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ABSTRACT: A donor—acceptor charge transfer system based on two OR hy D-A*-D
discotic mesogens has been synthesized. The donor is either a triphe- < D*-A-D
nylene (POGO) or a triphenylene-based conjugated dendron (POG1), Ar

while the acceptor is a perylene diimide (PDI) core. The donors are
covalently linked to the bay positions of the PDI core through an ether
linkage. In chloroform, due to the short donor—acceptor distance and
the matching frontier orbital levels, photoinduced charge transfer from
either the donor excitation or the acceptor excitation are both thermo-
dynamically and kinetically favored, resulting in efficient quenching of RO Ar

both donor and acceptor fluorescence. In a less polar solvent, hexane,

while charge transfer is still the dominant mechanism for decay of the excited electronic state of POG1, photoinduced charge transfer
is no longer energetically favorable for POGO when the acceptor PDI core is excited, making the PDI core of POGO weakly
fluorescent in chloroform but strongly so in hexane. In solid film, POGO is highly aggregated through both PDI—PDI and
triphenylene—triphenylene homotopic stacking. POGI, on the other hand, aggregates through triphenylene dendrons with limited
PDI—PDI core stacking, presumably due to the steric hindrance caused by bulky triphenylene moieties which block the access to the
PDI core. The efficient photoinduced charge transfer, coupled with the homotopic stacking that forms separated electron-
transporting PDI-stacked columns and hole transporting triphenylene-stacked columns, suggests that the reported donor—acceptor
systems based on dual-discotic mesogens are potentially new efficient photovoltaic materials.

B INTRODUCTION

One of the most elegant systems in nature is its photosynthetic
reaction center, where a photoinduced electron transfer process
(PET) converts harvested solar energy into chemical energy.' An
understanding of energy and electron transfer processes in a donor—
acceptor (D-A) architecture is essential to the development of
artificial photosynthetic systems.” D-A systems also play an important
role in the construction of molecular electronic devices.” In this
context, dendrimers are an important class of macromolecules whose
convergent architecture naturally suggests them as an ideal frame-
work to build D-A systems.* Dendrimers possess numerous periph-
eral end groups that all converge to a single core. By careful engineer-
ing of a large number of donor branches around a single acceptor and
the optimization of donor to acceptor distances, an efficient light
harvesting dendrimer can be realized.” Indeed, a large number of light
harvesting dendrimers, including both conjugated®™® and nonconju-
gated” skeletons, have been developed and their excitation energy
transfer dynamics have been thoroughly explored."

Among various organic acceptors, perylene diimides (PDIs)
are perhaps the most extensively studied systems, not only due to

v ACS Publications ©2011 American chemical Society

their strong electron accepting'" and fast electron transporting
properties'” but also due to their remarkable chemical and thermal
stability."® As one of the best n-type organic semiconductors, PDI
derivatives have found extensive a&)lications in organic field effect
transistors,"* light emitting diodes, sensors,'® and solar cells.'” An
attractive feature of PDI is that its optical properties can be easily fine-
tuned by proper substitution in either the bay positions and/or the
imide positions, leading to chromophores absorbing a broad section
of the visible spectrum.'® In addition to the large absorption cross
section in the visible to near-infrared (IR) region, many PDIs also
exhibit strong fluorescence with quantum yields near unity.' Thus,
PDIs have been extensively used as the energy and electron acceptor
in a variety of light harvesting architectures such as rigid linear arrays,”
molecular squares,”" as well as supramolecular assemblies.””

The combination of light harvesting dendrimers as energy/
electron donor and a PDI derivative as the acceptor constitutes
an attractive D-A system. Indeed, some pioneering research
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Scheme 1. Synthesis of POGn Dendrimers (R = Hexyl)
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along this line has been reported.”>** In particular, Miillen et al.
have reported PDI derivatives bearing polyphenylene dendri-
mers of various sizes at either the imide positions or the bay
positions.”* The shape-persistent, three-dimensional polypheny-
lene dendrimers not only serve as the light harvester, but also
form an effective shield on the central PDI core, preventing its
self-quenching. Such D-A systems are thus ideal for the study of
energy transfer and photoinduced electron transfer at the single
molecular level® and for generating highly fluorescent dyes.*®
For applications in molecular electronics, the ability of the PDI
core to aggregate/stack is essential as that entails high electron
mobility and thus good electron conductivity along the stacked
PDI columns.”” If the donor component can also form stacked
separated columns which transport holes, the resulting D-A
system may be ideal for photovoltaic applications. Thus, PDI
derivatives bearing discotic mesogens as the donor components
could be novel new D-A systems. In this paper, we report such a
system where a PDI core is covalently linked with triphenylene
units or triphenylene-based dendrons. Triphenylene derivatives
are planar fused 7T-systems and one of the most common discotic
mesogens.”® Conjugated dendrons based on triphenyleneacety-
lenes (TPA) have been shown to exhibit efficient light harvesting
property.” They also have a high tendency to form s-stacked
aggregates. Here we describe the synthesis and characterization
of two PDI—triphenylene D-A systems, POGO and POG1. We
report on their photophysical properties in different solvents and
as solid films. We demonstrate that electron transfer is dominant
in POG1, whether in a polar or a nonpolar solvent, which
quenches more than 98% of both the donor and the acceptor
fluorescence. For POGO, the electron transfer is efficient only in a

polar solvent. Aggregation is evident in hexane and in the solid
film. For POGO, both the PDI core and the triphenylene ring
appear to aggregate homotopically, likely forming separated PDI-
stack columns and triphenylene columns. For POG1, the aggre-
gation of the triphenylene dendron is evident while the PDI core
aggregation is limited, presumably due to the steric hindrance
caused by bulky triphenylene moieties which block the access to
PDI core.

