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Abstract: Dendrimers have been previously shown to provide significant advantages in both excited-state
energy transfer and charge transfer. However, this architecture causes one of the charges to be encapsulated
and thus not available for charge separation over long distances. We conceived dendron—rod—coils as
scaffolds that could have the architectural advantage of the dendrimers, while still providing a possible
conduit for charge separation. In this study, we have designed and synthesized dendron—rod—coil-based
donor—chromophore—acceptor triads and have compared these with dendron—rod and rod—coil diads.
We have then evaluated the relative abilities of these molecules in photoinduced charge transfer. Our
studies reveal that dendron—rod—coil could indeed be the ideal architecture for efficient photoinduced charge

separation.

Introduction

Developing strategies for harnessing energy from renewable
sources is a significant challenge facing the scientific community,
due to the environmental, economic, and national security implica-
tions." Photovoltaics is one of the most promising approaches to
addressing this issue.” Nature provides both the source and the
inspiration for a solution in the form of the sun and the
photosynthetic apparatus, respectively. Funneling the sequestered
energy from the solar radiation to generate an excited state at a
reaction center and utilizing this high-energy state to elicit a
sequence of charge transfer (CT) events are the key preliminary
steps in photosynthesis.* The resultant charge-separated state from
these events is ultimately used as a source of chemical energy.
Thus, the photosynthetic process involves the conversion of solar
energy into chemical energy. Although the ultimate goal of
photovoltaics is to convert the solar energy to electrical energy,
the preliminary steps are essentially the same. Considering the high
efficiency of the photoinduced charge transfer events in nature, it
is desirable to mimic these efficiencies for photovoltaics. While
the biomolecular architectures are very efficient and stable in their
native conditions, they are neither robust nor cheap enough to be
practical materials for photovoltaics. Therefore, several artificial
systems based on covalent,* supramolecular,” or polymeric® arrays
of photoactive and electroactive units have been approached.
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Relative placement of the photoactive and electroactive
functionalities plays an important role in the vectorial photo-
induced charge transfer process. While it is conceivable that
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Figure 1. Cartoon showing a charge trap at a core by a dendritic backbone.

one can precisely engineer these in a small molecule, achieving
similar control in nonbiological macromolecular systems is very
challenging. Dendrimers provide a unique opportunity, since
these molecules can be achieved with excellent control in the
relative placement of functional groups as well as their molecular
weight.” In addition, the decreasing density of functional groups
from the periphery to the core of the dendrimers is reminiscent
of an antenna. Therefore, dendrimers have been extensively
investigated as light-harvesting antennae, where excited-state
energy from the peripheral functionalities is funneled to the core
of a dendrimer.® The dendrimers that have been studied for this
purpose can be broadly classified into conjugated® and noncon-
jugated'® dendrimers. Although much more limited, dendrimers
have also been investigated as architectures for photoinduced
electron transfer processes, the next step in the primary steps
of photosynthesis."" A schematic of the photoinduced electron
transfer process in dendrimers is shown in Figure 1. Although
one could envision utilizing a charge-separated species of this
type in conversion to chemical energy, such dendritic architec-
tures do not seem ideal for ultimate use in photovoltaics. This
is because the charge transfer process causes one of the charges

Acceptor

Electron transfer
— (CT) r—
E—

Acceptor

to be localized at the core of the dendrimer (Figure 1). This
location in a dendrimer is significantly encapsulated,'? and
therefore, the opportunities for ultimately transporting this charge
to an electrode are limited, if any at all. On the other hand, by
carrying out a systematic comparison of linear architectures with
the corresponding dendrimers, we have also demonstrated that
the branched structures indeed provide certain advantages in
the photoinduced electron transfer process.'?

