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Backbone-Directed Perylene Dye Self-Assembly into Oligomer

Stacks**
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Backbone-supported self-assembly is a versatile, widely used
method in supramolecular chemistry."” In nature, DNA
strands self-organize into double-helical secondary structures
supported by a backbone composed of sugar and phosphate
groups.! Similarly, protein backbones organize chlorophyll
dyes into efficient light-harvesting complexes in purple
bacteria.’) To mimic the aggregate structures and functions
of peptides, proteins, and other natural biomacromolecules,
researchers have synthesized and studied artificial folda-
mers,® helical polymers,”! and DNA-multichromophore
systems.®l However, the production of high-molecular-
weight polymers that mimic the sophisticated aggregation
process of biomacromolecules still remains a challenge. One
difficulty is to understand the thermodynamics and kinetics of
complex aggregation processes, which require the determi-
nation of the energy levels of self-assembled products,
intermediates, and/or transition states.[%7-%!]

In our previous work,'? we introduced perylene bisimide
(PBI) dyad 1 (Figure 1), in which the two PBI units are
appended to a diphenylacetylene (DPA) backbone to achieve
an intramolecular distance of 6.9 A, exactly twice the space of
the PBI n-m interaction. As a consequence of perfect
preorganization, this tweezer-like PBI dyad 1 self-assembles
into interdigitated dimers with exceptional kinetic stability."
We then asked whether, by extending the intramolecular
distance in a PBI dyad to triple the space of the PBI n—n
interaction, an “arm-in-arm” aggregation into extended PBI
n-stacks would be possible.'*'¥! According to molecular-
modeling studies, spatial control of the triple - interactions
should be possible by attaching two PBI units at the meta
positions of a diphenylbutadiyne (DPB) backbone. Thus, we
have synthesized the PBI dyad 2, which possesses these
structural features, and studied the self-assembly of this new
dyad system.

Herein, we report that the self-assembly of dyad 2 indeed
leads to oligomeric PBI stacks through m—m interactions.
Furthermore, we found that, unlike the isodesmic aggregation
process,"” the backbone-directed stacking of PBI 2 dyads
exhibits cooperative aggregation behavior leading to kineti-
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Figure 1. Chemical formulas of PBI dyads 1 and 2, and a scheme of
the backbone-directed arm-in-arm aggregation of PBI 2 into extended
oligomeric m-stacks.

cally stable m-stacks. With thermodynamic and kinetic studies,
we were able to derive the whole energy landscape of this self-
assembly process.

The PBI dyad 2 was synthesized in excellent yield by a Cu-
catalyzed Glaser homocoupling of the ethinylphenyl precur-
sor PBI 5 (see Supporting Information). Evidence for the self-
assembly of PBI dyad 2 into oligomers was obtained using
MALDI-TOF mass spectrometry.'® The sample used for
mass spectrometry was prepared by solvent evaporation from
a solution of PBI dyad 2 (0.5mm in methylcyclohexane
(MCH)) using 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-
2-enylidene]malononitrile (DCTB) as a matrix. Besides the
monomer peaks at m/z 1652, which confirmed the molecular
mass of dyad 2, a series of signals spaced by the same
molecular mass (m/z 1652) was observed in the mass spec-
trum (Figure 2).'”7 Moreover, a careful analysis of the
MALDI-TOF spectrum showed as many as 21 peaks, which
can be ascribed to the formation of aggregates as large as 21-
mers. Because the absorption spectra suggest that the
existence of the dyad 2 monomer in the applied sample
solution is negligible (see below), the monomers, as well as
small aggregates, detected by mass spectrometry should result
from the partial fragmentation of large aggregates in the ion
source on account of the laser energy and the weak m—m
interactions for dyad 2 aggregates."® In addition, high-mass
ions are usually underestimated from MALDI spectra
because of the mass-dependent desorption and detection
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Figure 2. MALDI-TOF mass spectrum (linear mode) of PBI dyad 2.
The peaks corresponding to monomer and aggregate species are
marked with [M],~ (n>1). Both panels are from the same mass
measurement; a) shows the m/z range 1000-10000, while b) shows
the m/z range 10000-35000 with enlarged signal intensities for better
visualization.

characteristics of the mass spectrometer.!'”?”) These may be
the reasons why exponentially decreasing signal intensities for
larger species are detected in the mass spectrum, even if large
aggregates are the more abundant species in the sample
solution.[*”!

