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The significance of perylenediimide (PDI) in promoting excited
charge transfer in push-pull systems carrying TCBD-TPA and DCNQ-
TPA, synthesised via Pd(ll)-catalysed Sonogashira cross-coupling
reaction followed by [2+2] cycloaddition retroelectrocyclization
(CA-RE) reaction, is demonstrated using femtosecond transient
absorption and other pertinent methods.

Push-pull chromophores find widespread applications in
organic electronics, dye lasers, optical power limiters, solar
energy harvesting, fluorescence sensing, and bio-probing.*™
The  m-conjugated perylenediimides  have  attracted
considerable interest due to their unique characteristics,
including strong intramolecular charge transfer, good
photochemical and thermal stability, low cost, flexibility, and
light weight, making them a sought-after material for organic
electronic applications.>™10 Additional features of PDIs are
strong optical absorption in the visible region, high extinction
coefficient, good electron acceptor capabilities, stabilised low-
lying LUMO energy levels, and ease of functionalisation at the -
ortho, -imide, and bay positions.1?

The push-pull strength and its properties
manipulated by adjusting the strength of donor and acceptor
subunits or modifying the rigid backbone structure of the D-A
chromophores.’2  The  thermal, photophysical, and
electrochemical properties of push-pull chromophores can be
tailored by incorporating strong electron acceptors, such as
TCBD and DCNQ, via [2+2] cycloaddition-retroelectrocyclization
(CA—-RE) reaction.31> This is crucial in understanding how the
photosensitizer PDI modulates the charge transfer ability when
coupled to TCBD/DCNQ. Herein, we have undertaken this task
and report PDI-TCBD/DCNQ-D (D = donor = triphenylamine,
TPA), whose structures and control compounds are shown in
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Scheme 1. The extended m—conjugation is expected to improve
the interaction between the donor and acceptor units within
the push-pull systems, and the strong electron-accepting
groups (TCNE and TCNQ) at the bay side of the TPA-substituted
PDI chromophores are expected to allow efficient transfer and
stabilise separated states in polar solvents.

Scheme 1 below outlines the developed synthetic strategy.
The precursors 1-ethynyl-4-(phenylethynyl) benzene (1), 4-((4-
ethynylphenyl) ethynyl)-N,N-diphenylaniline (2), and Br-PDI
were synthesised by the reported procedure.’® The acetylene
bridge derivatives PDI-Ph, and PDI-TPA were synthesised using
a Palladium-catalyzed Sonogashira cross-coupling reaction
between Br-PDI and precursors (1) and (2). The reactions were
carried out in a 1:1 mixture of toluene and diisopropylamine at
80 °C, resulting in PDI-Ph, and PDI-TPA in 74% and 83% yields,
respectively. The PDI-TCBD-TPA was synthesised via [2+2] CA—
RE reaction, where PDI-TPA was reacted with 2.0 equivalents of
TCNE in dichloroethane (DCE) at 120 °C, resulting in PDI-TCBD-
TPA in 72% vyield. Similarly, PDI-TPA was reacted with 2.0
equivalents of TCNQ in dichloroethane (DCE) at 120 °C, resulting
in DCNQ-bridged compound PDI-DCNQ-TPA in 80% yield. These
compounds were found to be soluble in common organic
solvents, such as toluene, dichloromethane, tetrahydrofuran,
dimethylformamide, and chloroform, and are well-
characterised by 'H NMR, 13C NMR, and MALDI techniques (Figs.
S1-S12in ESI).

Fig. 1a shows the absorption spectra of the investigated
compounds in DCB. PDI-Ph, revealed the typical spectrum of
PDI with prominent peaks at 450, 500, and 545 nm due to m1-1T*
transition with vibronic fine structure. These peaks are red-
shifted by about 25 nm compared to pristine PDI, revealing the
effect of extended m—conjugation. Replacing the terminal
phenyl entity with a TPA entity in PDI-TPA caused significant
spectral broadening. The prominent peak corresponding to TPA
was observed at 380 nm. In the case of PDI-TCBD-TPA and PDI-
DCNQ-TPA, the fine vibrational structures of PDI could be
restored; however, the peak corresponding to TPA at 380 nm
revealed diminished intensity due to CT interactions involving
the directly connected TCBD/DCNQ entities. A new broad peak
spanning 570—-900 nm was observed in the case of PDI-DCNQ-
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TPA. This peak had charge transfer (CT) characteristics due to
the interaction between the electron-deficient DCNQ and
electron-rich TPA.1215
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Scheme 1 Synthesis of PDI-TCBD/DCNQ-D and the control compounds.