Considering all these features, we asked whether it is possible
to envisage a hybrid architecture where we combine the
advantages of dendritic structure in the photoinduced electron
transfer process with the relatively open nature of the linear
polymers for transporting the separated charges. A structure that
would fit all these requirements will involve a dendron—rod—coil-
based triad, which contains a “rod” chromophore, a “dendron”
functionalized with electron-rich moieties, and a polymeric
“coil” with electron-poor functionalities (Figure 2). An ad-
ditional advantage of the dendron—rod—coil architecture is that
these structures have been investigated as unique architectures
for providing microphase-separated nanoscale architectures,'*
which should provide advantages in our ultimate goal of
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Figure 2. Cartoon showing an electron transfer process in dendron—rod—coils.

photovoltaic devices. In this paper, we describe our molecular
design, syntheses, and evaluation of the relative roles of the
dendritic and the linear polymer component in the photoinduced
electron transfer processes. Our results show that the dendron—rod—coil
combination does indeed provide unique advantages in photo-
induced charge transfer.

For photoinduced charge transfer in the dendron—rod—coil
molecule, it is necessary that the electron-rich functionality in
the dendron is capable of reducing the excited state of the rod
chromophore and the electron-poor functionality of the coil is
capable of oxidizing this excited state as shown in Figure 2.
From a frontier molecular orbital perspective, this means that
the highest occupied molecular orbital (HOMO) of the electron-
donating dendron functionality should be higher than that of
the chromophore and the lowest unoccupied molecular orbital
(LUMO) of the electron-accepting polymer coil functionality
should be lower than that of the rod chromophore. Accordingly,
(diarylamino)pyrene was chosen as the electron-rich functional-
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ity (electron donor) on the dendritic periphery, naphthalenedi-
imide as the electron-poor functionality (electron acceptor) in
the polymer coil, and benzthiadiazole as the rod chromophore
(sensitizer). Thus, our target structures are shown as 1—3 in
Chart 1.

Results and Discussion

Synthesis and Characterization. When assembling a macro-
molecule with different components, such as the ones shown
in Chart 1, it is advantageous to approach the synthesis in a
modular fashion. The modular approach allows for flexibility
in varying the functional groups in molecules with relative ease,
which then facilitates structure—property relationship studies.
Thus, the (diarylamino)pyrene-based dendron, the benzthiadia-
zole-based rod, and the naphthalenediimide-bearing polymer coil
were synthesized separately and then assembled in the final steps
of the synthesis to obtain the desired dendron—rod—coils. The
key step in our modular approach is to be able to differentially
substitute the polymer coil and the dendron onto a symmetrical
core chromophore. It is necessary that we use a set of
complementary and versatile reactions to carry out these
substitutions. We envisaged the possibility of using a simple
alkylation reaction to substitute the dendron onto the chro-
mophore, while utilizing the 1,3-dipolar cycloaddition reaction
between an azide and an alkyne (the so-called “click chemistry”)
to install the polymer coil.

Considering our targets, it is necessary that the rod chro-
mophore be desymmetrized, presenting a phenolic moiety at
one terminus, while presenting an alkynyl functionality at the
other. To achieve this, we simply synthesized the symmetrical
dihydroxy-functionalized benzthiadiazole chromophore 6 using
our previously reported procedure.'> Chromophore 6 was then
reacted with a deficient amount of propargyl bromide in the
presence of K,COj3 and 18-crown-6. This reaction afforded the
targeted unsymmetrical chromophore 7, as shown in Scheme
1. The remaining phenolic functionality on the rod chromophore
will be subjected to the alkylation reaction with bromomethyl-
functionalized dendrons, while the propargyl group will be
utilized to attach the polymer coil via 1,3-dipolar cycloaddition
or click reaction with azide-terminated polymers to obtain the
desired dendron—rod—coils as final products.

The polymer coil contains a naphthalenediimide (NDI) as the
side chain functionality on a polymethacrylate backbone. To
attach this polymer to the chromophore through the cycload-
dition reaction, it is necessary that one of the chain ends contains
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Chart 1. Structures of Dendron—Rod—Coils Used in These Studies

Y Kz
c--.i;.Q@ 1 (G1 dendron-rod-coil) sf L
0

n

_ Wu% 3 (G3 dendron-rod-coil)
A 4 ey gon
s A !

