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Well-defined star-shaped donor-m-acceptor meta-conjugated systems with broad absorption features
were constructed through facilely synthetic routes, in which triphenylamine (TPA) moiety as an
electron donor and 2-dicyanomethylen-3-cyano-4,5,5-trimethyl-2,5-dihydrofuran (TCF) unit as an
electron acceptor were introduced in various ratios. The investigation of the photophysical properties
indicated that the absorption bands of these compounds covered the whole visible range from 300 to
800 nm. For instance, the absorption onset of D1A2T2 was located at about 780 nm and peaked at
606 nm in thin film. The steady and transient emission spectra showed that these compounds possess
an intramolecular energy transfer in such a meta-conjugation system, which was further supported by
our computational investigation. Our systematic structural variation provides us insight into the
tuning strategy of optical properties in D-7-A systems and offered us a series of broad absorption

molecules.

Introduction

Donor-z-acceptor conjugated systems have attracted con-
siderable attention due to their unique properties as active
materials for organic electronics including organic light-emitting
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diodes (OLEDs),' '? photovoltaic cells,”>”'® nonlinear
optics,'” ™7 fluorescence imaging,”*** and memory.’* 2
Recently, substantial progress has been achieved toward
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understanding the structure—property relationships of such
conjugated systems. 4321333 Their effective charge push—
pull effect depends not only on the donor (D) and acceptor
(A) groups but also on the effective w-conjugation system
and length between donor and acceptor groups. Photon-
induced electron transfer (PET) has been largely investigated
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in these systems because it is a very important process in
photovoltaic applications.>> ¢

Although a large number of D-bridge-A (DBA) systems
with para- and ortho-conjugated systems have been investi-
gated, meta-conjugated DBA systems are less developed.*’
Both theoretical and experimental studies show that
although meta-conjugation blocks the delocalization in the
ground state, it shows a strong coupling effect in the excited
state. Most recently, the investigation of the charge separa-
tion and recombination of meta-conjugated phenylacetylene
demonstrated that meta-conjugation style obviously enhanced
the charge separation compared with the para-conjugation
counterparts.47

In our previous contributions, we developed a C; sym-
metric and readily modifiable truxene skeleton for OLEDs,
organic field-effect transistors (OFETs), and light-harvesting
systems.*® The 2,7,12-trisubstituted truxene unit, as a good
meta-conjugated system,* is similar to the mera-conjugated
phenyl system investigated by Martinez et al.*’ We modi-
fied the truxene unit in the following aspects to investigate
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CHART 1. Molecular Structures of D1A1T1, D2A1T1, D1A2T1, D1A1T2, D2A1T2, and D1A2T2

D1A1T2

D1A2T2
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SCHEME 1. Synthetic Approach to D-7-A Truxene-Linker Chromophores D1A1T2, D1A2T2, and D2A1T2

i. 1 eq. n-BuLi, THF, - 78 °C, 4h.
S _ CH,P(O)(OEt), ii. DMF, - 78 °C to rt, overnight.
U/ ii. dilute HCI.
KOBU!, THF, - 78 °C
90%

35% for 3, 10% for 4, 1% for 5

3:X,=H X =H;
4:X,=CHO, X,=H;
5: X, = CHO, X, = CHO.

R =n-CeHys

a3

CH,P(O)(OEt),
—_—
KOBU!, THF, - 78 °C

X NG
NC_ )—CN
i. 1 eq. n-BuLi, THF, - 78 °C, 4 h. 7 [ o
ii. DMF, - 78 °C to rt, overnight. _ _ D1A1T2
ii. dilute HCI. 38% X1 =CHO. X2 =H " \11,0Ac, THF, EtOH, 60 °C, 76%
NG
NC_ )~CN
i. 3 eq. n-BuLi, THF, - 78 °C, 4h. [ o
ii. DMF. - 78 °C to rt, overnight. 8

X4 = CHO, X, = CHO D1A2T2
1 2 NH,OAc, THF, EtOH, 60 °C, 69%

iii. dilute HCI. 68%

NC
i. 2 eq. n-BuLi, THF, - 78 °C, 4h. NC__)—CN

ii. DMF, - 78 °C to rt, overnight. )
CH,P(O)(OEt ii. dilute HCI, 78 %
,P(O)(OEt), 9:X=H ° 10:X=CHO ———— > D2A1T2
KOBU!, THF, - 78 °C, 90% NH4OAc, THF,

EtOH, 60 °C, 68%
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SCHEME 2. Synthetic Approach to D-77-A Truxene-Linker Chromophores D1A2T1, D1A1T1, and D2A1T1