Fig. 1b shows the fluorescence spectrum of the investigated
compounds. PDI-Ph; revealed a broad emission centred at 575
nm. PDI-TPA revealed quenched emission (>94%) but was
highly redshifted at 664 nm, consistent with the previously
discussed charge transfer origin. The PDI emission in PDI-TCBD-
TPA and PDI-DCNQ-TPA was substantially quenched (>97%),
suggesting its involvement with the attached TCBD-TPA and
DCNQ-TPA entities in the excited state.

Subsequently, electrochemical studies using both cyclic
voltammetry (CV) and differential pulse voltammetry (DPV)
were performed to evaluate the redox potential and the level
of redox modulation caused by the D and TCBD/DCNQ entities
(See Fig. S13 and Table S1). The oxidation and first reduction of
PDI-Ph, were located at 1.73 and —-0.48 V vs. Ag/AgCl in
dichlorobenzene (DCB) containing 0.1 M (TBA)CIO4. The
introduction of TPA in PDI-TPA
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Fig. 1. (a) Absorption spectra of the indicated compounds in DCB (conc. = 1 x 10 M). (b)
The fluorescence spectrum of the indicated compounds at the excitation wavelengths is
shown. (The fluorescence intensity (FI) of PDI-Ph, was adjusted by multiplying the
original value by 0.3)
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revealed an additional oxidation peak at 1.10 V due to TPA
oxidation; while the PDI reduction did not show significant
changes, PDI oxidation was anodically shifted by 50 mV and
appeared at 1.69 V. The reductions of TCBD in PDI-TCBD-TPA
appeared at -0.20 and —-0.61 V, while the PDl-centred
reductions were at —0.48 and —0.71V. Facile reduction of TCBD
over PDl in this compound was apparent. On the oxidation side,
TPA oxidation was anodically shifted and appeared at 1.39 V
due to the electronically induced effects caused by the
neighbouring TCBD. The PDI-centred oxidation also exhibited
an anodic shift, appearing at 1.78 V. Replacing TCBD with DCNQ
in PDI-DCNQ-TPA revealed DCNQ-centred reduction at —0.29
and —0.30 V. In contrast, PDI reductions did not experience
appreciable changes. TPA oxidation at 1.11 and PDI oxidation
at 1.74 V were also noted. The facile reduction of DCNQ over
TCBD and the redox modulation of other entities were borne
out of this study.

Subsequently, DFT and TD-DFT studies using CAM-B3LYP/6-
31G(d,p) basis set!” were performed to visualise optimised
geometry, frontier orbitals, and excited state CT (charge shift)
events involving different excited states. They are summarised
in Fig. 2. In all the three push-pull systems investigated here, no
steric hindrance was observed, thanks to the extra
phenylacetylene spacer. For PDI-TPA, HOMO on TPA and LUMO
on PDI was noted. TD-DFT studies revealed a clear charge shift
(difference in charge between the ground and the excited
states) from Sy—S, and Sy—S; states (the involved orbital
contributions, calculated wavelength, and oscillator strength of
the transition are listed below each figure). In the case of PDI-
TCBD-TPA, the majority HOMO on TPA and LUMO on PDI-TCBD
entity was observed. Clear CT transitions were observed from
the S0O->S2 and S0->S3 states, involving terminal TPA to TCBD
and PDI-TCBD. Similarly, in the case of PDI-DCNQ-TPA, HOMO
on the DCNQ-TPA and LUMO on PDI-TCBD were observed (the
HOMO-1 was solely on the PDI entity). CT events were
observed from the S;—S; and Sy—S; states wherein TPA losing
electron (donor) and DCNQ and PDI-DCNQ accepting electron
was borne out from this exercise (see Fig. S14-S21 for
additional results). This study effectively summarises the role
of each entity in excited-state events.

Jablonski diagrams constructed using free energy
calculations>®18 help understand different photochemical
events. As shown in Fig. 3, such a diagram has been built for PDI-
TCBD-TPA and PDI-DCNQ-TPA. In both push-pull systems,
selective excitation of PDI would generate PDI* that would
undergo initial CT to yield (PDI-TCBD)3-(TPA)3* and (PDI-
DCNQ)3-(TPA)3*. The earlier discussed frontier orbitals support
the involvement of both PDI/TCBD or PDI/DCNQ in the initial CT
formation, as shown in Fig. 3. In a polar solvent such as
benzonitrile, the CT state undergoing the charge separation (CS)
state is energetically feasible. Such a CS process would yield
(PDI-TCBD)-(TPA)* and (PDI-DCNQ)~-(TPA)* radical ion pairs.
The calculated energy of the (PDI-TCBD)~-(TPA)* is above that
of the 3PDI* (~1.07 eV), and under such conditions, the CS state
could relax to the 3PDI* state before returning to the ground
state. In contrast, the energy of the (PDI-DCNQ)—-(TPA)* state
is much below that of 3PDI*, which would prompt the CS state
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to relax directly to the ground state. Pump-probe studies were
performed to verify these photochemical paths to derive
structure-dynamics properties.
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Fig. 2 Optimized geometry, frontier orbitals, and excited state CT (charge shift) events
from different excited states for a) PDI-TPA, b) PDI-TCBD-TPA, and c) PDI-DCNQ-TPA at
the CAM-B3LYP/6-31G(d,p) SCRF (CPCM, solvent = benzonitrile) level.