P
Scheme 1. Unsymmetrical Substitution of Rod Species
1) Bry, HBr, 47%
Y 4
7\ s i\ s
NN Z)@sm Pd(PPh);Clo, DMF, 53% NG

4

1) NBS, DMF, 44%

Br
2) @—oms , Pd(PPh;),Cl,, DMF

followed by KF (aq), 30%

=\, K2COs, 18-crown-6, THF, 68%

HO. N\ 7\ —
Ve
-

7

an azide functionality. We utilized atom transfer radical polym-
erization (ATRP),'® a living radical polymerization technique, that
not only allows for selective incorporation of a single functionality
at the initiator end of the polymer, but also can be used for the
synthesis of methacrylate polymers with very good control over
their polydispersities. Thus, we used 2-azidoethyl bromoisobutyrate
(11) as the initiator for the synthesis of the methacrylate-based
naphthalenediimide polymer. To incorporate naphthalenediimide

(16) (a) Coessens, V.; Pintauer, T.; Matyjaszewski, K. Prog. Polym. Sci.
2001, 26, 337-377. (b) Pintauer, T.; Matyjaszewski, K. Chem. Soc.
Rev. 2008, 37, 1087-1097.
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as the side chain to the methacrylate monomer, we first targeted
the molecule 9 that contains a single hydroxyalkyl functionality.
This group will serve as the handle to install the naphthalenediimide
functionality onto a polymerizable unit by treatment with meth-
acryloyl chloride to obtain compound 10 (Scheme 2). Polymeri-
zation of 10 using 11 as the initiator in the presence of cuprous
bromide and PMDETA afforded the polymer 12 in 61% yield with
a PDI of 1.14 and M, of 9326.

While the polymer will be incorporated onto the chromophore
core through the cycloaddition reaction, the dendron will be
incorporated onto the chromophore using the Williamson ether
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Scheme 2. Synthesis of Polymer Containing Pendant NDI Units
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synthesis. Since the chromophore core will be synthesized with
a phenolic functionality, the targeted dendrons should have a
bromoalkyl moiety at their focal point. We have previously
reported the syntheses of dendrons 13—15 containing (diaryl-
amino)pyrene units in the periphery and a bromomethyl
functionality at the focal point.'> These dendrons were treated
with the monophenolic chromophore core 7 under the Will-
iamson alkylation conditions to obtain the dendron—rod com-
ponents, which were further reacted with azide-terminated
polymers under click chemistry conditions to obtain the
dendron—rod—coils 1—3 (Scheme 3). Note that if the polymeric
coils were first installed onto the rod moiety to obtain rod—coil
precursors, the overall synthetic steps would be reduced since
the difference in 1—3 arises from the dendron. However, the
separation of the rod—coils from the desired dendron—rod—coils
in the final step is likely to be problematic from our experience
with these molecules. Alternatively, separation of these
dendron—rods from the final dendron—rod—coils was possible
with a conventional chromatographic method due to the
significant difference in polarity between these two species.

All newly synthesized compounds were characterized by 'H
and C NMR. Additionally, the purity of all targeted compounds
was elucidated using gel permeation chromatrography (GPC)
(Figure 3). All dendron—rod—coil species showed a single peak
which was shifted toward the higher molar mass region
compared to those of their polymeric parent species, as shown
in Figure 3. The molar mass of dendron—rod—coils was also
found to be equivalent to the sum of the molar masses of their
corresponding dendron—rod species and polymeric coil with
similar PDIs. This evidence implied that dendron—rod—coils
were successfully synthesized. The molar masses (M,) of all
dendron—rod—coils along with dendron—rod and polymeric-
coil species are shown in Table 1.

Dendron—rod—coils were also characterized using linear
absorption spectroscopy. The naphthalenediimide functionality
exhibits an absorption maximum around 381 nm, (diarylami-
no)pyrene at 380 nm, and the benzthiadiazole chromophore at

490 nm (Figure 4). If one physically mixes the three compo-
nents, i.e., the dendron, the chromophore rod, and the polymer
coil, the spectrum obtained from these mixtures matches very
well with that of the dendron—rod—coil molecule. This not only
provides additional support for characterizing the structure, but
also suggests that there is no electronic communication among
the (diarylamino)pyrene, benzthiadiazole, and naphthalenedi-
imide functionalities in the ground state. This is understandable,
because the linkages between these photo- and electroactive
functionalities are nonconjugated.