CH,P(0)(OEt),

KOBU!, THF, - 78 °C

i. 1 eq. n-BuLi, THF,-78°C, 4 h.
ii. DMF, - 78 °C to rt, overnight.

iii. dilute HCI. 45%

i. 3 eq. n-BuLi, THF, - 78 °C, 4h.
ii. DMF, - 78 °C to rt, overnight.

iii. dilute HCI, 60 %

CH,P(0)(OEY),

KOBU!, THF, - 78 °C, 90%
15

17: x,=cHO ——— > D2A1T1
NH,OAc, THF,
EtOH, 60 °C, 84%

meta-conjugated DBA systems: (1) tuning the D—A ratios
and (2) introducing different linkers between the donor and
acceptors. Herein, we present the synthesis, characterization,
photophysical and electrochemical properties and theoreti-
cal investigation of star-shaped D-z-A chromophores with
arms of varying length, D1A1T1, D2AITI1, D1A2TI1,
D1A1T2, D2A1T2, and D1A2T2, in which a triphenylamine
(TPA) unit is employed as an electron donor and 2-dicyano-
methylen-3-cyano-4,5,5-trimethyl-2,5-dihydrofuran (TCF)
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13: X;=CHO, X, =H

12:X,=H,X;=H;

X1

NC
NC ~ /—CN
4 (o}

» 14: X, =CHO, X, = CHO.

D1A1T1
NH,OAc, THF, EtOH, 60 °C, 82%
NC,
NC_ p)—CN
@)
> D1A2T1

NH4OAc, THF, EtOH, 60 °C, 72%

i. 2 eq. n-BuLi, THF, - 78 °C, 4 h.
ii. DMF, - 78 °C to rt, overnight.
iii. dilute HCI. 82%

moiety as an electron acceptor. Their molecular structures
are shown in Chart 1. The systematic structural variation
provides us insight into the tuning strategy of optical proper-
ties in D-7-A systems and offered us a series of broad
absorption molecules.

Results and Discussion

Synthesis. Scheme 1 illustrates the synthetic approach to
these D-7r-A truxene-linker chromophores, D1A1T1, D2A1T1,
D1A2T1, D1A1T2, D2A1T2, and D1A2T2. The Horner—
Emmons coupling reaction between compound 1**¢ and
diethyl thiophen-2-ylmethylene phosphonate®® afforded 2
in 90% yield. Treatment of 2 with n-butyllithium followed
by adding DMF at —78 °C and then hydrolyzing gave a
mixture of aldehydes 3, 4, and 5 in moderate yield, which

(50) Hou, J.; Tan, Z.; Yan, Y.; He, Y.; Yang, C.; Li, Y. J. Am. Chem. Soc.
2006, 128, 4911-4916.
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SCHEME 3. Molecular Structures of Model Compounds D3T1, A3T1, D3T2, and A3T2

were easily separated and purified via flash chromatography.
The Horner—Emmons coupling reaction between monoal-
dehyde 3 and 4-(diphenylamino)benzyl phosphonate yielded
6. The reaction of 6 with various equivalents of n-BuLi
followed by adding DMF at —78 °C to give 7 or 8, respec-
tively. We employed the typical Knoevenagel reaction con-
dition for the condensation of TCF and 8 to give compound
D1A2T2 in poor yield.*® After we adapted NH,OAc as a
base in a solvent mixture of THF and EtOH at 60 °C for 4 h,
the yield of this condensation for D1A2T2 was increased to
76%. D1A1T2 was also obtained through the condensation
of TCF and 7 at the same condition in 69% yield. As shown
in Schemes 1 and 2, following the same procedures, other
D-7-A star-shaped chromophores D2A1T2, D1A1T1, D2AI1T1,
and D1A2T1 were obtained in good yields.

For the comparison, we also prepared the corresponding
model compounds D3T1, A3T1, D3T2, and A3T2 as shown
in Scheme 3 (see Supporting Information). All compounds
were readily soluble in common organic solvents, such as
toluene, THF, and CH,Cl,. The structures and purity of all

new compounds were fully characterized and verified by 'H
and '3C NMR, elemental analysis, and MALDI-TOF MS.
Computational Modeling Studies. To visualize geometries
and electronic structures of these six compounds, computa-
tional studies were performed before synthesis with density
functional theory (DFT) using the B3LYP/6-31G(d)//
B3LYP/3-21G* level.”"3 All hexyl substituents were replaced
with methyl groups for simplicity. Figure 1 shows the
molecular geometries and the HOMO—LUMO surfaces of
D1A1T1, D1A2T1, and D2A1T1. The truxene cores exhib-
ited good planarity, and the thienylenevinylenes showed a
banana-shaped configuration. As expected, the HOMOs of
these compounds were mostly found on the TPA conjugated
arms, and in contrast the LUMOs mostly existed on the TCF
segments. Because of the meta-substituted truxene cores, the

(51) Frisch, M. I. et al. Gaussian 03, Revision C.02; Gaussian, Inc.:
Wallingford, CT, 2004.