To assess the aggregate size in solution, a diffusion-
ordered spectroscopy (DOSY) NMR experiment®!! was
performed with a sample of PBI dyad 2 at a concentration
of 0.5 mm in [D4)MCH. As depicted in Figure S1 (Supporting
Information), the proton NMR spectrum of dyad 2 in this
solvent exhibits a complex, broad signal pattern, and the
DOSY NMR analysis reveals a translational diffusion coef-
ficient D value of 1.26x107'°m’s™". Both findings are
indicative of extended oligomer formation of dyad 2.
Simplistically assuming that the oligomers of 2 are hydro-
dynamically spherical, the cube root of the molecular weight
of the aggregates would be proportional to D~ Thus, with
a PBI reference compound which possesses a similar molec-
ular mass but does not aggregate,*! the average aggregate
size can be estimated according to the equation Npogy~
(D,/D)*. By this method, the average aggregate size of
dyad 2 in MCH solution is calculated to be a 20-mer, which is
in agreement with the mass spectrometric results.

The aggregation behavior of PBI dyad 2 was first
investigated by concentration-dependent 'H NMR experi-
ments in CDCl; (Figure S2). At all the concentrations
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applied, a single pattern of proton resonances was observed
in compliance with a fast exchange between monomer and
aggregate of dyad 2 on the NMR time scale. Upon increasing
concentration, the resonances of perylene protons undergo
a pronounced up-field shift, indicating m—s interactions of
PBI chromophores.” On the contrary, the chemical shifts of
DPB backbone protons remain almost unaltered between
7.25 ppm and 7.75 ppm (Figure S2). This implies that the DPB
units are not involved in m-stacking but reside on the
periphery of the PBI m-stacks, revealing the backbone
function of the DPB moiety upon aggregation of the PBI
dyads.

Because the NMR experiments of PBI m-stacking suffer
from either significant broadening (in CDCl;) or a complex
pattern of resonance signals (in [D4,JMCH), we further
studied the thermodynamics of the aggregation behavior of
dyad 2 by concentration-dependent UV/Vis spectroscopy.?®!
By modulating the binding strength in a suitable solvent
mixture of “good” chloroform and “bad” MCH,?"! the whole
aggregation process of dyad 2 from a molecularly dissolved to
a fully stacked species was recorded in the concentration
range from 5x 1077 to 2 x 10~*m (Figure 3). Herein, we chose
the solvent mixture of CHCL/MCH (v/v=3:7) as the best-
suited solvent system for both the thermodynamic and kinetic
studies (see below).!
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Figure 3. Concentration-dependent absorption spectra of dyad 2 from
5x107M to 2x107*m in CHCl;/MCH (v/v=3:7) recorded at 298 K.
Each sample was kept at the given concentration for one week to
reach the thermodynamic equilibrium (see below). Arrows indicate the
spectral changes upon decreasing concentration. Inset: Fraction of
aggregated molecules a,,, plotted as a function of Ke; with different
0=K,/K values according to the cooperative model (lines from left to
right: =1, 0.1, 0.01, 0.001, 0.0001), and experimental data points
().

In general, for the formation of extended PBI stacks from
simple PBI monomers the isodesmic model can be
applied.>? The concentration-dependent UV/Vis data for
the self-assembly of dyad 2 suggest, however, the involvement
of some cooperativity.”® By using the cooperative K,—K
model,”” equilibrium constants of K,=18000M~" for dime-
rization and K =180000m"! for subsequent growth were
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evaluated (Figure 3, inset). According to the equation AG® =
—RTInK, the Gibbs free energy for the dyad 2 dimerization
and subsequent oligomerization can be deduced from the
corresponding binding constants to be A, G° = —23.9 kJmol ™!
and AG®°=—-29.5kJmol™, respectively. In comparison, the
monomeric PBI precursor 5 (Scheme S1) shows only weak
aggregation behavior in the solvent mixture of CHCl;/ MCH
(v/v=3:7) with a binding constant of 127mM™' calculated in
terms of the isodesmic model (Figure S3). Thus, at the highest
concentration used for PBI 2 (2x10*m), the degree of
aggregation for PBI 5 is less than 5%, while dyad 2 exists
nearly exclusively in the aggregated state (less than 4%
monomers).