B RESULTS AND DISCUSSION

Synthesis. Scheme 1 shows the structures of POG0 and POG1
and their synthetic approaches. The synthesis of triphenylene based
GO and G1 has been previously reported.” Direct bromination of
perylene dianhydride yielded an insoluble mixture of 1,7- and 1,6-
dibrominated perylene dianhydrides®® Without separation, the
mixture was subjected to subsequent imidization with 2,6-diisopro-
pylaniline. The resulting PDI derivatives are soluble in common
organic solvents. "H NMR spectrum analysis gave 1,7-/1,6- isomeric
ratio of 4:1. The pure isomer, N,N'-bis-(2,6-diisopropyl) phenyl-1,7-
dibromo-3,4,9,10-perylene diimide (PDI-Br), was isolated by recrys-
tallization in hot toluene. POGO and POG1 were prepared by the
nucleophilic substitution of PDI-Br with GO and G1, respectively.
While POGO was synthesized in good yields, the reaction of G1 with
PDI-Br was found to be quite complicated. With an excess amount of
G1 and the base, and extended reaction time, the reaction still yielded
a mixture of both mono- and disubstituted products, which compli-
cates the purification and isolation of the desired product. Repeated
column chromatrography was needed to isolate the pure disubsti-
tuted product. For comparison, a model compound POB was also
synthesized by reacting PDI-Br with phenol.
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Figure 1. 'H NMR spectra of PDI-Br, GO, and POGO in CDCl,,.
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Structural Characterizations. All dendrimers including the
model compound are soluble in common organic solvents such as
chloroform, dichloromethane, THF, and DMF. Their structures and
purity are confirmed by thin layer chromatography, "H and “C
NMR, matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry, and elemental analysis. 'H
NMR spectrum of POGO gives adequately dispersed signals. As
shown in Figure 1, the "H NMR spectrum of POGO includes signals
that can be clearly distinguished from either the triphenylene ring
(for example, signals e—g) or the PDI component (for example,
signals 2 and 4—6) with negligible changes in chemical shifts. There
are, however, notable changes in some proton signals. When PBI-Br
is converted to POGO, protons 1, which are closest to the connection
site are affected the most with an upfield shift of 0.89 ppm. The
significant upfield shift reflects the electron donating nature of the
aryl oxygen substituent versus the electron withdrawing effect of the
bromo atom. Protons 3, on the other hand, show a moderate
downfield shift of 0.33 ppm. Such a downfield shift may be attributed
to the intramolecular hydrogen bonding between proton 3 and the
ether oxygen. Changes in chemical shifts for protons 4 and S, which
are not part of the central perylene ring, are minimal. It is interesting
to note that alkyl protons h and i, each giving one signal in the 'H
NMR spectra of GO, split into two well-separated signals with a 1:1
integration ratio. One set (labeled as h, i in Figure 1) is sharp with
clearly resolved multiplicity, while the other (h' i) is broad (see
Supporting Information for the expanded spectrum). The broad
signals are upfield shifted compared to the sharp signals. The signal
corresponding to proton 7, which gives one doublet in the 'H NMR
spectrum of PDI—Br, also splits into two signals in POGO, both of
which are doublet. Molecular modeling shows that the triphenylene
ring may back-bent toward the PDI core but does not reach directly
over the PDI plane. One hexyloxy chain can stretch above and across

the PDI s-system, while the other extends away from it. The outward
extending hexyl chain likely gives sharp proton NMR signals, while
the inward pointing hexyl chain experiences varied shielding effect of
the PDI s-system, leading to broad and upfield shifted signals (see
Figure S6A for snapshots of molecular dynamics simulation).

While POGO gives sharp and resolved "H NMR signals, POG1
shows widespread overlapped and clustered signals (see Sup-
porting Information for the spectrum), indicating strong aggre-
gation.”" Our MD simulation results suggest that such a strong
aggregation might come from the stacking interactions between
two neighboring triphenylene groups of G1. The G1 substituents
on both sides of the PDI core adopt a conformation that is almost
perpendicular to the PDI core of POG1. The net result is that the
PDI core of POG1 appears to be “protected” by the G1 dendrons
(Figure S6B in SI). Because the "H NMR spectrum of POG1
provides little information about the purity of the product, a
MALDI-TOF MS analysis was performed. As shown in Figure 2,
only one signal at 3686.62 that corresponds to M + Ag"
(3686.51) is observed, confirming the structure of POGI. Ele-
mental analysis results further confirmed the structures and
purity of POGO and POG]1 (see Experimental Section).

Photophysical Properties. The optical properties of all
compounds were studied in dilute chloroform solutions, hexane
solutions, and as solid films. The results are summarized in
Table 1 and discussed in the following sections.

GO, G1, and POB serve as model compounds for investigating
optical properties of POGO and POGI. Thus, their optical
properties are presented first before the optical properties of
POGO and POGI are discussed.

Figure 3 shows the absorption (Figure 3a), excitation (Figure 3b),
and emission (Figure 3c) spectra of GO in chloroform (black),
hexane (blue), and as pristine solid films (red). The strongest absorp-
tion band of GO in chloroform is observed at 276 nm, which is
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Figure 2. MALDI-TOF mass spectrum of POGI.

Table 1. Optical Properties of GO, G1, POB, POGO, and
POGT1 in Dilute Chloroform, Hexane, and as Solid Films

Aap (nm)* Ay (am)* Ao (nm)© ¢!
GO in CHCl; 276 276 365 0.021
in hexane 272 272 362 0.034
film 280 272 366
Gl in CHCl; 398 398 407 0.55
in hexane 393 394 400 0.32
film 408 408 470
POB in CHCly 540 540 571 1.0
in hexane 526 526 553 1.0
film 550 SSS 623
POGO inCHCl; 272,556 276 366 <0.001
S18 572 0.025
in hexane 272, 544 274 361, 560 0.01
516 560 0.37
film 286, 582 286 441
580 631
POGl inCHCl; 400, 558 360 409 0.013
518 575 0.001
in hexane 408, 565 360 402 0.003
518 561 <0.003
film 408, 572 572

. . b e

“Maximum absorption wavelength. ”Excitation wavelength used to

measure fluorescence emissions and fluorescence quantum vyields.
. - d .

“ Maximum emission wavelength. “ Fluorescence quantum yield.

attributed to the symmetry-allowed SO—S4 electronic transition.*
The symmetry-forbidden SO—S1 transition gives bands at 344 and
362 nm with much lower intensity. In hexane, GO shows similar
absorption bands, except for a slight (~2 nm) blue shift. GO film, on
the other hand, gives slightly red-shifted bands and no new bands are
observed, which indicates the lacking of strong ground state 77—
stacking among triphenylene rings. Nonetheless, the aggregation of
triphenylene rings, perhaps through hydrogen bonding of the
hydroxyl group, is evident as the intensity of the long wavelength
absorption bands is increased.**”

