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Unequal Perylene Diimide Twins in a Quadruple Assembly
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Abstract: Natural light-harvesting (LH) systems can
divide identical dyes into unequal aggregate states,
thereby achieving intelligent “allocation of labor”. From
a synthetic point of view, the construction of such kinds
of unequal and integrated systems without the help of
proteinaceous scaffolding is challenging. Here, we show
that four octatetrayne-bridged ortho-perylene diimide
(PDI) dyads (POPs) self-assemble into a quadruple
assembly (POP), both in solution and in the solid state.
The two identical PDI units in each POP are compart-
mentalized into weakly coupled PDIs (P520) and closely
stacked PDIs (P550) in (POP),. The two extreme pools
of PDI chromophores were unambiguously confirmed
by single-crystal X-ray crystallography and NMR spec-
troscopy. To interpret the formation of the discrete
quadruple assembly, we also developed a two-step
cooperative model. Quantum-chemical calculations in-
dicate the existence of multiple couplings within and
across P520 and P550, which can satisfactorily describe
the photophysical properties of the unequal quadruple
assembly. This finding is expected to help advance the
rational design of dye stacks to emulate functions of
natural LH systems.
’ J

Introduction

By recognizing and mimicking how nature plays its parts, we
can go far. The self-assembly of n-conjugated molecules by
means of noncovalent interactions offers attractive routes
toward well-organized functional materials, which helps
bridge the gap between natural and artificial systems.!"
However, due to the dynamic nature of self-assembly
processes, current research in this respect mainly focuses on

isoenergetic aggregates acting in isolation. The constituent
n-molecules in the aggregates are equal, which have nearly
the same intermolecular packing geometries and coupling
strengths.”) Based on a “molecular economy” principle,
nature has mastered the art of dividing identical dyes into
unequal energy states to accomplish a cooperative task.
Because exciton coupling between the same type of
chromophores is much stronger than that between different
types,”! all the couplings within and across the different
energy states render the system of nominally identical dyes
fully integrated. For instance, in purple non-sulfur bacterial
light-harvesting complex II, twenty-seven identical bacterio-
chlorophyll a (BChla) molecules assemble into two nanor-
ings known as B800 (features nine weakly coupled BChla
units) and B850 (consists of eighteen BChla units with a
strong J-type coupling). Due to the compartmentalization,
two kinds of spectrally distinct BChla units can utilize more
parts of the solar spectrum and provide a rapid gradient-
directed energy transfer from B800 to B850."! However,
without the help of proteinaceous scaffolding, self-assembly
of identical dyes into such kind of unequal and integrated
systems, especially those with discrete sizes for deriving
unambiguous structure—property relationships,” seems be-
yond the scope of synthetic chemistry.’

As an important class of organic dyes with strong m—n
stacking interactions, perylene diimides (PDIs) have been
considered as ideal building blocks for functional
supramolecular systems.”! Recently, we are centering our
efforts on establishing an equilibrium between enhanced n
stacking of ortho-modified PDIs® and growing frustration
by steric demand for formation of highly ordered n-
aggregates such as discrete stacks and alternating stacks.!"”
In this article, we report that unequal discrete assemblies
comprising both weakly coupled and closely stacked dye
units can be constructed from covalently connected dye-dye
twins (Scheme 1a). We demonstrate that four octatetrayne-
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Scheme 1. a) Schematic illustration of the self-assembly of covalently
connected dye-dye twins into an unequal discrete system; b) chemical
structure of dye-dye twins POP (R =hexylheptyl).

bridged ortho-PDI dyads (POPs), as the ideal dye-dye twins
(Scheme 1b), can entangle with each other through n—n
interaction and hydrogen bonding, forming a unique quad-
ruple assembly ((POP),) both in solution and in the solid
state. Eight identical PDI units in four parent POP
monomers split into two types of PDI aggregates named:
P520 (four weakly coupled PDIs) and P550 (two pairs of

according to their absorption maxima. Within- and cross-
couplings of P520 and P550 direct the energy transfer from
P520 to P550, which culminates in charge transfer at P550.
As a well-defined discrete assembly, (POP), can be served
as a simple but integrated system to model the light-
harvesting process.