Relative Energy Levels of the Functionalities for Photoin-
duced Electron Transfer. For photoinduced charge transfer to
occur from the excited state of the chromophore rod, the
positioning of the frontier orbital energy levels of the (diaryl-
amino)pyrene and the naphthalenediimide units relative to the
benzthiadiazole chromophore core is appropriate, as shown in
Figure 2. The positioning of the HOMO or the LUMO of a
functionality can be estimated electrochemically by measuring
its oxidation or reduction potential, respectively. Once one of
the frontier orbital energy levels is determined, the energy level
of the other orbital can be determined by estimating the
HOMO—-LUMO gap. This gap can be taken to be equivalent
to AEy—o, which is arrived at using the absorption and emission
spectra of the photoactive or electroactive molecules. To
estimate the energy levels of (diarylamino)pyrene 16, naphtha-
lenediimide 9 and the benzthiadiazole chromophore 17 mol-
ecules were used as the control structures (Figure 5a). Cyclic
voltammograms of these molecules are shown in Figure 5b. The
onset oxidation potential of molecules 16 and 17 were 535 and
860 mV, respectively, and the onset reduction potential of
molecule 9 was —665 mV. The intersection of the absorption
and emission spectra of these molecules are taken to be the
AEy—, gap, the values of which are listed in Table 2. These
values, in combination with the redox potential from cyclic
voltammetry, were used to estimate the energy of both the
HOMO and LUMO levels of functionalities 9, 16, and 17. Using
the value of 4.41 V as the offset value, the HOMO and the
LUMO energy levels relative to a vacuum are listed in Table
2. These energy levels, graphically shown in Figure 5c, clearly
indicate that the excited state of the chromophore 17 can be
reduced by the (diarylamino)pyrene 16 or oxidized by the
naphthalenediimide 9. Therefore, it is thermodynamically
feasible that the excitation of the benzthiadiazole chromophore
results in a photoinduced charge-separated state, where the
positive charge is at the (diarylamino)pyrene functionality in
the dendron and the negative charge is at the naphthalenediimide
functionality. In the following sections, we equate our excited-
state quenching to arise from a photoinduced charge transfer
event. The two limiting mechanisms that are commonly
implicated in excited-state quenching are (i) electronic energy
transfer from a high-energy chromophore to a lower energy one
and (ii) charge transfer from or to the excited state of the
chromophore. The relative energy levels of the chromophore
and the charge transfer units, estimated in Figure 5 and Table
2, show that an energy transfer process is not thermodynamically
feasible from the chromophore core to the (diarylamino)pyrene
or the naphthalenediimide functionalities, as the latter molecules
exhibit higher band gaps. Therefore, it is reasonable that the
observed excited-state quenching is indeed due to a charge
transfer process. The Stern—Volmer quenching experiments of
17 using 9 or 16 as quenchers provide additional support for
this (vide infra).
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Scheme 3. Synthesis of Dendron—Rod—Coil Species
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Steady-State and Time-Resolved Spectroscopy. To investigate

whether the photoinduced electron transfer process is observed

in these molecules, we analyzed the emission spectra of

molecules 1—3 relative to that of the control chromophore 17.

At similar absorbance with respect to the benzthiadiazole

chromophore absorption at 490 nm, the emission centered at
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Figure 3. GPC profiles of G1—G3 dendron—rod—coils compared to their
parent polymeric species in THF.
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603 nm from the molecules 1—3 was considerably more
quenched relative to that of 17, as exemplified in Figure 6a.
This observation provided the preliminary qualitative indication
that incorporating an electron-rich dendron and the electron-
poor polymeric coil is indeed effective for photoinduced charge
separation. The extent of photoinduced electron transfer based
quenching was quantified using time-resolved studies (vide
infra).