GO is only weakly fluorescent. Its fluorescence quantum yields
in chloroform and hexane are 0.021 and 0.034, respectively. GO
film, however, is moderately fluorescent. Its fluorescence spec-
trum shows, interestingly, multiple well-resolved peaks at 366,
384, 404, 430, 458, and 485 nm (Figure 3c). The four lower

wavelength bands can be identified in the solution emission
spectra, which thus can be attributed to the fluorescence emission
of the nonaggregated GO molecule. The two long wavelength
emission bands (458 and 485 nm) are clearly new emission
bands, resulting from a different exciton, which is tentatively
assigned to excimers. Taking 384 nm as the emission wavelength,
the excitation spectra of GO in chloroform, hexane, and as a film
are shown in Figure 3b. The excitation spectrum of GO film at the
emission wavelength of 458 nm is also shown in Figure 3b. One
can notice the matching of the bands observed in the excitation
spectra to those seen in the corresponding absorption spectra.
For GO film, the excitation spectra, whether measured at the
monomeric emission wavelength (384 nm) or the excimer
emission wavelength (458 nm), are again matched to the
absorption bands. These results again indicate that there is no
strong ground state 7T—J7 aggregate formation. It is noted that the
intensities of the long wavelength bands at 364, 346, and 325 nm
are much stronger in the excitation spectra of GO film than those
in the absorption spectra. A sharp excitation band is observed at
363 nm with a half intensity bandwidth less than 10 nm. It is likely
that the monomeric emission comes from S1 exciton and the
excimer formation also originates from the monomer’s S1 excited
state. Direct SO—S1 excitation thus leads to stronger fluorescence
emissions.

To further help interpret the GO film emission, the emission
spectra of GO in chloroform at different concentrations were
measured. As shown in Figure 4, at concentrations lower than
107> M, GO gives only monomer emissions with two clearly
resolved bands at 366 and 383 nm and two shoulder bands
around 405 and 430 nm. As the concentration increases, the
intensity of these emission bands decreases while a new broad
band in the longer wavelength range appears. An isoemissive
point appears to exist within the studied concentration range,
indicating the existence of two emitting species, which
interconvert.”> When the ratio of emission intensity at 464 nm
corresponding to the new emission species over that at 384 nm,
which is attributed to the monomeric emission species (M¥), is
drawn over GO concentration, a linear relationship is obtained
(Figure 4, inset). These results are consistent with the view that
the red-shifted emissions are dynamic excimer emissions where
the excimers are formed by the association of an excited mono-
mer (M*) and a ground state monomer (M), M* + M — M,*,
instead of static excimer emissions (2M — M, — M,*).>* The
excimer emission bands are broader and not well resolved in
solutions. However, one can still identify two humps. When
deconvoluted into Gaussian curves, two maxima at 464 and 490
nm are obtained, consistent with those seen in film emissions.
One may thus conclude that GO film shows both monomeric and
excimer emissions.

G1 has three triphenylene units joined together by acetylene
bonds. Figure S shows the absorption (a), emission (c), and
excitation (b) spectra of Gl in chloroform (black), hexane
(blue), and as a solid film (red). Unlike GO, G1 possesses much
stronger absorption in the 300—400 nm wavelength range and is
strongly fluorescent in chloroform solution with a quantum yield
0f 0.55. When the solvent is changed from chloroform to hexane,
one observes a slight but clear blue shift in the longest wavelength
absorption peak (398 to 393 nm), maximum emission wave-
length (407 to 400 nm), and the longest wavelength excitation
band (398 to 394 nm). The fluorescence quantum yield is
decreased to 0.32. A careful inspection of the absorption and
emission spectra of Gl in hexane shows that, while the
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Figure 3. UV/vis absorption (a), fluorescence excitation (b), and fluorescence emission (c) spectra of GO in chloroform (black), hexane (blue), and as

solid films (red). The solution concentration is 1 X 10~ ° M.
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Figure 4. Fluorescence emission spectra of GO in chloroform at
different concentrations. The inset shows the emission intensity ratio
at 464 nm over 384 nm vs GO concentrations.

absorption and emission maxima are blue-shifted, there are
clearly tails extending to longer wavelengths in both spectra,
indicating the existence of some aggregation. Such aggregation
perhaps accounts for the decreased fluorescence quantum yield
of G1 in hexane. Compared to its chloroform solution, G1 film
shows red-shifted absorption, emission, and excitation bands.
The extent of redshift is much larger than that observed for GO.
Two factors may contribute to the observed red-shift of G1 film:
one is the planarization of the G1 dendron and the other is the
interdendron aggregation.

Like other PDI derivatives, POB in dilute chloroform or
hexane solutions shows intense absorption in the visible range
and is highly fluorescent with unity fluorescence quantum yield.
As shown in Figure 6, compared to what is observed in GO or G1,
clear and significantly larger blue-shifts in absorption (14 nm),
emission (17 nm), and excitation (14 nm) wavelengths are
observed when the solvent is switched from chloroform to
hexane, indicating a stronger charge transfer character of the

1583

PDI core exciton. All spectra of POB films are again red-shifted. It
is noted from the excitation spectra (Figure 6b) that exciting at
wavelengths below 400 nm yields negligible fluorescence.

After presenting the optical properties of the individual donor
(GO, G1) and acceptor (POB) components, we now move on to
discuss the photophysical properties of their D-A systems. The
absorption spectrum of POGO (Figure 7) in chloroform shows
multiple bands beyond 450 nm, which are attributed to the PDI
core. Compared to POB, the PDI core absorption of POGO is
red-shifted. The A, in the visible region for POB and POGO are
540 and 566 nm, respectively. Such a red-shift reflects an increas-
ing electron donating nature from phenyl ether to the triphenylene
ether substituents. In the UV region, POB and POGO all show one
relatively sharp and strong band at around 270 nm. When expanded,
multiple weak peaks at 349 and 365 nm, corresponding to triphe-
nylene’s symmetry forbidden SO—SI transitions, are discernible.
When the solvent is changed from chloroform to hexane, the maxi-
mum absorption wavelength in the visible range is clearly blue-
shifted, while negligible changes are observed in the UV region. A
clear tail extending beyond 600 nm is noted, which is not seen in the
absorption spectrum of POB in hexane. The absorption spectrum of
the POGO film shows much broader absorption in both the UV
region and the visible region. The maximum absorption wavelength
in the visible range of POGO film is 26 nm red-shifted compared to
that of POGO in chloroform. Such a red-shift is significantly larger
than what is observed for POB (10 nm). POGO film also shows a
much broader absorption tail extending to longer wavelengths than
POB films. These results indicate that the PDI core of POGO
aggregates differently from that in POB. The much broader absorp-
tion and much larger red-shift observed in POGO films indicate that
the PDI core in POGO either aggregates much more strongly with
the PDI core of another POGO molecule or aggregates heterotopi-
cally with the GO unit. In the 300—450 nm region, one can identify a
small but clear peak at around 365 nm and one broad band at around
400 nm, both of which are also observed in POGOs solution spectra.

dx.doi.org/10.1021/jp1085334 |J. Phys. Chem. A 2011, 115, 1579-1592
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Figure 5. UV/vis absorption (a), fluorescence excitation (b), and fluorescence emission (c) spectra of G1 in chloroform (black), hexane (blue), and as

solid films (red). The solution concentration is less than 1 x 10~ ¢ M.
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Figure 6. UV/vis absorption (a), fluorescence excitation (b), and ﬂuorescence emission (c) spectra of POB in chloroform (black), hexane (blue), and as

solid films (red). The solution concentration is less than 1 x 10~¢ M.