Results and Discussion
Quadruple assembly in the solid state

Starting from ortho-iodinated PDIL* POP was synthesized
through Pd-catalysed Sonogashira coupling (Scheme S1).
POP displayed good solubility in common organic solvents
and was fully characterized by NMR spectroscopy and mass
spectrometry. Single crystals suitable for X-ray diffraction
analysis were grown by slow diffusion of methanol into a
chloroform solution of POP.!"! Figure 1a shows that the
quadruple POP assembly (POP), is spatially isolated by a
total of 16 swallow-tail-like hexylheptyl groups that stretch
around the assembly to prevent further stacking (Fig-
ure 1a,b). In (POP),, the substitution at ortho-positions of
PDI units does not introduce perylene-core twists. Two
octatetrayne-bridged PDI units in one POP are differ-
entiated by distinct interactions with the neighboring units.
Thus, a (POP),4 has two extreme sets of PDI chromophores:
P520 (light red) features four quasi-monomeric PDI units
isolated by the octatetrayne linkers, whereas P550 (light
green) represents two pairs of closely associated PDI units.
In P550, the PDI units are stacked as a dimer, exhibiting a

Figure 1. (POP), in the solid state. a) b) ORTEP structures of (POP), (front and side views). c) The left and right parts of (POP), showing n-xt
stacking and hydrogen bonding (H6', H7"--O”, H1’, H12"--Q'). Hexylheptyl groups and hydrogen atoms are omitted for clarity, and only one of the

four PDI units in P520 is labeled with hydrogen atoms.
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centroid-to-plane distance of 3.47 A and a rotational angle
of 60° without transversal and longitudinal shift of the
chromophores. Both the left two and the right two POP
molecules exhibit a tweezer-like structure in which the two
closely associated PDI units form the fixed end, and the
other two separated PDI units represent the two tips. Two
“tweezers” are further interlocked together through hydro-
gen bonding. For instance, Figure 1c shows the hydrogen
atoms (H6', H7', H1’, H12') in one “tip” PDI form two sets
of C-H--O=C hydrogen bonds with carbonyl oxygen atoms
in another “tweezer” (O” and O’), as evidenced by C—H--O
distances of 2.786 A (H6'--Q"), 2.470 A (H7'-0"), 2.562 A
(H1'--O'), and 2.494 A (H12-0’), and C-H--O angles of
152.4° (C6'-H6'--0O"), 150.5° (C7-H7--0"), 157.9°
(C1'-H1'--0Q’), and 171.8° (C12-H12--0’).'"? Thus, each
POP in (POP), entangles with the other three POPs
through both n—n interaction and hydrogen bonding.

(POP), in solution

Selective formation of the (POP), assembly in solution is
confirmed by NMR experiments (Figure 2a). The 'H NMR
spectra of POP in CDCIl; exhibit typical signals for
individual mono-ortho-substituted PDIs (Figure 2d).”! The
spectra of POP in deuterated methylcyclohexane (MCH-
dy,) that can facilitate aggregation show significant changes
(Figure 2b). Upon increasing temperature, fourteen signals
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appeared with much better resolution. Based on the signal
integrals, multiplicities and coupling constants, two sets of
signals in the aromatic region could be assigned to protons
from two different types of PDI. Protons in close spatial
proximity were checked with the rotating frame nuclear
Overhauser effect spectroscopy (ROESY) at 353 K (Fig-
ure 2e). Four proton signals with significant downfield shifts
(9.28-9.74 ppm) reveal the formation of hydrogen bonding.
Based on the ROESY results (positive sign, cyan, Fig-
ure 2e), these four and the other three proton signals around
8.4-8.8 ppm can be reliably assigned to the protons of PDI
units in P520. Another set of seven proton signals exhibits
an upfield shift due to magnetic shielding by the adjacent n-
surface, indicating a stacking of the PDI units. Combined
with the ROESY results (positive sign, cyan, Figure 2e),
these signals can be assigned to the protons of closely
associated PDI units in P550. The intermolecular cross-
peaks between H8' and H12"” indicate the spatial approach
between the protons from different types of PDI units.
Diffusion-ordered NMR spectroscopy (DOSY) at 298 K
confirms that the size of the POP assembly is 3.1 nm!” and
thus excludes larger assembly structures (Figure 2c, S1).
MALDI TOF mass spectrometry of the POP solution also
displayed a peak belonging to (POP), (Figure S2). All these
results corroborate the presence of a discrete quadruple
assembly with two types of PDI aggregates as illustrated in
the solid state. In addition, a slow dynamic exchange
between the two PDI units in one POP molecule in the

R
o PDI
) PDIlo—~ __ __ —=—PDI
—_—— 2 — — 9 R
OTN>=0 /‘X“ (o]
PDI

interaction
, hydrogen N
R o bonding R 0
In MCH-dy,
e)