Next, we were interested in identifying whether it is the
dendron or the coil that contributes the most to the observed
photoinduced charge transfer based quenching. To analyze this,
we synthesized dendron—rod and rod—coil counterparts to the
dendron—rod—coil molecules 1—3. Structures of these mol-
ecules are shown in Figure 6c. The emission spectra of the

Table 1. Molar Masses (M,) and PDIs of All Compounds Obtained
by GPC (THF)

molecule M2 PDI
polymeric coil 12 9326 1.14
G1 dendron—rod 18 1777 1.03
G2 dendron—rod 19 3321 1.03
G3 dendron—rod 20 5193 1.02
G1 dendron—rod—coil 1 10825 1.07
G2 dendron—rod—coil 2 12940 1.05
G3 dendron—rod—coil 3 13186 1.09

“ M, is estimated using PMMA standards.
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Figure 4. Absorption spectra of the Gl dendron—rod—coil and its
chromophore constituents.

chromophore 17, G1 dendron—rod—coil 1, G1 dendron—rod
18, and rod—coil molecule 21 are compared in Figure 6b. These
results qualitatively indicate that the combination of the dendron
and the polymeric coil is much better in the emission quenching.
To quantify the efficiency of photoinduced charge transfer and
evaluate the relative contributions from the dendron and the
coil, we have carried out time-resolved fluorescence measurements.

As with the steady-state measurements shown above, time-
resolved fluorescence measurements were also carried out in
dichloromethane. As mentioned earlier, the fluorescence decays
observed here are due to the charge transfer from (diarylami-
no)pyrene (DAP) and naphthalenediimide (NDI) to the excited
state of the benzthiadiazole rod. All observed fluorescence
decays are nonexponential, which implies the distribution of
conformations of both the benzyl ether dendron and methacrylate
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Table 2. Band Gaps and Frontier Energy Levels of 16, 17, and 19

functionality AE o (eV) EHOMO) (eV) E(LUMO) (eV)
(diarylamino)pyrene 16 2.8 —=5.0 —2.2
benzthiadiazole chromophore 17 23 —5.3 -3.0
naphthalenediimide 9 32 -=7.0 —3.8

polymeric backbone owing to their flexibility. This behavior is
consistent with previous observations from our group and
others.'>!” To fit these nonexponential decays, biexponential
functions of the form Ae % + B~V were used; the results of
our fits are given in Table 3. As we have done previously,'*'
we parametrize our biexponential decay dynamics using a single
“average” decay rate, k,.., defined as

A+B

= A+ b, W

Once we have the average decay rate, k,., we can also define
an effective quenching rate, kq:

kQ = kacc - kgcc (2)

where k.. is the fluorescence decay of the bare benzthiadiazole
rod in the absence of both donor and acceptor quenchers. The
efficiencies of charge transfer in dendron—rod—coils in all
generations were calculated using the relationship

Ner =73 3)

From the data in Table 3, several noteworthy trends can be
discerned. First, the overall fluorescence quenching rate kg is
larger in the dendron—rod—coil molecules than in the dendron—rod
molecules in all cases. The hypothesis put forward in the
Introduction, that the addition of the NDI coil would enhance
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Figure 5. (a) Structures of the model molecules investigated, (b) cyclic voltammogram in dichloromethane with respect to Ag/Ag™, and (c) relative energy

levels of the molecules 9, 16, and 17.
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Figure 6. (a) Emission spectra of the G1 dendron—rod—coil compared to that of the rod. (b) Emission spectra of the G1 dendron—rod—coil, G1 dendron—rod,
and rod—coil compared to that of the rod. All steady-state measurements were carried out in dichloromethane (excitation wavelength 500 nm). (c) Structures

of the G1—G3 dendron—rods and the rod—coil.

Table 3. Rod Fluorescence Decay (Excited at 500 nm) and CT
Efficiencies

entry molecule A ta(ns) B tg(ns) ka(ns")  mer
1 rod 17 7.66
2 Gl dendron—rod 18 032 124 0.68 3.56 023 0.65
3 G2 dendron—rod 19 041 082 059 2838 036 0.74
4 G3 dendron—rod 20 0.56 0.73 044 324 042 077
5 Gl dendron—rod—coil 1 0.56 0.74 044 290 047 0.79
6 G2 dendron—rod—coil 2 0.60 0.64 040 2.65 0.57 0.82
7 G3 dendron—rod—coil 3 0.59 0.62 041 292 051 0.80
8 rod—coil 21 049 0.74 051 395 029 0.70
9 Gl dendrimer 22 0.64 536 036 195 0.12 048