(52) Dennington, R., II; Keith, T.; Millam, J.; Eppinnett, K.; Hovell,
W. L.; Gilliland, R. GaussView, Version 3.09; Semichem, Inc.: Shawnee
Mission, KS, 2003.
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FIGURE 2. Absorption spectra of D2A1T1, DIAIT1, and D1A2T1 (a) and of D2A1T2, D1A1T2, and D1A2T2 (b) in THF solution (10~° M).

HOMOs and the LUMOs were found to be intercepted at the
center; however, the delocalization of the whole molecule
still expanded well for other orbitals. For example,
HOMO-1, LUMO+1, etc. for D1AIT1 suggested the ap-
preciable interactions between donors and acceptors (Figure S1
in Supporting Information). The calculated gas-phase
HOMO-LUMO gaps were found to be 1.44—1.50 eV for
D1A1T1, D1A2T1, and D2AI1T1 and 1.31—-1.33 eV for
D1A1T2, D2A1T2, and D1A2T2, respectively (Table 4).
The calculated band gaps of the molecules were narrower
than the observed molecular absorption band gaps (see
Table 4). These results indicated that there are no direct
transitions from the HOMO to the LUMO. For D1AITI,
the absorption peaks are not the direct transition from the
HOMO to the LUMO,; the absorption of the TPA part can
be attributed to the transition from the HOMO to
LUMO+1. Although its HOMO and the LUMO are dis-
junct, the LUMO+1 and LUMO are partially overlapped
(Figure S1 in Supporting Information). Therefore, we prefer
that an excited electron transfer might exist in this system.
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Photophysical Properties. The absorption and emission
spectra of these star-shaped D-m-A compounds were mea-
sured in dilute THF solution. Figure 2a shows the compari-
son of absorption spectra of D2A1T1, D1AIT1, and
D1A2T1 in dilute THF solution (10°® M). For D1AIT1, in
which the ratio of TPA (donor) and TCF (acceptor) groupsis 1,
it was observed the maximum absorption peak A,,., at about
424 nm with other two absorption bands at about 321 and
526 nm. Compared with model compounds D3T1 and A3T1,
these three absorption bands were coarsely assigned to three
different absorption fragments: the thiophene-functionalized
truxene core (321 nm), thienylvinylene-TPA (424 nm), and
thienylvinylene-TCF units (526 nm), respectively. D1A2T1,
in which the ratio of TPA and TCF groups is 1:2, exhibited
the similar three absorption bands as D2A1T1, in which the
ratio of TPA and TCF groups is 2:1, although these absorp-
tion peaks showed various molar extinction coefficients. The
absorption features of D2A1TI1, DIA1TI, and D1A2T1
covered from 300 to 640 nm, almost the whole visible range,
which was due to the combination of three absorption bands.
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FIGURE 3. Absorption spectra of D2A1T1, D1A1T1, and D1A2T1 (a) and of D2A1T2, D1A1T2, and D1A2T2 (b) in the solid state.

Figure 2b shows the absorption spectra of DIAIT2,
D2A1T2, and D1A2T2 in THF solution (107° M). For
D2A1T2, in which the ratio of TPA and TCF groups is 2,
its absorption features showed two major peaks at 462 and
578 nm in THF solution (10°¢ M). The red shift of the
absorption band of D2A1T2 was observed compared to
D2AI1T1 (462 nm vs 424 and 578 nm vs 526 nm, respectively),
which was due to the increase of the effective conjuga-
tion length. D3T2 showed the absorption maximum A,
at 461 nm in THF solution. Moreover, the absorption
maximum A,,,, for A3T2 peaked at 580 nm in THF solution
(107 M). The splitting of the absorption bands at about 400
to 490 nm was observed from D1A1T2 and D1A2T2. All the
absorption behaviors are in accordance with our theoretical
investigation that the meta-conjugated arms are not coupled
at the ground state.