The lack of new absorption bands in POGO films appears to indicate
that the PDI core and the GO unit aggregate homotopically (GO
stacking with GO, while PDI stacks with PDI). The absorption tail
observed in the hexane solution of POGO indicates that such
aggregation exists, although to a much lesser extent, in the hexane
solution.

As mentioned earlier, GO is only weakly fluorescent, while
POB is highly fluorescent. When GO and the PDI core are
covalently linked, both the GO emission and the PDI core
emission are nearly completely quenched when a dilute chloro-
form solution of POGO is studied. The fluorescence quantum

yields of POGO in chloroform with GO excitation (274 nm) and
PDI core excitation (516 nm) are 0.001 and 0.02S, respectively,
indicating over 95% of the GO emission and PDI emission are
quenched. The fluorescence quenching of the PDI emission is,
however, significantly lower in hexane. As shown in Figure 8, when
the PDI core of POGO is excited at 516 nm, the PDI emission
intensity is 2 orders of magnitude higher in hexane than that in
chloroform. The fluorescence quantum yield of POGO in hexane at
516 nm is 0.37, compared to 0.02S in chloroform. When excited at
274 nm, POGO in chloroform shows weak emissions from both the
GO component (emissions in the 350—450 nm range) and the PDI

1584 dx.doi.org/10.1021/jp1085334 |J. Phys. Chem. A 2011, 115, 1579-1592
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Figure 8. Fluorescence emission spectra of POGO excited at 516 nm
(a) and 274 nm (b) in chloroform (black), hexane (blue), and as solid
films (red).

component (emissions beyond 500 nm) with GO emission domi-
nant. In hexane, while the GO emission is only slightly increased, the
PDI emission is again enhanced by orders of magnitude and now
strongly dominates the POGO emission (Figure 8b).

When a POGO film is excited at 274 nm, a broad emission from
320 to 550 nm is observed (Figure 8b). The broad peak around
450 nm matches well with GO excimer emission while the
shoulder band around 350 nm can be attributed to nonaggre-
gated GO emission. The fact that similar monomer and excimer
emissions are observed for POGO film and GO film indicates that
the GO component in POGO aggregates through GO—GO stack-
ing. When PDI core is excited, POGO film gives significantly red-
shifted emissions with a A, at 631 nm. The extent of red-shift
(~70 nm) is comparable to that of POB. These results again
indicate that in a POGO film, the aggregation likely occurs
homotopically with triphenylene rings stacked with each other,
while PDI cores are aggregated with PDI core.

The absorption spectra of POGI in chloroform show well
structured bands associated with the PDI core and the Gl

Absorbance

b)

Aeni 430 nm

F1 Intensity (au)

250 350 450 550 650
Wavelength (nm)

Figure 9. UV/vis absorption (a) and fluorescence excitation (b) spectra
of POGL in chloroform (black), hexane (blue), and as solid films (red).
The solution concentration is less than 1 X 10~ ¢ M.

dendrons (Figure 9a). The PDI core absorption has a A, of
558, nearly identical to that of POGO, indicating that extended
conjugation in G1 has negligible effect on the electronic states of
PDI core. The extended 7-system in G1 leads to the broad
absorption in the 300—450 nm range, while the strong bands in
the 250—300 nm range can be attributed to the 77—s* transition
of the individual triphenylene rings. When the absorption spectra
of POGI in different solvents are compared, one sees quite
different solvent effect for POG1 from those of G1, POB, and
POGO. Instead of blue shifts observed for all those compounds,
POGT1 exhibits red shift in both the G1 absorption region and the
PDI core region when the solvent is changed from chloroform to
hexane. The absorption spectrum of POG1 in hexane resembles
closely that of its film. Clearly, POG1 is strongly aggregated in
hexane, even in highly dilute solutions. It is noted that POG1 in
hexane, POG1 film, and G1 film all give nearly identical absorp-
tion bands in the 300—450 nm range, indicating that POG1 in
hexane or in solid film aggregates mostly through G1—Gl1
stacking. From chloroform to film, the PDI core absorption of
POG1 is red-shifted by 14 nm, while the red shift for POGO is 38
nm. The much smaller red shift observed for POG1 indicates that
PDI—PDI aggregation in POGI is very limited. Apparently, the
bulky G1 substituents at the bay area effectively block the approach-
ing of two PDI cores, consistent with the previously stated molecular
dynamics simulation studies.

As mentioned earlier, both G1 and POB are highly fluorescent
in dilute chloroform solutions. The fluorescence quantum yields
for G1 and POB are 0.545 and 1.0, respectively. When G1 is
covalently linked to the PDI core, emissions from both the G1
portion and the PDI core are nearly completely quenched. As
shown in Figure 10, POG1 emissions, when measured under
identical conditions to those of G1 and POB (same absorbance at
the excitation wavelength and the same excitation/emission slit
width), are barely observable whether the G1 portion is excited
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Figure 10. Fluorescence emission spectra of G1, POB, and POGI in
chloroform, measured under identical conditions (a). Bottom figure shows
the scaled-up emission spectra of POG1 in chloroform (black) and hexane
(blue) with donor (360 nm) and acceptor excitations (518 nm).

