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ABSTRACT: We report on a visible-light-absorbing chiral
molecular triangle composed of three covalently linked
1,6,7,12-tetra(phenoxy)perylene-3,4:9,10-bis-
(dicarboximide) (PDI) units. The rigid triangular
architecture reduces the electronic coupling between the
PDIs, so ultrafast symmetry-breaking charge separation is
kinetically favored over intramolecular excimer formation,
as revealed by femtosecond transient absorption spectros-
copy. Photoexcitation of the PDI triangle dissolved in
CH,Cl, gives PDI**—PDI"* in 7¢g = 12.0 + 0.2 ps. Fast
subsequent intramolecular electron/hole hopping can
equilibrate the six possible energetically degenerate ion-
pair states, as suggested by electron paramagnetic
resonance/electron—nuclear double resonance spectrosco-
py, which shows that one-electron reduction of the PDI
triangle results in complete electron sharing among the
three PDIs. Charge recombination of PDI**—PDI"* to the
ground state occurs in 7cg = 1.12 + 0.01 ns with no
evidence of triplet excited state formation.

he spatial arrangement of chromophores in multi-

chromophoric systems governs their electronic interaction
and plays an important role in both photosynthetic light
harvesting and organic electronics.” For example, 7 stacking of
the bacteriochlorophyll special pair comprising the primary
electron donor within bacterial photosynthetic reaction center
proteins results in charge-transfer character in its photoexcited
singlet state, an observation that has been implicated in the
overall charge separation process.” Photoinduced symmetry-
breaking charge separation (SB-CS)” between two identical
chromophores in nonbiological molecular assemblies is
relatively uncommon because the free energy of charge
separation, AGcg,” is rarely negative.

Irradiation of cofacial arene dimers usually leads to
photodimerization or ultrafast formation of a lower-energy
excimer state, which traps the excitation energy and ultimately
releases it through unproductive radiative and/or nonradiative
decay.” Neither dimerization nor excimer formation are
desirable processes if the ultimate purpose is to generate
charge-separated states, which are fundamental to the
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production of renewable solar electricity using molecular
photovoltaics and stored fuels by artificial photosynthesis. In
order to prevent excimer formation, we have designed and
synthesized a triangle-shaped cyclic trimer containing visible-
light-absorbing, redox-active 1,6,7,12-tetra(phenoxy)perylene-
3,4:9,10-bis(dicarboximide) (PDI)6 molecules. The orientation
of the PDI units in a rigid triangular architecture is designed to
decrease the excimer formation rate by reducing the m-orbital
overlap between PDIs while still allowing some direct electronic
interaction between adjacent PDI 7 systems.

In this work, we used fluorescence and femtosecond transient
absorption (fsTA) spectroscopy to show that a compact and
well-defined cyclic PDI trimer, which limits the 7 interaction of
the PDI units, makes SB-CS between two adjacent PDI units
competitive with excimer formation upon photoexcitation with
visible light. Depending on the relative rates of electron transfer
(ET) and hole transfer (HT), up to four energetically
degenerate symmetry-broken states can be generated from
the initial singlet locally excited state (S;) (Scheme 1).
Subsequent charge shifts may result in six energetically
degenerate ion-pair states within the triangle. Electron

Scheme 1. Schematic of Symmetry-Breaking Charge
Separation within (—)-PDI-A upon Photoexcitation,
Showing Four Possible Charge (Hole or Electron) Transfer
Processes and the Subsequent Charge Hopping between
Adjacent Redox Centers To Achieve Six Energetically
Degenerate Ion-Pair States
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Figure 1. (a) Stereospecific synthesis of the molecular triangle
(=)-PDI-A by condensation of dianhydride 1 with (RR)-2. (b)
Graphical representation of the DFT (B3LYP/6-31G**)-calculated
structure. (c¢) MALDI-TOF mass spectrum of (—)-PDI-A. Calculated
peaks: m/z 2514.695 (57.1%), 2515.698 (100%), 2516.701 (87.1%),
2517.705 (51.1%), 2518.708 (21.7%), 2519.711, (7.4%).

paramagnetic resonance (EPR) and electron—nuclear double
resonance (ENDOR) spectroscopies show that upon mono-
reduction of the cyclic trimer, the unpaired electron is shared
fully among the three PDI units. These results demonstrate that
good electronic communication exists between the three redox
centers within the triangle architecture.