During our studies on PBI dyad 2 self-assembly (see
above), we noted increasing equilibration times with increas-
ing MCH content. To quantify the activation energy of dyad 2
self-assembly/disassembly, we carried out kinetic studies by
means of time-dependent UV/Vis measurements. Figure 4
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Figure 4. Time-dependent absorption spectra recorded at 1 h intervals
for 22 h at 298 K after addition of 7.5 uL of dyad 2 stock solution
(2x107* M) in CHCl,/MCH (v/v=3:7) into 3 mL of CHCl,/MCH
(v/v=3:7) solvent (final concentration 5x 107" m). The initial aggregate
spectrum is highlighted with a solid line. Arrows indicate the absorp-
tion changes with time. Inset: Plot of the absorbance at 523 nm versus
time.

shows the absorption variations with time upon dilution of
a solution of dyad 2 aggregates in the solvent mixture of
CHCIL/MCH (v/v=3:7) by a factor of 400. In this solvent
mixture, the time-dependent absorption changes can be
conveniently recorded on a conventional time scale at room
temperature.

In these experiments, the stock solution of dyad 2 in
CHCI/MCH (v/iv =3:7) is 2x 10~*M, while after dilution the
final solution of dyad 2 in CHCL/MCH (v/v=3:7) is 5x
107"M. At this dilution, the thermodynamically equilibrated
state for dyad 2 is as molecularly dissolved molecules, as
shown before (Figure 3). The disassembly process can be
appreciated from the gradual absorption transition from
aggregate to monomer of dyad 2. Because our thermody-
namic studies demonstrated the cooperative self-assembly of
dyad 2, the occurrence of dimers and/or other intermediates
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should be negligible in this disassembly pathway in accord-
ance with the presence of several well-defined isosbestic
points that indicate that only two species are involved, namely
the large oligomer and monomer of dyad 2.

The acquired time-dependent UV/Vis absorption data
(Figure 4) can be used to explore the kinetics of the
disassembly process of dyad 2. For details, in particular for
the derivation of the equations [Eq. (S1)—(S5)] required for
the kinetic analysis, see the Supporting Information. Fitting
the measured absorption coefficient ¢(¢) values at 523 nm
against the measured time ¢ [see Eq. (S5)] gives exactly an
exponential function (Figure 4, inset), confirming that the
disassembly process of dyad 2 oligomers into monomers
obeys a first-order kinetics. From the fitting curve (Figure 4,
inset) the rate constant k of the disassembly process can be
deduced to be 0.08 h™!, giving rise to a corresponding half life
of t,,=8.66 h at the given temperature of 298 K.

The same kinetic experiments were repeated at different
temperatures. As expected, the rate constant of the disas-
sembly process increases with temperature. The Eyring—
Polanyi equation [Eq. (1)] gives a quantitative dependence of
the rate constant k£ on the absolute temperature 7:

k AH® 1

A +
In== ~7+1n al

kg
T R TH, TR

1)

where R is the gas constant, kg is the Boltzmann constant, and
h is Planck’s constant. From the linear relationship of In(k/T)
against 1/T (Figure S4) the activation parameters AH™ =
954423 kImol™! and AS* =—-14.0£7.5 Jmol 'K™! can be
obtained. Thus, for the disassembly process a Gibbs energy of
activation AG* =99.6 4+ 2.3 kJmol™' and an activation energy
E,=97.9+23kImol ™' of dyad 2 oligomer in CHCl,/MCH
(v/v=3:7) at room temperature were calculated in terms of
Equations (2) and (3), respectively.