He' H11'  H12" H11" H1" He"
_H6-Hg6" o
" " 76
- HT-HT v
HA1-H11" H12"H11" O 7
o S Vi HE"-H7" Yoo
w HIZ-H12 H5"-H5"-
¥ - S f 82
He-He —AOQ 20 e
\/ H1"-H12" , HE"-H5'",
H7"-H8" v
H12"-Hg"
9.0
H5'-HE' HE"-HT" 02
~ . . / 94
HE"H7 H11"-H12' o6
= H1"-H12' o8
98 96 94 92 90 88 86 84 82 80 78 76
(ppm)

Figure 2. (POP), in solution (5 mM). a) Schematic illustration of the monomer-quadruple (4 POP=(POP),) aggregation process (all four PDI units
in P520 are equal and act both as hydrogen bond donors and acceptors; only two PDI units in P520 are labeled for clarity). b) Part of the
temperature-dependent 'H NMR spectra of (POP), in MCH-d,,. c) DOSY spectrum of (POP), in MCH- d,, at 298 K. d) Part of the '"H NMR spectrum
of POP in CDCl; at 298 K. e) Part of the ROESY spectrum of (POP), in MCH-d,, at 353 K (negative and positive signals are represented by yellow

and cyan contours, respectively).
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(POP), might proceed at a rate similar to the NMR time
scale, and therefore the peaks shown in Figure 2b are broad
at 298 K. Further evidence of the dynamic exchange is the
appearance of negative signs (yellow, Figure 2e) between
protons of PDIs in P520 and P550 at 353 K.

Two-step cooperative mechanism

The assembly of such discrete systems like (POP), cannot
be interpreted by the conventional monomer-dimer or
infinite monomer-oligomer systems models."” As shown in
Figure 3a, the formation of (POP), can follow an assembly
process via either an isodesmic (path a, all monomer
association equilibrium constants K,,, K,; and K;, are
equal) or a two-step mechanism (path b, dimerizations of
monomers with association equilibrium constants K;, are
followed by coalescence of two dimers with association
equilibrium constant K, 4; K, #K,4; 6 =K, ,/K,4; 6 >1: anti-
cooperative growth; o <1: cooperative growth). Specific
formation of (POP), in MCH solution, as determined by
NMR studies, rules out the possibility of an isodesmic
mechanism, which would result in a continuous distribution
of POP, (POP),, (POP);, and (POP), assemblies. Anti-
cooperative growth is also unlikely because an accumulation
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of (POP), was not observed. As a result, we propose a
cooperative two-step three-state chemical equilibrium (Path
b): 4 POP=2 (POP),=(POP),, yiclding mass balance
equation:

¢y = [POP] +2 K,,[POP + 4 K,_,K,_,*[POP]* 1)

where ¢, refers to the total concentration of POP molecules
and [POP] represents the equilibrium concentration of POP
monomer.

This equation allows to calculate [POP] as a function of
¢ Ky, and K, 4, and via K, ,=exp(—(AH,,—TAS},)/RT) and
0=K,,/K,, the fraction aggregated (a=1-[POP]/c;) as a
function of ¢, an enthalpy term AH},, an entropy term AS,,
and cooperativity o. Then, the solution behavior of POP
was further studied by concentration and temperature-
dependent UV/Vis spectroscopy in MCH. First, we meas-
ured the concentration-dependent spectra at 333 K (Fig-
ure 3b)." At low concentration (0.6 uM), POP displays a
typical monomer absorption band for ortho-substituted PDI
chromophores with a maximum at 522 nm.”! By increasing
the concentration, the absorptions at 485 and 522 nm
decreased steadily, whereas two new peaks at 500 and
550 nm emerged and increased gradually. As the monomer
is excluded to absorb at 560 nm, we used the absorbance at

-l b 522 nm
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Figure 3. a) Schematic illustration of the two models for quadruple assembly (path a: isodesmic model; path b: two-step three-state model).

b) Concentration-dependent UV/Vis spectroscopy of POP in MCH at 333 K (¢,=0.6 —200 pM). c—d) Fractions aggregated (o) versus the overall
concentration (c,) at 333 K in part (c) and versus the temperature at a variety of concentrations in part (d). (The data points indicate the fractions
derived from the concentration and temperature-dependent UV/Vis adsorption spectra. The lines indicate the prediction of the cooperative two-
step model from a fit of all data points combined. The insert in part (c) shows the equilibrium distribution of POP between monomers, dimers