10 G2 dendrimer 23 0.62 476 038 098 0.18 0.58

11 G3 dendrimer 24 0.60 549 040 1.00 0.15 0.54

charge transfer, is apparently correct. The total quenching rate,
however, is not the sum of the individual contributions from
the NDI and DAP moieties. This can be seen from the data in
Table 3 for the GI compounds. The sum of the kg values for
the dendron—rod and rod—coil molecules, 0.23 ns™' + 0.29
ns™! = 0.52 ns7!, is greater than 0.47 ns™!, which is the
experimental value for the G1 dendron—rod—coil. This dis-
crepancy becomes even more pronounced for later generations,
and in the G3 molecules the expected ko is 0.71 ns™!, as
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compared to 0.51 ns™' as measured experimentally. The

beneficial effect of larger dendrons on charge transfer appears
to be suppressed in the dendron—rod—coil molecules. This can
also be seen from the trends in 7¢7 in Table 3. Moreover, when
comparing the abilities of the dendritic donor and the acceptor
to quench the excited state of the chromophore in dendron—rods
and rod—coils, respectively, it is clear that dendrons are more
efficient in photoinduced electron transfer than the acceptor
polymer, except in the case of Gl dendron—rod—coil 1.
Therefore, it is intuitively appropriate to assume that the
dendron—chromophore—dendron triad (structures in Figure 7)
should be more efficient than dendron—rod—coil molecules, at
least with higher generation dendrimers.

Wehave previously studied the dendron—chromophore—dendron
triad."”> Surprisingly, the charge transfer efficiencies of the
dendritic triads 22—24 are much worse than the corresponding
dendron—rod—coil triads 1—3. One could rationalize this
observation on the basis of the fact that the dendron—rod—coil

(17) (a) Lee, K. C. B.; Siegel, J.; Webb, S. E. D.; Leveque-Fort, S.; Cole,
M. J.; Jones, R.; Dowling, K.; Lever, M. J.; French, P. M. W. Biophys.
J. 2001, 81, 1265-1274. (b) Phillips, J. C. Rep. Prog. Phys. 1996, 59,
1133-1207. (c) Lakowicz, J. R. Principles of Fluorescence Spectros-
copy, 2nd ed.; Kluwer: New York, 1999.
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Figure 7. Structures of the donor—chromophore—donor dendrimer triad.

is a donor—chromophore—acceptor triad, whereas the dendritic
triad is a donor—chromophore—donor triad. However, it is even
more interesting that the ncr for the dendritic triads 22—24 are
less than those of the dendron—rod-based donor—chromophore
diad molecules 18—20. The question then is why installing large
dendron-containing DAP groups on one side of the chromophore
in dendron—rod—coils does not result in as large an enhance-
ment of electron transfer efficiency as one would expect and
installing two of them on the chromophore in dendritic triads
leads to even a decrease in the electron transfer efficiency.
One could rationalize the observed results using back-folding
and steric interference. We know there exist multiple conforma-
tions in both the DAP dendrons and the NDI coil on the basis
of their nonexponential fluorescence decays. We have previously
shown that, as the size of the dendron increases, two competing
factors contribute to the overall CT quenching rate. First, the
local density of the quenchers increases (raising k), but also
their average distance increases (lowering k). If we now add a
third factor, the presence of a large group on the opposite side
of the benzthiadiazole core (either the NDI coil or the DAP
dendron), it is reasonable to expect that this large, flexible group
would interfere with DAP’s ability to access the core and thus
further suppress the expected increase in ko with generation.
Thus, we believe that conformational congestion in both the
dendron—rod—coil and the dendron—rod—dendron molecules
prevents the favorable scaling of ky with generation observed
in the dendron—rod molecules. Figure 8 compares kq in different
species. The greater difference between kq(dendron—rods) +
ko(rod—coils) and kq(dendron—rod—coils) (Figure 8a) as well
as between kq(dendron—rod) and kq(dendrimers) (Figure 8b)
in high-generation dendrons where steric congestion plays a

23 (G2 dendrmer)

more significant role in the rate of electron transfer provides
support for this hypothesis.

