay time than that of solution mentioned above. In addition,
with the evidence of the TRPL spectra that show red-shift and broader bandwidth with
delay time shown in Fig. 6. Hence, it is reasonable to draw a conclusion that the
intermediate state in PDI-1 can be ascribed to the “excimer-like” state.3*3> As the
formation of excimer can suppress significantly the formation of triplet state by
singlet fission process, therefore it is predictable no triplet absorption can be detected

in the TA spectrum.’!- 3¢
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Figure 6 Two dimensional transient photoluminescence contour map (a) and transient
fluorescence spectra collected at several delay times (b) for the PDI-1 film under photoexcitation

of 485 nm.

In contrast, diisopropylphenyl-substituted PDI hinders the molecule stack cofacially,
and tend to align in head-to-tail stack, and form a J-aggregate like film.! Accompanied
with the relaxation of the ESA in PDI-2 film, a new absorption band centered on 516
nm can be clearly seen. The character of the new absorption band is seen to show
red-shift and becomes broader with delay time, which strongly suggests the
intermediate state is a triplet state in nature. In other word, the excitation of PDI-2
film undergoes singlet exciton fission to produce triplet excitons after photoexcitation.
As the weak intermolecular interaction can suppresses the formation of excimer in
this kind of PDI film, so that the triplet state absorption can be clearly identified from
the TA spectra. By recalling the TRPL spectrum of PDI-2 presented in Fig. 2, the slow
emission process with time constant of 4.3 ns can be assigned as the delayed PL
emission, in which the delayed singlet emission arises from the triplet-triplet
annihilation to convert back into singlet state '°. It should be mentioned that the
singlet fission rate in our case is hard to estimate due to the overlapping between GSB
and triplet state absorption at 516 nm. Finally, it should be mentioned that the kinetics
of TA and TCSPC data display significant difference for the two PDI films, the TA
data show an ultrafast component with typical time constant of ~1 ps. The marked

difference is due to the two experiments are not performed under identical conditions.
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Much higher excitation densities are used in TA measurement, which leads to
singlet-singlet exciton annihilation.!®32-** The subpicosecond component observed in
TA data of PDI films can be interpreted as the singlet-singlet annihilation accelerating
decay dynamics.

In conclusion, two PDI films, i.e. undecane- and diisopropylphenyl-substitutent of
PDI at imide position, were fabricated with spin coating technique. Two films show
complex absorption and PL spectra due to the complex short- and long-range
molecular interactions. In general, the undecane-substituted PDI film shows more
H-aggregate like characteristic, while the diisopropylphenyl-substituted PDI film has
more J-aggregate like stacking. The TA spectra of the two films reveal that the
excited-state dynamics of two films are dominated by different intermediate states.
For PDI-1 film, photoexcitation leads to the formation of excimer-like state that
dominates the dynamics of excited states. In contrast, the excited state dynamics in
PDI-2 is dominated by singlet fission process, in which triplet states are produced.
The time resolved photoluminescence spectra show good agreement with the TA
measurement. Our present study not only extends the understanding of singlet fission
in PDI-based film, which provides a low cost way to fabricate PDI-based photovoltaic
and optoelectronic devices concerning the singlet fission process, the study also sheds
light on the understanding the role of imide-substituents on the molecular packing,
solid state fluorescence and excited state dynamics of organic molecules, which also
paves the way for tailoring the stacking style of PDI molecules by attaching certain

subgroup substitutions on the main frame.
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