The homochiral molecular trlangle, (=)-PDI-A, was
prepared by a one-pot condensation” of (R.R)-trans-1,2-
cyclohexanediamine ((R,R)-2) with 1,6,7,12-tetra(4-phenoxy)-
perylene-3,4:9,10-tetracarboxylic dianhydride (1)* in N,N-
dimethylformamide (DMF) at 130 °C (Figure la; see the
Supporting Information for details). Matrix-assisted laser
desorption ionization time of flight (MALDI-TOF) mass
spectrometry and '"H NMR spectroscopy confirmed the
structure of (—)-PDI-A (Figures S1—S5). The MALDI-TOF
mass spectrum of (—)-PDI-A (Figure 1c) shows the most
abundant peak at m/z 2515.699, assigned to monoionized
[(=)-PDI-A]™". The 'H NMR spectrum of (—)-PDLI-A is
broad at room temperature as a result of the rapid exchange
process on the "H NMR time scale between diastereoisomers
arising from the stereocenters on the cyclohexanediamine
linkers and the helical chirality” of each of the core-twisted PDI
units (P and M atropisomers). Variable-temperature '"H NMR
experiments on (—)-PDI-A showed splitting and sharpening of
its proton resonances (Figure S3) as the interconversion
between different diastereoisomeric configurations became
slower on the NMR time scale with the decrease in
temperature. The appearance of two sets of distinct signals
points toward the existence of dynamic processes within this
molecular triangle. In particular, one set of signals can be
assigned to lower-symmetry (C, point group) (PPM)/(MMP)
configurations, in which only two PDI subunits share the same
chirality, and the second set can be assigned to the higher-
symmetry (D; point group) (PPP)/(MMM) configurations,
where all three PDIs share the same chirality (P or M).

The steady-state UV—vis absorption spectrum of (—)-PDI-A
and a monomeric reference, Ref-PDI, in CH,Cl, are shown in
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Figure 2. (a) Normalized steady-state UV—vis absorption spectra of
monomeric Ref-PDI (red) and (—)-PDI-A (blue) in CH,Cl,. (b) CD
spectra of Ref-PDI (red) and (—)-PDI-A (blue) in CH,Cl, at 298 K
and a concentration of 6 uM. (c) Steady-state emission spectra of Ref-
PDI (red) and (—)-PDI-A (blue) in CH,Cl, at 298 K (the absorbance
at Ay = 535 nm was 0.102 for both samples). (d) Cyclic
voltammograms of Ref-PDI (red) and (—)-PDI-A (blue) recorded
at a scan rate of 100 mV s™" using a glassy carbon working electrode.
All of the experiments were performed at 298 K in Ar-purged CH,Cl,
solution (0.5 mM) with 0.1 M [Bu/N][PF4] as the supporting
electrolyte.

Figure 2a. (—)-PDI-A shows a pronounced intensity increase
of the vibronic band centered at 535 nm with respect to that at
569 nm (g, = 1.2 X 10° M~ cm™) indicative of excitonic
coupling'’ between adjacent PDI chromophores. This spectral
difference originates from a complex interplay of vibronic
contributions to the excitonic couplings, which has also been
observed in closely spaced cofacial dimers.’ The circular
dichroism (CD) spectrum (Figure 2b) of (—)-PDI-A displays
intense optical activity, characterized by a prominent negative
Cotton effect at long wavelengths when (R,R)-2 is used as the
linker. The fluorescence spectrum of (—)-PDI-A is very similar
to that of Ref-PDI, implying that the emission occurs from the
locally excited state of one PDI unit (Figure 2c). Noticeably, no
red-shifted and long-lived excimer-like emission characteristic
of cofacially stacked PDI derivatives is observed, ruling out the
formation of an emissive excimer state. Notably, the
fluorescence quantum yield of (—)-PDI-A (¢y = 0.002) is
significantly lower than that of Ref-PDI (¢y = 1), which is
consistent with a very efficient nonradiative decay process such
as SB-CS.