(POP),, and tetramers (POP), corresponding to this model fit).
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that wavelength to derive the fraction aggregated (a) versus
the overall concentration (c,) by dividing by the value at
200 uM, resulting in Figure 3c. Next, we also measured the
temperature-dependent UV/Vis adsorption at a range of
different concentrations, specifically 3 uM, 5 uM, 10 uM,
20 uM, 30 uM and 50 uM (Figure S12). We derived the
fractions aggregated (Figure 3d) from the UV/Vis at 540 nm
by subtracting the baseline for the lowest concentration and
normalizing to the maximum value. Fitting the fractions
aggregated derived from the UV/Vis spectra versus concen-
tration (Figure 3c) and the six curves of UV/Vis versus
temperature (Figure 3d) collectively to the model predicted
fractions (see Supporting Information for details), the best
fit was obtained for the two-step model with AH,,=
—6536kJmol ™,  AS,=-0.102kJmol /K  (K,;,=8.7x
10°M™" at 333K) and 6=0.00436 (K,,=2.0x10"M™" at
333 K). Although the sum squared residual landscape
around this optimum is shallow (Figure S14), implying that
the exact value of the cooperativity may deviate, clearly
only a sufficiently cooperative model fits the data.'” Note
that, cooperative growth of m-systems usually results in
much larger aggregates, but not in discrete and well-defined
assembly like in this case.!'"!

Electronic couplings in (POP),

Selective constructions of discrete n-stacks with well-defined
sizes and aggregation structures are crucial for in-depth
studies on structure—property relationships of n-conjugated
molecular materials, which can only be realized recently.!'”
In the quadruple assembly, PDI pools may have diverse
electronic couplings, which drive exciton transport and
photophysical properties.”® In order to better understand
the intermolecular interactions in (POP),, we calculate the
electronic couplings between the diabatic states of nine
representative dimers shown in Figure4 and Figure S4:
((P550-1)—(P550-2), (P520-1)-(P520-2), (P550-1)—(P520-3),
(P550-2)-(P520-4), (P550-1)-(P520-1), (P550-1)—(P520-4),
(P550-2)-(P520-3), (P520-1)—(P520-3), and (P520-2)—(P520-
4)). The fragment particle-hole densities (FPHD) diabatiza-
tion method™ is adopted to construct the various quasi-
diabatic states via the linear combinations of the adiabatic
ones, which are calculated by time-dependent density func-
tional theory (TDDFT) with exchange-correlation func-
tional CAM-B3LYP and basis set 6-311G(d,p). Because the
alkyl chains at imide positions hardly affect the electronic
structure of PDI, to save the computational cost, we simplify
the crystal structure of the (POP), by replacing the
hexylheptyl groups with isopropyl groups in the following
calculations. For a PDI monomer, TDA-CAM-B3LYP
produces two well-separated lowest-lying singlet excited
states with excitation energies of 2.740 and 3.631 eV. For
each dimer, we thus only consider the four lowest-lying
singlet diabatic states: two localized excited (LE) states and
two intermolecular charge transfer (CT) states, indicating
that the high-energy LE and CT states are neglected in the
later calculations. As Figure 4b—e shows, the LE states and
CT states can be distinguished based on the electron and

Angew. Chem. Int. Ed. 2023, 62, €202300786 (5 of 8)
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Figure 4. a) Structure of the (POP), with labeling of the constituent PDI
units. b—e) Diabatic results of four different PDI dimers in the (POP),
assembly. (Hexylheptyl groups have been replaced by isopropyl groups
to simplify the calculations, the red, green, and blue double arrows
present the excitonic couplings, hole, and electron-transfer integrals,
respectively. The bue and green isosurfaces with an isovalue of

0.007 a.u. correspond to the electron and hole wavefunction distribu-
tions. Coupling values less than 0.001 eV are omitted.).

hole wavefunction distributions that the LE states corre-
spond to the electron and hole wavefunction localized on
the same molecular fragment whereas the CT states
correspond to the electron and hole wavefunction distrib-
uted on the two adjacent molecules, respectively. It is
observed that for P550 the calculated excitonic coupling is
0.061 eV and the electron and hole transfer integrals are
0.090 and 0.011 eV, respectively. These values being are
much larger than those in the other nearest-neighboring
dimers, suggests that PS50 plays the most significant role
both in the excitation energy transfer and charge transfer
processes in (POP),. The excitonic couplings in the other
three PDI dimers ((P520-1)-(P520-2), (P550-1)-(P520-3),
(P550-2)—(P520-4) are ca. 6, 11, and 9 meV, respectively.
Therefore, the energy transfer processes are likely to come
out partly in these three PDI dimers after photoexcitation.
The exciton dissociation processes from the LE states to the
CT states may arise in the (P550-1)-(P520-3) and (P550-2)-
(P520-4) dimers via the hole transfer process according to
the magnitude of the coupling value. However, the energy
of the CT state in the (P550-1)-(P520-3) and (P550-2)-
(P520-4) dimers are much higher than that of the LE state.
Therefore, the exciton dissociation processes are rather
difficult to take place in the P520-P550 dimers in (POP),.
Based on those diabatization results, we calculate the
vibrationally-resolved absorption spectra of (POP), by using
the non-Markovian stochastic Schrodinger equations.™ Fig-
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ure 5a shows that the calculated spectrum of P550 agrees
well with the experimental spectrum of (POP), in the low-
energy absorption region while the absorption of P520 is
similar to that of a POP monomer, which further confirms
the above analysis that the P550 makes the dominant
contribution to the photophysical properties of (POP),.
Therefore, we focus on analyzing the spectral characteristics
of P550 instead of the entire (POP),.