(at 360 nm) or the PDI core is excited (at $18 nm). The fluo-
rescence quantum yields of POG1 with G1 excitation (360 nm)
and PDI excitation (518 nm) are 0.013 and 0.001, respectively,
indicating that 98% of the G1 emission and over 99% of PDI
emission are quenched. In hexane, the fluorescence emissions of
both G1 and PDI core of POGI are further quenched. The
quantum yields are only 0.003 at 360 nm excitation and less than
0.0001 at 558 nm excitation. No fluorescence is detected for
POGTI film. As far as the emission wavelengths are concerned, the
donor emission of POG1 matches those of G1 while the acceptor
emission of POG1 matches those of POB. It is worth noting that,
while the PDI core absorption of POGI is red-shifted by 18 nm
compared to that of POB, the PDI emission of POG1 is only red-
shifted by 4 nm. A similar phenomenon is also observed for
POGO. In other words, POGO and POG1 exhibit much smaller
Stokes shift (16 nm) than that of POB (30 nm), indicating that
the excited PDI core in POGO and POG1 has much less flexibility
to reorganize to a lower energy state prior to photoemission. It
has been shown that the more distorted the PDI core, the higher
the Stokes shift.>> However, one would not expect the PDI core
in POGO and POGI to be less distorted than that of POB,
considering the bulkiness of the GO and GI substituents.
Structures from chloroform-based MD simulations suggest that
the PDI cores in POGO and POGI were quite stable during the
4000 ps MD simulations (Figure S6) and that the bulky G1
appears to have little effect on the PDI core conformation
because the conformation of G1 extends away from the PDI
core (Figure S7).

Taking 430 nm as the emission wavelength (donor Gl
emission), the excitation spectra of POG1 in chloroform and
hexane are measured (Figure 9b). In chloroform, the excitation
spectrum of POG1 matches well with its absorption spectrum in
the 300—420 nm range. In hexane, however, the excitation
spectrum of POGI1 does not match its absorption spectrum,

Table 2. Fluorescence Lifetimes for GO, G1, POB, POGO,
and POG1, Measured at 400, 425, 575, 575, and 575 nm,
Respectively”

compd A;  7i(ns) Ay To(ns) Ay T3(ns) Ty (ns)

GO 0.10 8.38 0.32 091 0.58 3.37 3.07

Gl 1.0 3.71 3.71

POB 1.0 4.60 4.60

POGO 0.995 0.008 0.0040 0.45 0.0010 5.43 0.015

POG1 0.994 0.011 0.0047 0.56 0.0013 4.16 0.019
“ Tavg is the weighted average life time.

but that of G1. When the PDI core emission (610 nm) is taken as
the emission wavelength, the excitation spectrum of POGI in
chloroform shows two excitation regions, one with direct PDI
core excitation (450—600 nm range) and the other with G1
excitation (250—430 nm region). G1 excitation apparently can
lead to PDI core excitation through Forster energy transfer. In
hexane, the excitation spectrum of POG1 shows only the PDI
core excitation component. The G1 excitation leads to no PDI
emission, which is in sharp contrast to what is observed for
POGO. As mentioned earlier, POG1 is strongly aggregated in
hexane through G1—Gl stacking, It is likely that G1 excitons are
deactivated by subsequent energy transfer and photoinduced
electron transfer to the PDI core and by self-quenching of
aggregation. As far as emission and excitation wavelengths are
concerned, the emissions of POGI resemble G1 (in the G1
emission portion) and POB (in the PDI emission region),
indicating that the residual emissions observed on POGI are
due to nonaggregated individual POG1 molecule.

The fluorescence dynamics of GO, G1, POB, POGO, and
POG1 were measured in chloroform using the technique of
time-correlated single photon counting (TCSPC). Each of the
samples was excited with a ~1—2 ps laser pulse at 300 nm, and
the fluorescence decays were monitored at 400 nm for GO,
425 nm for GIl, and 575 nm for POB, POGO, and POG],
respectively. The data were analyzed by fitting the transients to a
convolution of the instrument response function and a sum of
exponential decay functions. The results of the fittings along with
the weighted average of the time constants (Tavg) are collected in
Table 2. The fluorescence decay traces and the fitting curves are
also presented in Figure 11. While the fluorescence decay curve
of POB was adequately fit to a single exponential decay function
with a time constant of 4.60 ns, fitting of the PL dynamics of
POGO and POG1 required a sum of three exponential terms with
the overwhelmingly dominant component having a time con-
stant of only around 10 ps. Because our instrument response time
is around 40 ps, there is a possible large uncertainty in the “real”
fluorescence decay time for POGO and POGI. Nonetheless,
these fits give at least the upper limits to the lifetime. The
dramatic shortening of the PDI fluorescence lifetimes after GO or
GI attachment clearly indicates the existence of a fluorescence
quenching mechanism. Because the bandgap of the PDI core is
much smaller than that of the GO or G1, energy transfer from PDI
core to the GO or G1 dendron is not possible. Photoinduced
electron transfer is thus presumed to be the major fluorescence
quenching pathway for PDI excitons. It should be noted that
both POGO and POGI were excited at 300 nm, a wavelength
where GO and G1 absorb more strongly than the PDI core does.
Should PDI excitons arise significantly from energy transfer from
GO0/G1 excitons to the PDI core, a growing-in PDI emissions
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may be observed. Our fitting procedure involving convolution of
the instrument response (—40 ps) with the exponential decay
functions fit the very early time part of the data reasonably well.
In other words, the fitting did not require a rise time component,
which may be attributed to a rise time too fast to be resolved by
the TCSPC apparatus. Clearly, it would be desirable to have
ultrafast measurements of the fluorescence rise time to fully
understand the exciton decay dynamics.

When the donor GO or Gl is excited, the donor exciton is
efficiently quenched for both POGO and POGI. The fact that
enhanced PDI core emission is observed for POGO in hexane
when GO is excited and the observation that G1 exciton leads to
PDI core emission indicate that Forster energy transfer at least
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Figure 11. Fluorescence decays of GO, POB, POGO and POGI in
chloroform measured at 400, 575, 575, and 575 nm, respectively, by
time-correlated single photon counting (1ex =300 nm).

partially accounts for the donor exciton quenching. When POB
absorption was used as the PDI core absorption and GO or G1
emission as the donor emission, the spectral overlap integrals
(J&) of POGO and POG1 were calculated to be 3.02 x 10~ ** and
4.72 x 10~"* cm® mol ™', respectively. The energy transfer rate
of POGO and POGI can thus be estimated using the Forster
equation:36

(1)

[— -
N 128N e Y Ty

19000(In 10) (k)¢ 1 [Ro] 6
where 7 and ¢ are the fluorescence lifetime and fluorescence quantum
yield of the donor in the absence of the acceptor, Ji is the overlap
integral between the donor emission and the acceptor absorption,
(k*) is the orientation factor, N, is the Avogadro’s number, 1 is the
refractive index of the medium, R, is the Forster radius, and r is the
center-to-center distance of the donor and the acceptor involved in
the energy transfer. When the following numbers for POGO (Jg =
3.02 x 10" em® mol !, 7 = 3.07 ns, ¢ = 0.021) and POG1 (Ji: =
472 x 10" ecm® mol !, T = 371 ns, ¢ = 0.55) are used and
assuming a random orientation ((k”) > 2/3), the Forster radii of
POGO and POG1 were calculated to be 2.1 and 3.9 nm, respectively.
Molecular dynamics simulations show that the maximum donor—
acceptor (D-A) distances for POGO and POGI are 0.89 and 1.53 nm,
respectively. In other words, the D-A distances in POGO0 and POG1
are much shorter than their respective Forster radii, indicating that the
excitonic energy transfer can be efficient. When the maximum D-A
distances were used, the low-limit energy transfer rates are calcu-
lated to be 5.6 x 10'°S' " and 7.2 x 10'°S'™ for POGO and POG],
respectively.