In order to estimate the free energy changes required for SB-
CS, we performed cyclic voltammetry on Ref-PDI and
(=)-PDI-A in dry CH,Cl, under argon (Figure 2d) to
determine their redox potentials. These data are reported in
Table S1 along with the excitation energies and estimated
values of AGgg. Ref-PDI exhibits two distinct reversible
reduction waves and one quasi-reversible oxidation wave, like
other tetraphenoxy-substituted PDIs. (—)-PDI-A shows
similar behavior, but the waves are cathodically shifted by ca.
50 mV and slightly broadened which may be caused by
multielectron processes © However, the difference between the
first oxidation and reduction potentials remains unchanged.
Thus, using the Weller treatment” gives AGgg & —0.19 eV for
SB-CS within (—)-PDI-A in CH,CL,.
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Figure 3. (top) Femtosecond transient absorption of (—)-PDI-A
showing the excited-state dynamics after photoexcitation. (middle)
Species-associated spectra reconstructed from global fits to the
sequential A — B — ground state (GS) model, where A is '*PDI
and B is the SB-CS state (., = 569 nm, 1.0 uJ/pulse, CH,CL, 298 K,
air-equilibrated). (bottom) Comparison of the transient absorption
spectrum of the B = SB-CS state with the differential static spectra of
[(=)-PDI-A]™* and [(—)-PDI-A]** generated by chemical reduction
and oxidation, respectively, and their sum [(—)-PDI-A]™* +
[(-)-PDI-A]*.

We carried out fsTA studies of (—)-PDI-A in CH,Cl, in
order to elucidate the excited-state dynamics responsible for its
efficient nonradiative decay. The fsTA spectra of (—)-PDI-A
are shown in Figure 3, and for comparison, those of Ref-PDI
are given in Figure S6. The fsTA spectra of Ref-PDI following a
569 nm, 100 fs laser pulse feature ground-state bleaching (GB)
at 450, 533, and 571 nm, stimulated emission (SE) at 600 and
650 nm, and excited singlet state (**PDI) absorption (ESA) at
709, 947, and 1028 nm.'' On the other hand, (—)-PDI-A
shows very different excited-state dynamics characterized by
fast decay of the '*PDI-A state (ESA at 705, 951, and 1028
nm; Figure S9) in 7¢g = 12.0 + 0.2 ps to give a new transient
species characterized by positive features in the visible region at
473 and 619 nm and in the near-IR region at 780, 969, and
1077 nm, corresponding to the spectral features of PDI radical
cation®® and PDI radical anion (vide infra), respectively. The
observed ultrafast transient dynamics shows photoinduced
intramolecular SB-CS behavior of (—)-PDI-A, consistent with
its quenched fluorescence. The SB-CS state decays by charge
recombination (CR) to the ground state in 7 = 1.12 + 0.01
ns in CH,Cl, with no evidence of triplet excited state
formation. The much slower charge recombination relative to
charge separation, even though the former process is quite
exothermic, is consistent with the fact that the recombination
lies far into the Marcus inverted region.'” We also performed
fsTA measurements in CHCI; (dielectric constant (eg) = 4.81,
AGgg ~ —0.02 V) and in toluene (&g = 2.38, AGg ~ 0.22 V)
in order to probe the effect of solvent polarity on SB-CS. In
CHCl, (Figures S12 and S13) we found that charge separation
slows to 7cg = 59.2 + 0.6 ps and the SB-CS lifetime is extended

to Tcg = 4.36 + 0.02 ns, in line with Marcus theory. In less
polar toluene (Figures S16 and S17), the SB-CS process is
switched off because the ion-pair state has a higher energy than
the excited singlet state.