Inany case, itis clear from Table 3 that the dendron—rod—coils
are architecturally better at quenching the excited state of the
chromophore rod (Figure 9). We were interested in identifying
the relative contribution by each of the structural components,
i.e., the dendron and the polymer coil, to the overall photoin-
duced charge transfer based fluorescence quenching process.
We utilized the relative charge transfer rates for the dendron—rod
diads 18—20 and the rod—coil diad 21 to estimate the possible
relative contribution. The assumption here is that these diad rates
are useful estimates of the effective contribution of the electron
donor and the acceptor to the photoinduced charge transfer
process in the triads 1—3. As we have mentioned above, the
contributions by the dendrons are indeed affected by the
presence of the coil, and we therefore note that this assumption
is not foolproof. However, we estimated the relative contribu-
tions to gain some insight into the architectural contributions
by the dendrons and the coils in the photoinduced charge transfer
processes. The estimates are shown in Table 4.

From Table 4, one can conclude that the contributions from
the dendron and the polymer coil are about the same. However,
it should be noted that there is another variation in the triad
molecules in addition to the architectural variation (dendron vs
polymer). It involves the relative ability of the (diarylamino)py-
rene as the electron donor to quench the excited state of the
benzthiadiazole chromophore, compared to that of the naph-
thalenediimide functionality as the electron acceptor. We carried
out Stern—Volmer quenching experiments to identify the relative
abilities of these functionalities to quench the excited state of
benzthiadiazole through charge transfer. In this experiment, the
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Table 4. Comparison of CT Kinetics in Dendron and Polymer
Diads with Dendron—Rod—Coils

contribution (%)

ka(dendron—rod)  kq(rod—coil)

species (ns™) (ns~) dendron  polymer
G1 dendron—rod—coil 1 0.23 0.29 44 56
G2 dendron—rod—coil 2 0.36 0.29 55 45
G3 dendron—rod—coil 3 0.42 0.29 59 41

steady-state emission of the benzthiadiazole chromophore 17
is measured in the presence of the quencher [(diaryamino)pyrene
or naphthalenediimide] at various concentrations. With increas-
ing concentration of the quencher, the emission intensity of the
chromophore decreases as one would expect. The fluorescence
intensity in the absence (/y) and presence (/) of either of the
quenchers can be related to its concentration ([Q]) using the
Stern—Volmer equation I/l = 1 + Ksy[Q]. A plot of I/l vs
[Q] affords the Stern—Volmer quenching constant (Kgy), which
is a measure of the ability of the (diarylamino)pyrene or the
naphthalenediimide to quench the excited state of the benzthia-
diazole chromophore. Kgy is also related to the bimolecular
quenching rate constant kq through Kgy = k479, where 7y is the
fluorescence lifetime of the dendrimer in the absence of
quenchers. The Stern—Volmer plots for the (diarylamino)pyrene
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Figure 10. Stern—Volmer plots of the NDI acceptor—rod and DAP
donor—rod with the chromophore.

and naphthalenediimide are shown in Figure 10. The plots are
linear, and there are no changes in the absorption and emission
spectral shapes of the molecules in the mixture. These observa-
tions suggest that the observed fluorescence quenching is
dynamic, i.e., based on bimolecular collisions. It is clear from
the slopes of these lines that the naphthalenediimide 9 is far
more effective than the (diarylamino)pyrene 16 at quenching
the excited state of the chromophore 17. It is to be noted that
the differences between the photoinduced charge transfer
abilities in the dendron—rod vs the rod—coil are relatively minor.
Combination of these two observations clearly suggests that the
dendritic architecture indeed provides a distinct advantage in
the photoinduced electron transfer compared to the polymer coil.

What could be the reason for dendrimers providing this
architectural advantage in photoinduced charge transfer over
linear polymer coils? We have previously suggested that the
high density of functionalities and back-folding in higher
generations of dendrimers help boost the efficiency of the
electron transfer in these branched molecules.'? It is interesting
to ask whether all charge transfer functionalities in different
architectures, such as linear polymers, could participate in the
electron transfer process just as in dendrimers. In our polymer
backbone, the average number of repeat units is about 15. Thus,
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Scheme 4. Synthesis of Model Compounds
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Table 5. Rod Fluorescence Decay (Aex = 500 nm) and CT
Efficiency of Model Compound 27 and G1 Dendron Rod—Coil 1