AG* = AH*—TAS* 2)

E,=AH* + RT 3)

By combining our results from both thermodynamic and
kinetic studies, we can now describe an energy landscape for
the self-assembly/disassembly process of dyad 2 in the given
solvent mixture (Figure 5). In the thermodynamic studies, the
Gibbs dimerization energy Ap,G° and the Gibbs free energy
AG" for further aggregation of dyad 2 were deduced from the
corresponding binding constants K, and K to be
—239kJmol! and —29.5kJmol ™!, respectively. The first
step of PBI 2 self-assembly can be attributed to the formation
of interdigitated dyad 2 dimers, analogous to the self-
assembly of dyad 1.l Because of the improper intramolec-
ular spacing in dyad 2 these dimers are not as stable as those
of dyad 1 and experience fast exchange with dyad 2
monomers in solution, owing to the low activation barrier
ApG™ (which we could not determine).”l However, once the
dimers of dyad 2 interlocked with each other in an arm-in-arm
manner, further assembly into oligomers benefits from the
tighter packing with an increased thermodynamic driving
force on account of the structural integration (as indicated by
alarger binding constant K > K,) leading to the instantaneous
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Figure 5. Energy landscape of the self-assembly/disassembly process
of dyad 2 in a solvent mixture of CHCl;/MCH (v/v=3:7) at room
temperature. ApG® and AG® were deduced from the corresponding
binding constants K, and K to be —23.9 k) mol™" and —29.5 k| mol™",
respectively. AG* of 99.6 k) mol™" was determined in terms of the
Eyring—Polanyi equation. A,G™ was not accessible through our experi-
ments. On the basis of the applied model all further steps of growth
into extended m-stacks are characterized by the same Gibbs activation
and aggregation energies as shown for the dimer—trimer step.

growth of extended aggregates (on average as large as 20-
mers in the given concentration range as evidenced by DOSY
NMR).Bl

In the kinetic studies, the dissociation of dyad 2 aggregates
was only accomplished by dilution. Thus, the gain in entropy
upon dilution afforded the required thermodynamic driving
force for a reaction that would be strongly endothermic under
standard conditions (i.e. 1M concentration, see Figure 5). To
reach the new state of equilibrium, however, dyad 2
aggregates had to overcome an energy barrier AG™ of
approximately 100 kJmol " for disassembly at room temper-
ature. Similar to the cooperative aggregate growth revealed
by thermodynamic studies and in compliance with the rule of
microscopic reversibility, the dissociation of dyad 2 aggre-
gates must also be cooperative, which is supported by the
first-order kinetics of the disassembly process and the absence
of detectable intermediates such as dyad 2 dimers. Most likely
the self-assembly/disassembly process takes place stepwise
through the two terminal sides of the dyad 2 aggregates, on
account of the less tightly bound outer PBI tweezer unit.
According to this model the even less tightly bound dimer
nucleus may be formed in a pre-equilibrium process that is
characterized by a smaller Gibbs activation energy. In this
regard, the kinetic model for the formation of extended PBI
stacks closely resembles established models in covalent
organic chemistry.

In conclusion, we described the formation of extended
PBI oligomer m-stacks by DPB backbone-directed aggrega-
tion of PBI dyad 2. The oligomer stacks of PBI dyad 2
exhibited not only high thermodynamic but also high kinetic
stability, and both were observed by using the properly chosen
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experimental conditions (solvent, concentration, tempera-
ture). Accordingly, the energy landscape of the self-assembly/
disassembly process of dyad 2 was determined, which
provides an in-depth understanding of the backbone-directed
PBI self-assembly process. The kinetic stability of the back-
bone-supported PBI mt-stacks should give improved mechan-
ical properties compared to PBI n-stacks composed of simple
PBIs?? and might enable new processing methods for the
integration of PBI dyes into organic electronic and photo-
voltaic devices.
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Backbone-Directed Perylene Dye Self- O
Assembly into Oligomer Stacks

Arm wrestling: Backbone-directed “arm-
to-arm” aggregation of a newly designed
perylene bisimide (PBI) dyad with

a defined intramolecular space leads to

the growth of kinetically stable extended
PBI m-stacks. This PBI dyad was shown to

assemble into oligomers up to 21 units in
length.
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