Given the relatively small AGgg for SB-CS in (—)-PDI-A,
modulation of AGgg and the electronic-coupling matrix
element for this process by structural fluctuations in the PDI
units and/or the surrounding solvent are most likely
responsible for the observed ultrafast rate. We do in fact
observe a relaxation process in '*[Ref-PDI] that occurs with 7
~ 75 ps (Figures S6 and S7). This relaxation can be related to a
twisting of the PDI core or even to movement of the phenoxy
rings upon photoexcitation.'” Structural changes of a similar
type in (—)-PDI-A may be enough to break the symmetry and
induce charge separation, although we do not directly observe
such features in the transient absorption data for (—)-PDI-A
(Figure S8).

Redox titration experiments were performed in order to
confirm the electronic absorption features of the charge-
separated state. Upon addition of 1 equiv of cobaltocene
(CoCp,) (E = —1.0 V vs SCE, CH,Cl,), the decrease in the
neutral-state absorption band is accompanied by the appear-
ance of new bands at 783, 970, and 1078 nm (Figure S19). On
the other hand, partial oxidation of (—)-PDI-A with NOPF (E
= 1.46 V vs SCE, CH,Cl,) results in the appearance of positive
features at 474, 613, 805, 908, and 1142 nm (Figure S20).

Femtosecond stimulated Raman spectroscopy (FSRS)
further corroborates our interpretation of the fsTA results
(Figures S21 and S22). The FSRS spectrum of Ref-PDI is
characterized by monoexponential decay of vibrational modes
between 1000 and 1600 cm™'. The same vibrations in
(=)-PDI-A are observed to decay in 7¢g = 11.5 + 0.6 ps,
giving rise to new vibrational features that overlay with
(=)-PDI-A anion modes generated by chemical oxidation.
The recombination time, 7cg = 1.0 + 0.1 ns, is consistent with
that observed by fsTA within experimental error.

Because of the ease of generating monoreduced states of Ref-
PDI and (—)-PDI-A, we performed EPR and ENDOR
spectroscopy to probe electron sharing among adjacent PDI
units within (—)-PDI-A. Continuous-wave (CW) EPR
measurements at room temperature show that the spectrum
of [(—)-PDI-A]™* is narrowed compared with that of [Ref-
PDI]|™* (Figure 4a). The spectral narrowing and subsequent
loss of hyperfine structure are indicative of efficient electron
sharing over multiple PDI units, as seen previously in very large
cofacial PDI aggregates and PDI-containing DNA hairpins.'*
Additionally, the ENDOR spectrum of [(—)-PDI-A]~* (Figure

a) b)
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Figure 4. (a) CW EPR and (b) 'H ENDOR spectra of [Ref-PDI]*~
(red) and [(—)-PDI-A]*" (blue) produced by monoreduction of Ref-
PDI and (—)-PDI-A, respectively, with 1 equiv of CoCp, in CH,Cl, at
298 K.
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4b) shows a clear reduction in the isotropic hyperfine coupling
constant (ay) by a factor of 3 compared with that of [Ref-
PDI]™*, meaning that the unpaired electron is shared'** among
all three PDIs within the molecular triangle at a rate exceeding
that measurable on the ENDOR time scale (>107 s7!).
Remarkably, [(—)-PDI-A]™* gives a CW EPR signal that is
narrowed with respect to the PDI reference even at 85 K
(Figure S23), which indicates that complete electron sharing
continues at lower temperatures.

In summary, we have synthesized a visible-light-harvesting
molecular triangle that can undergo ultrafast photoinduced
intramolecular symmetry-breaking charge separation in a
manner similar to the primary electron donor in bacterial
photosynthetic reaction center proteins. We have demonstrated
that the rigid molecular triangle architecture can effectively slow
down excimer formation, which kinetically outcompetes SB-CS
in most z-stacked dimers of aromatic molecules. Moreover, we
have shown that full electron sharing takes place among the
three PDI units within the triangular geometry, implying fast
electron hopping between adjacent redox centers. Our findings
have potential utility in the design of new molecular materials
for solar energy conversion and organic electronics.
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