To confirm whether or not a charge transfer process, following
either the donor excitation or the acceptor excitation, is energe-
tically favorable, the frontier orbitals of POGn were evaluated
using cyclic voltammetry measurements. PDI core is fairly
electron deficient and thus easy to reduce and difficult to oxidize.
GO and G1, on the other hand, are electron rich and easy to
oxidize. During cathodic scan, POB and POGO both show two
reversible reduction waves (Figure 12), which can be attributed
to the reduction of the PDI core.''* The PDI core of POGO is
slightly more difficult to reduce than that of POB, reflecting the
stronger electron-donating property of the triphenylene ether
substituent. Based on the half wave potentials (—1.17 V for POB

| Fc/Fet+
POB | tﬁ

Current

POGO é POGO
3 Gl
2.0 15 -10 05 00 0.0 05 10 15 2.0
Potential vs Ag/Ag+t (V) Potential vs Ag/Ag+ (V)

Figure 12. Cyclic voltammograms of POB, POGO on cathodic scan (left), and POGO, G1 on anodic scan (right). Under identical conditions, the

ferrocene/ferrocenium couple has a half wave potential of 0.36 V (inset).
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Figure 13. Frontier orbitals of the donor (G0 and G1) and the acceptor
(PDI core) and their bandgaps.

D-A*

Figure 14. Schematic presentation of photophysical processes involved
in the D-A system.

and —1.22 V for POGO vs Cp,Fe), the LUMO of the PDI core
for POB and POGO can be calculated to be —3.63 and —3.58 eV,
respectively. On the anodic scan, POGO shows one semirever-
sible oxidation wave, which is attributed to the oxidation of the
triphenylene ring. From the half wave potential (0.82 V vs
Cp,Fe), the HOMO of the donor GO in POGO is estimated to
be —5.62 eV. Due to insufficient sample, we are not able to obtain
the cyclovoltammogram of POGI. It is reasonable to assume
though that the oxidation of the G1 component in POG1 is not
much different from the oxidation of the separate G1 dendron.
Thus, from the oxidation potential of G1 (0.55 V vs Cp,Fe), one
can estimate the HOMO of POG1 to be —5.35 eV. Similarly, the
LUMO of the PDI core in POGI can be assumed to be the same
as that of POGO. Combining the electronic bandgaps of GO, G1,
POGO, and POG1, which can be obtained from their absorption
and fluorescence emission spectra, the frontier orbitals of the
donor component and the acceptor PDI core are calculated and
are shown in Figure 13.

When donor GO or G1 is excited, one sees a facile electron
transfer from excited donor to the LUMO of the acceptor,
leading to a nonemissive charge-separated state (Figure 14).
One competing pathway is the deactivation of the donor exciton
through Forster energy transfer, leading to acceptor excition,
which can be subsequently quenched by charge transfer. When
the acceptor PDI core is excited, there is a facile hole transfer

Table 3. Change in Free Energy for Charge Separation
AG_/eV from Donor Excitation and Acceptor Excitation”

solvent AGpoco(D*)  AGpoco(A*)  AGpogi(D*)  AGpogi(A*)

chloroform —1.72 —0.51 —1.52 —0.64
hexane —1.18 0.03 —1.01 —0.13

“e=1,60=0.055eV 'nm ', &, =4.81 (chloroform), 1.89 (hexane), &.¢
= 4.81 (chloroform), (Eo, — E.g = 2.03 for POGO and 1.76 for POGI,
Ego (GO) = 3.41 eV, Ego (G1) = 3.08 eV, Ego (PDI) = 2.20 eV.

pathway that moves the hole from the HOMO of PDI to the
HOMO of Gn, again leading to the same nonemissive charge
separated state. Thus, no matter if the donor or the acceptor is
excited, photoinduced electron (or hole) transfer follows that
quenches both the donor and the acceptor fluorescence and leads
to a nonemissive photoinduced charge separated state.

As shown earlier, fluorescence quenching for POGI is highly
efficient in both chloroform and hexane. POGO, on the other
hand, shows efficient fluorescence quenching in chloroform but
poor quenching in hexane when the PDI core is excited.
Apparently, a photoinduced electron transfer of POGO with
PDI core excitation is highly dependent on the polarity of the
solvent, a phenomenon observed on other D-A systems as
well.*>*7 Such a strong solvent dependence may be explained
by the free energy change (AG) associated with the photo-
induced charge transfer process, which can be expressed by the
Rehm—Weller equation.®®

AG = e(Euy — Eug) e e (1 N 1 1 1
= e X - - - —_— e _—
© w 9 AmeoeRe  8mEQ\rt 1) \Ewr &

where E,, and E,4 are the oxidation and reduction potential of the
donor and the acceptor, respectively, Eq is the excited state energy
from which electron transfer occurs, & is the polarity of the solvent
used for spectroscopy studies, while &.is the polarity of the solvent
used to determine the redox potentials, R is the center-to-center
donor—acceptor distance, 7~ and 7 are the ionic radii of the donor
and acceptor dyes, respectively, e is the electron charge and & is the
vacuum permittivity. When r* (G0) = 5.14 A, " (G1) = 11.60 A,
and v~ = 3.75 A are used, all of which are estimated from molecular
simulations, and assuming R.c =7 + 1, the change in free energy
for charge separation was calculated according to the Rehm—Weller
equation and are shown in Table 3. Electron transfer is energetically
possible for POG1 in both chloroform and hexane, with either donor
exciton or acceptor excitation. For POGO, while charge separation is
energetically favorable in chloroform, the free energy change is
slightly positive in hexane when the acceptor is excited.