ko (ns™") et

model compound 27 021 051 079 1.95 048  0.79
G1 dendron—rod—coil 1 0.56 0.74 044 2.90 047 079

species A 74 (nS) B 75 (nS)

the number of naphthalenediimide functionalities in the polymer
coil is about twice as high as the number of (diarylamino)pyrene
units in the G3 dendron. Despite this, combined with the fact
that the naphthalenediimide is more capable of photoinduced
charge transfer, the efficiency from the polymer coil is only
comparable with that of the dendron. It is possible that this is
because only the naphthalenediimide functionality closest to the
benzthiadiazole chromophore participates in the initial photo-
induced charge transfer step, unlike the dendrons. To test this
hypothesis, we synthesized a dendron—rod—coil analogue where
there is a single naphthalenediimide functionality. The distance
between the benzthiadiazole chromophore and the naphthalene-
diimide functionality in this analogue 27 was kept the same as
that with the dendron—rod—coil molecule 1.

To synthesize 27, 8-bromooctanoic acid was reacted with
oxalyl chloride to convert the acid functionality into acid
chloride, which was then treated with hydroxyl-functionalized
naphthalenediimide 9 in the presence of DMAP as a catalyst to
obtain the bromo-terminated naphthalenediimide derivative.
Treatment of this compound with sodium azide afforded
naphthalenediimide derivative 26 containing azide functionality.
This molecule was then clicked with the acetylenic functionality
of the dendron—rod molecule to obtain the single naphthalene-
diimide molecule analogue for the G1 dendron—rod—coil 1, as
shown in Scheme 4.

The fluorescence decay of the rod in this model compound
is shown in Table 5. The #ncr and kg values for the Gl
dendron—rod—coil 1 and its analogue 27 are identical. This
indicates that the naphthalenediimide that is closest to the

CuBr, PMDETA, THF, 58%
18

chromophore is the primary participant in the photoinduced
charge transfer process in the polymer coil. On the other hand,
the population density of functionalities in the dendritic
periphery has a positive effect on the charge transfer.'* Thus,
it is reasonable to conclude that the high-density packing and
the number of peripheral charge transfer functionalities equi-
distant from the chromophore are indeed the reasons for the
dendritic architectural advantage. Note however that the polymer
coil also could play a crucial role in our long-term goals of
obtaining microphase-separated structures with a long-lived
charge-separated state for photovoltaics.

Conclusions

Considering the advantages of dendritic architectures in
photoinduced electron transfer, but issues in moving the charge
away from the core due to encapsulation, we have designed
and synthesized dendron—rod—coil-based donor—chromophore—
acceptor triads for photoinduced charge transfer. We have shown
that (i) the combination of the dendron and the polymer coil
with a chromophore rod connecting the two is indeed advanta-
geous for photoinduced charge transfer, (ii) dendron—rod—coil-
based triads exhibit better efficiencies compared to either the
dendron—rod or the rod—coil diad, (iii) on the basis of the
efficiencies of the diads, the dendrons and the polymer coil make
similar contributions to the overall charge transfer based
quenching process, (iv) the polymer coil functionality, naph-
thalenediimide, is a much better excited-state quencher for the
benzthiadiazole chromophore than the (diarylamino)pyrene on
the basis of Stern—Volmer quenching studies (this suggests that
the dendrons have an architectural advantage over polymer coils
for photoinduced charge transfer), (v) although dendrons provide
clear advantages in charge transfer quenching, the dendron—
rod—dendron triads do not perform better than the donor—
chromophore—acceptor triads based on the dendron—rod—coil
architecture, and (vi) while all electron donor functionalities in
the dendritic periphery can equally participate in the excited-
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state quenching of the chromophore rod, the naphthalenediimide
electron acceptor unit that is closest to the chromophore is the
primary participant in the quenching that arises from the polymer
coil. The realistic possibility that dendron—rod—coil structures
are capable of providing microphase-separated architectures on
the basis of prior literature,'* combined with our findings here,
suggests that these molecules hold great promise in organic
photovoltaics. Polymer processing to achieve morphological
control, device fabrication, and charge transfer dynamics in the
solid state are part of the current focus in our laboratories.
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