In Figure S5, we show the effects of the CT states and
vibrational motions on the two absorption peaks based on
the P550 configuration. By comparing the spectral features
with and without the contributions of CT states and vibra-
tional motions, we confirm that the two main low-energy
absorption peaks with a spacy separation of 53 nm and
nearly identical intensities come from the strong mixing of
LE and CT states. The remarkable influences of the CT
states and vibrational motions result in pronounced bath-
ochromic shifts of the lowest-energy absorption band
compared to that of the monomer.
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Figure 5. a) Vibrationally resolved absorption spectra ofP520 and P550
in (POP),. The black solid line represents the experimental measure-
ment. To compare with the experimental result, the calculated spectra
are all red-shifted by 0.304 eV. b) Normalized absorption spectrum
(black solid line) and normalized excitation spectrum (blue solid line,
monitoring the emission intensity at 610 nm) of (POP), and emission
spectra (dashed lines, Ex. =490, 500 nm, respectively) of POP (red)
and (POP), (blue). (POP=50 M, 298 K).
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The important roles of CT states have been reported by
many researchers.”™'® 21 These roles are closely related to
exciton dissociation, charge separation,” and singlet
fission.” In addition, vibrational motions may facilitate
ultrafast symmetry-breaking charge separation processes,
which have been proposed in PDI systems.* These results
encouraged us to further investigate the photophysical
properties of (POP), using spectroscopic techniques.

Modelling light harvesting with (POP),

According to the theoretical investigation, the absorption
spectrum of (POP), can be considered as a summation of
the spectra of P550 and P520. As shown in Figure 5b, the
emission of POP monomer in dichloromethane is observed
at 550 nm with a low fluorescence quantum yield of 2.2 %
and a lifetime of 120 ps. A rotation around the octatetrayne
axis is probably a reason for the accelerated fluorescence
decay compared to those of general PDI derivatives. (POP),
in MCH shows emission at 613 nm with a low quantum yield
of 2.4% and a lifetime of 1.1 ns (Figure S6), typical of the
excimer emission of P550. The emission of P520 completely
disappeared. Moreover, the excitation spectrum of the
excimer emission is in reasonable agreement with the
absorption spectrum of (POP),, the sum of the spectra of
P550 and P520, indicating that the interactions between the
PDI units essentially provide a gradient that directs energy
flow from P520 to P550.%%]

Figure S7a shows the transient absorption (TA) spec-
trum of (POP), in MCH, which displays a rapid decay of
excited singlet state absorption at 700 nm and a concomitant
growth of two new absorption bands at around 580 and
820 nm. The new bands are attributed to PDI*" (580 nm)
and PDI*” (820 nm) by comparison to the absorption spectra
of PDI radical cation and anion from both control experi-
ments (Figure S7b) and previous literature.””!

Conclusion

The present study shows that the construction of novel
unequal discrete assemblies is achievable with dye-dye
twins. The quadruple assembly (POP), featuring two
extreme pools of PDI units (P520 and P550) is unambigu-
ously confirmed in both the solid state and solution. High
binding constants (K;,=8.7x10*M ™" and K, ,=2.0x10" M
at 333 K) are determined based on a two-step cooperative
model. Spectroscopic studies indicate that, following photo-
excitation, energy is transferred from P520 to P550, culmi-
nating in charge transfer to P550. Thus, within- and cross-
couplings of P520 and P550 make (POP), a simple but
integrated model system to capture, transfer, and convert
solar energy. As a proof of concept, this work displays that
self-assembly of identical dyes into fully integrated molec-
ular artificial systems 1is feasible, yielding optimal
supramolecular model systems to investigate complex phe-
nomena such as “quantum coherence”.”*!
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