To gauge whether kinetics also contributes to the solvent
dependence of the charge transfer process of POGO, the rate
constant for charge separation is estimated based on the follow-
ing equation40

1/2 .
. - 473 72 —AG,
S = | kg TH? PTG T

where V is the coupling between donor and acceptor in the
excited state, A is the reorganization energy, and AGCSqk is the
barrier for charge separation. The reorganization energy includes
internal (4;) and solvent (4) contributions. For donor—acceptor
systems with extended 77-conjugation and structural rigidity, the
internal nuclear reor(ganization energy is usually small and 0.3 eV
is a good estimate.*” The solvent reorganization energy can be

1588 dx.doi.org/10.1021/jp1085334 |J. Phys. Chem. A 2011, 115, 1579-1592



The Journal of Physical Chemistry A

Table 4. Solvent Reorganization Energy 4,/eV and the Bar-
rier for Charge Separation from PDI Excitons in Different
Solvents

AG." (with PDI

As excitation)
POGO POG1 POGO POG1
hexane ~0 (<0.0001)  ~0 (<0.0001)  0.09 0.024
chloroform  0.46 0.44 0.02 0.003

estimated from*’

VSN AT A AN
S 4mey |2\t R | \n? &

and the results are listed in Table 4, from which the barrier for
charge separation is calculated ((AG' = (AGes + 1)*/44).
The barrier for charge separation for POGLI in both solvents
and POGO in chloroform is low and is only slightly higher for
POGO in hexane. Considering the short donor—acceptor dis-
tance for POGO and POGJ, the coupling V'is probably not low
and is not likely responsible for the solvent effect. In other words,
electron transfer appears to be a kinetically facile process for
POGO and POGI in both solvents. The dramatic solvent
dependence of the electron transfer process of POGO is thus
concluded as a thermodynamic effect, not a kinetic one.

B CONCLUSIONS

A donor—acceptor system containing a perylene diimde core
as the acceptor, triphenylene or triphenylene-based conjugated
dendrons as the donor has been prepared. Both PDI and
triphenylene derivatives are common discotic mesogens which
exhibit strong tendency to form sr-stacked columnar liquid crystals.
In polar solvent chloroform, both POGO0 and POGI exhibit efficient
fluorescence quenching when the donor units (GO and G1) or the
PDI acceptor is excited. Photoinduced electron transfer is the
dominating mechanism for exciton deactivation when the PDI core
is excited, while both excitonic energy transfer and photoinduced
electron transfer contribute to the deactivation of the donor excitons.
In nonpolar solvent hexane, POGO and POG1 exhibit different
fluorescence quenching behavior. While effective fluorescence
quenching is observed for POGI, fluorescence quenching is not
effective for POGO when the acceptor is excited. Theoretical calcula-
tions show that the free energy change associated with the charge
transfer process for the acceptor exciton is significantly negative for
POGI in both polar and nonpolar solvents, but only appreciably
negative for POGO in chloroform. In other words, charge transfer
from acceptor exciton for POGO in hexane is no longer energetically
favored. As pristine films, POGO is aggregated through GO—GO0 and
PDI—PDI stacking. When the donor GO is excited, both monomeric
GO emissions and GO excimer emissions are observed. For POG1,
aggregation occurs mostly through G1—G1 stacking, while the PDI-
core is sterically blocked by the perpendicularly oriented bulky G1
substituents. POGI films exhibit no fluorescence.

B EXPERIMENTAL SECTION

General Methods. The syntheses of GO and G1 were pre-
viously reported.”® All reagents and solvents were obtained from
either Aldrich or Fisher and were used as received unless otherwise
stated. Anhydrous THF were distilled over sodium/benzophenone.

Triethylamine was distilled from calcium hydride prior to use. All
air- and moisture-sensitive reactions were carried out in oven-dried
glassware under a nitrogen atmosphere unless stated otherwise.

"H and *C NMR spectra were recorded on a Varian Unity 400
MHz NMR spectrometer. A Voyager DE Pro (Perceptive
Biosystems/ABI) MALDI-TOF mass spectrometer was used
for mass measurement, operating in reflector mode. A mixture
of silver trifluoroacetate/dithranol (1,8-dihydroxyanthrone; 1:25
w/w) was used as the matrix. UV—vis absorption spectra were
recorded in 1 cm path length UV-grade spectrophotometric cells
using a Hewlett—Packard 8452A diode array spectrophot-
ometer. The fluorescence emission and excitation spectra were
measured using a Shimadzu RF-5301PC spectro-fluorophot-
ometer. All samples were deoxygenated by bubbling N, gas
through the sample immediately prior to the fluorescence
measurements. The slits on the excitation and emission sides
of the fluorescence spectrometer have been mentioned in the
text. Fluorescence quantum yields were determined by compar-
ing the integrated fluorescence spectra of the compounds with
the integrated fluorescence spectrum of the selected standard
and correcting for the different refractive indices of the sample
and the standard. For GO and G1 emissions, quinine sulfate in 1
N H,SO, (Pg = 0.55) was used as the standard, while cresyl
violet perchlorate in methanol (®g = 0.54) was used as the
standard for determining the fluorescence quantum yield of the
PDI core emissions. The refractive index of the solvent was used
to approximate the sample refractive index, and the refractive
index of water was used for the standard (both at 25 °C). The
time-dependent fluorescence measurements were performed
using the technique of time-correlated single-photon counting
(TCSPC). Cyclic voltammetry (CV) studies were carried out in
chloroform at room temperature under argon protection using a
BAS Epsilon EC electrochemical station employing a 1 mm” Pt
disk as the working electrode, Ag/AgNOyj as the reference elec-
trode and a Pt wire as the counter electrode. 0.1 M tetrabuty-
lammonium hexafluorophosphate was the supporting electro-
lyte, and the scan rate was 50 mV/s. Each measurement was
calibrated with ferrocene (Fc) as the internal standard (with the
measured E°©| ,, = 0.355 V vs Ag/AgNO3). In the case of rever-
sible curves, each anodic and corresponding cathodic potential
was averaged as EeY i p=1/ Z(EPC + Epa) to obtain oxidation
and reduction potentials. HOMO and LUMO energy levels were
estimated on the basis of the reference energy levels of ferrocene
(4.8 eV below the vacuum level) according to Exyomo/Erumo =
4.8 + (Eypp — EC, /2) eV below the vacuum level.