The fluorescence lifetime of PDI-Ph, was recorded and
found to be 6.14 ns (in toluene, monoexponential decay; see
Fig. S22 for decay curve). For other studied systems, the
lifetime was much lower than the time resolution of our setup
(~200 ps).
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Fig. 3 Jablonski diagram depicting different photo events in PDI-TCBD-TPA and PDI-
DCNQ-TPA push-pull systems.

Femtosecond transient absorption (fs-TA) spectra of PDI-Ph,
in benzonitrile are shown in Fig. S23. Spectral features were
typical of PDI*® with a negative signal at 556 nm having
contributions from both ground state bleach (GSB) and
stimulated emission (SE). Excited state absorption (ESA) peaks
were also observed at 744, 761, and 786 nm. The recovery of
the GSB/SE and the decay of the ESA peaks was rather slow,
consistent with the relatively longer singlet lifetime.

The fs-TA spectra of PDI-TPA are shown in Fig. 4a. The
spectral features significantly differed from the control PDI-Ph,.
Broad positive absorption was observed in the 570-700 nm in
addition to the expected GSB/SE and ESA peaks corresponding

This journal is © The Royal Society of Chemistry 20xx
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to PDI*. Chemical oxidation of PDI-TPA confirmed that these
features are due to CS products (see Fig S24 for spectral changes
during chemical oxidation and reduction). The data was
subjected to GloTarAn analysis.?® A three-component fit was
satisfactory, and decay-associated spectra (DAS) are shown in
the right-hand panel (Fig. 4a, right-hand panel). The CS state
persisted for about 10.7 ps (representing the average lifetime
of the species; see Fig. S25 for population time profile plots).
The fs-TA spectra of PDI-TCBD-TPA are shown in Fig. 4b and
provide evidence of CS. The new spectral features in the visible
region agreed well with the spectrum of the chemically
oxidised/reduced species (Figs. S24c and S24d). Data analysis
revealed a 3-component fit to be satisfactory and resulted in a
CS lifetime of 9.88 ps (see Figs. 4b for DAS and S25b for
population time profiles). The situation was also similar for the
PDI-DCNQ-TPA system. In this case, the spectral features
overlapped with the ESA peaks, as shown in Fig. 5c (Figs. S24e
and S24f for spectra of oxidised and reduced species). A three-
component fit resulted in a CS lifetime of 24.11 ps (see Figs. 4c
for DAS and S25c for population time profiles). In summary, fs-
TA spectral studies successfully revealed CS in the three push-
pull systems studied here. A comparison of the lifetimes of the
CS states of PDI-TCBD-TPA and PDI-DCNQ-TPA deserves some
discussion. A ~10 ps in the former and ~24 ps in the latter
suggest faster recombination in the former case, which could be
rationalised based on the intermediate population of 3PDI*
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Fig. 4 Fs-TA spectra at the indicated delay times of (a) PDI-TPA, (b) PDI-TCBD-TPA, and
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in the latter case (see Fig. 3 blue path), while in the former case,
the CS state relaxes directly to the ground state (see Fig. 3
magenta path). These observations highlight the significance of
intermediate triplet states in modulating the dynamics of the CS
process.

In summary, the newly synthesised and studied push-pull
systems, PDI-TPA, PDI-TCBD-TPA, and PDI-DCNQ-TPA, revealed
several important observations. While PDI-TPA acted as a
simple donor-acceptor system revealing CT emission,
incorporating TCBD and DCNQ improved the overall electron-
acceptor property of PDI-TCBD and PDI-DCNQ entities while
modulating the redox potentials. TD-DFT studies revealed the
contributions of different excited states in promoting initial
charge transfer following the charge separation. Fs-TA studies
in polar benzonitrile provided evidence of charge separation
and the relative positioning of the CS state with respect to the
triplet state of PDI, which governs the final lifetimes of the CS
states. Further studies in this area are currently underway in
our laboratories.
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