Molecular Dynamics (MD) Simulations. We used estab-
lished procedures* for MD simulations. Each system (POGO
and POG1) was soaked in a rectangular box of explicit chloro-
form molecules extended 10 A away in all directions from any
atom of POGO or POG], resulting in a POGO system with 585
chloroform molecules and a box of 42.3 x 40.9 x 47.1 A, and a
POG1 system with 1207 chloroform molecules and a box of 53.3
X 49.6 X 63.9 A. Each system was minimized for 1000 steps to
reduce steric clash, followed by 30 ps of ramping up the
temperature from 10 to 300 K. Each system was equilibrated
with the NPT ensemble for 100 ps at 300 K, followed by a
production run of 4000 ps, collecting 4000 snapshots with the
time step of 2 fs. To observe the trajectory changes over time, we
minimized snapshots from both systems at the zeroth ps, 2000th
ps, and 4000th ps. All energy minimization and MD simulations
were carried out using the AMBER 10 package®™ with the
AMBER 99SB force field.** The minimized structures were listed
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in Figure S6. The long-range electrostatic interactions were
calculated with the particle mesh Ewald (PME) method®
and the nonbonded cutoff for the van der Waals interactions
was 10 A.

N,N’-Bs-(2,6-diisopropyl)phenyl-1,7-phenoxy-3,4,9,10-peryl-
ene Diimide (POB). Compound PDI—Br (0.02 g 0.0230
mmol), phenol (0.01 g, 0.1063 mmol), K,CO; (0.01 g, 0.0724
mmol), 18-crown-6 (0.025 g, 0.0946 mmol), and anhydrous
toluene (S mL) were stirred at 110 °C under nitrogen for 45 min.
The resulting mixture was poured into a saturated solution of
K,COj5 and then extracted with dichloromethane. The organic
extracts were washed with water, dried over anhydrous MgSO,,
and the solvent was then evaporated. The crude product was
purified by flash chromatography eluting with 1:1 dichloro-
methane/hexane to give the product as a red solid (0.015 g,
73%). "H NMR (400 MHz, CDCl;): 6 9.65 (d, ] = 12.0 Hz, 1H),
9.59 (d, ] = 8.0 Hz, 1H), 8.76 (d, ] = 8.0 Hz, 1H), 8.70 (d, ] = 8.0
Hz, 1H), 8.42 (s, 1H), 8.34 (s, 1H), 7.44 (m, 6H), 7.31 (m, 4H),
7.25 (m, 2H), 7.18 (m, 4H), 2.70 (m, 4H), 1.13 (m, 24H). *C
NMR (400 MHz, CDCLy): O 163.6, 163.4, 162.8, 162.7, 155.9,
155.2, 155.0, 154.9, 145.6, 133.6, 131.8, 130.9, 130.6, 130.4,
129.7, 129.6, 129.0, 128.0, 126.0, 125.1, 124.9, 124.8, 124.7,
124.1, 124.0, 123.9, 122.4, 119.2, 119.0, 29.7, 29.2, 24.0. Anal.
Calcd. for C4oHsoN,Og: C, 80.51%; H, 5.63%; N, 3.13%; O,
10.73%. Found: C, 80.07%; H, 5.78%.

POGO. PDI—Br (0.0533 g, 0.0614 mmol), GO—OH (0.1064
g, 0.2245 mmol), K,COj; (0.0264 g, 0.1910 mmol), 18-crown-6
(0.06 g, 0.2270 mmol), and anhydrous toluene (10 mL) were
stirred at 110 °C under nitrogen for 18 h. The resulting mixture
was poured into saturated solution of K,CO5 and then extracted
with dichloromethane. The organic extracts were washed with
water, dried over anhydrous MgSOy,, and the solvent was then
evaporated. The crude product was purified by column chro-
matography eluting with 1:1 dichloromethane/hexane to give
the product as a red solid (0.042 g, 42%). "H NMR (400 MHz,
CDCL): 6 9.86 (d, J = 8.0 MHz, 2H), 8.75 (d, ] = 8.0 MHz,
2H), 8.46 (d,] = 8 Hz, 4H), 8.43 (d, ] = 8.0 Hz, 2H), 8.34 (d, ] =
8.0 MHz, 4H), 8.12 (s, 2H), 7.94 (d, ] = 4.0 MHz, 2H), 7.74 (s,
2H), 7.40 (t, ] = 8.0 MHz, 2H), 7.26 (d, ] = 8 MHz, 4H), 7.19
(d,]=8.0 MHz, 2H), 4.18 (t, ] = 6.0 MHz, 4H), 4.05 (br, 10H),
2.71 (m, 4H), 1.89 (m, 4H), 1.78 (br, 4H), 1.57 (m, 8H), 1.38
(m, 16H), 1.12 (d, ] = 4 Hz, 12H), 1.07 (d, ] = 4.0 MHz, 12H),
0.92 (t, ] = 6.0 MHz, 12H). *C NMR (400 MHz, CDCl,): 6
163.6, 163.0, 157.8, 156.2, 150.9, 145.5, 142.7, 134.1, 130.5,
129.9, 129.5, 129.0, 125.6, 124.9, 124.5, 124.4, 124.1, 123.9,
123.8, 123.4, 122.7, 122.1, 121.6, 116.6, 115.7, 115.5, 115.2,
107.6, 106.8, 68.4, 56.2, 31.7, 29.7, 29.4, 24.0, 29.3, 29.1, 25.8,
25.7, 24.0, 22.7, 22.6, 14.1, 14.0. Anal. Calcd. for C,,oH, 4-
N,Oy,: C, 79.78%; H, 6.94%; N, 1.69%; O, 11.59%. Found: C,
79.62%; H, 7.11%.

Compound POG1. PDI—Br (0.0062 g, 0.0071 mmol), G1—
OH (0.0414 g, 0.0288 mmol), K,CO; (0.01 g, 0.0724 mmol),
18-crown-6 (0.019 g, 0.0719 mmol), and anhydrous toluene (5
mL) were stirred for 40 h. The crude product was purified by
column chromatography eluting with 1:5 ethyl acetate/hexane.
The first fraction was collected and it was then subjected to
another column chromatography eluting by 100% dichloro-
methane to give the first fraction as product (red solid) (0.008
g 32%). C NMR (400 MHz, CDCl;): MALDI-TOF mass
analysis calcd for Co4H,5gN, 0,4, 3578.64 (M + Ag™: 3686.51);
found, 3686.62. Anal. Calcd. for C,4,H,55N,0,4: C, 81.22%; H,
7.27%; N, 0.78%; O, 10.73%. Found: C, 80.94%; H, 7.49%.

Il ASSOCIATED CONTENT

© Supporting Information. 'H and "*C NMR spectra of
the compounds, molecular dynamics (MD) simulations of
POGO and POGI, and additional optical spectra (absorption,
fluorescence emission, excitation). This material is available free
of charge via the Internet at http://pubs.acs.org.
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