The absorption of these compounds in thin film as shown
in Figure 3 displayed similar features as in solution; however,
it was observed that three absorption peaks of D1A1T1
showed different red shifts: 5 nm for the truxene part, 10
nm for the TPA part, and 20 nm for the TCF part. Due to
strong molecular interactions, its onset moved from 610 nm
to about 700 nm. Comparison of the solution and solid-state
spectra of D2A1T2 and D2A1T1 revealed that the absorp-
tion spectra of D2A1T2 covered much broader range. By
contrast with the absorption spectra of D2A1T2, D1A1T2,
and D1A2T2, as shown in Figure 3a,b, their absorption
features indicated that the increasing of the ratio of TCF
and TPA induced a successive decrease of the absorbance
intensity of the donor branch and an obvious increase of the
absorbance intensity of the acceptor branch. The photophy-
sical properties of these compounds in solution and in thin
film were summarized in Table 1.

Figure 4a shows the photoluminence spectra of D2A1T1,
D1AIT1, and D1A2T1 in THF solution (10~ M). A successive
photoluminescence decrease was observed with more TCF
introduced into the star-shaped systems. For D2A1T2,
D1A1T2, and D1A2T2, similar photoluminescence decre-
ase phenomenon were observed with a red shift of the
photoluminescence maximum due to longer conjugation
(Figure 4b). The fluorescence quenching of the emission of
TPA segment, as the increase of the TCF, indicated there
might exit another exciton quenching pathways, such as
photoinduced electron transfer (PET)>* and energy transfer

(53) Holman, M. W.; Liu, R.; Zang, L.; Yan, P.; DiBenedetto, S. A.;
Bowers, R. D.; Adams, D. M. J. Am. Chem. Soc. 2004, 126, 16126-16133.

(54) Osuka, A.; Noya, G.; Taniguchi, S.; Okada, T.; Nishimura, Y.;
Yamazaki, I.; Mataga, N. Chem.—Eur. J. 2000, 6, 33-46.

TABLE 1. Summary of Photophysical Properties in Solution and in
Thin Film

absorption A, (nm)

aborption Agpset e, &f
compound in thin film (nm) in solution® in film (x10°M 'em™)
D2AI1IT1 720 526 556 1.95,0.85
DIAIT1 720 526 555 1.10,0.82
D1A2T1 720 526 557 1.26,1.80
D2A1T2 780 578 607 2.50, 0.90
DI1AIT2 780 579 607 1.48,0.95
D1A2T2 780 578 608 1.73,1.85

“Measured in THF solution (10~° M). ?¢ of shorter wave peak. ‘e of
longer wave peak.

(Forster or Dexter).>*>* In the DBA systems, the PET and
super exchange mechanism (modification of Dexter theory)
are preferred.”” As investigated by Bardeen et al. in the meta-
conjugated phenylacetylene DBA system, they proposed
that the process is a PET mechanism and the meta-conjuga-
tion system shows a longer time of electron separation
state.*’

To investigate the solvent effect on photophysical beha-
viors of these D-7-A compounds, we also measured their
photophysical spectra in different solvents varying from
cyclohexane to DMSO in sequence of dielectric constants.
In contrast with para-conjugated compounds, solvent effects
of these meta-conjugated compounds are not so dramatic,
indicating that the electronic interactions in the ground state
are weak.'”" The absorption bands of the donor branches
in these D-71-A compounds did not exhibit obvious shift;
however, the acceptor branch absorption varied relatively
obviously in these solvents. In low polar solvents, the
absorption maximum A,,,, of the acceptor branch showed
an obvious red shift upon increasing the solvent dielectric
constant; for example, the absorption maximum A, of
D2AIT1 peaked at 519 nm in cyclohexane and at 527 nm
in toluene; in more highly polar solvents, the increase of
dielectric constant of solvents, it also induced obvious red
shift and moved to 532 nm in DMF and 537 nm in DMSO
(Figure S5 in Supporting Information, Table 2). The similar
results were also observed from other five D-7-A molecules
(Table 2). DCM seems to be a special solvent for such kind of
systems, which might be due to special interaction between
these molecules and DCM.

However, photoluminescent spectra of these compounds
exhibited distinct solvent dependence. Figure 5 shows the
emission spectra of D2A1T1 in cyclohexane and DMSO

(55) Speiser, S. Chem. Rev. 1996, 96, 1953-1976.
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TABLE 2. Summary of Solvent Effect on Photophysical Behaviors of the D-7-A Compounds
cyclohexane toluene DCM THF DMF DMSO
Compound }'l‘n'dxﬂ lemb }'maxa ﬂ'emb lmuxa j’emh A’maxa lemb ﬁ'muxa ﬂ'emb lmaxa }'emb
D2AITI1 422,519 468, 600 426, 527 458 423, 548 491 423, 526 486 423, 532 502 426, 537 512
DIAITI1 423,518 468, 601 424, 526 456 424, 548 492 422, 526 486 424,534 503 426, 538 512
D1A2T1 423,518 468, 602 424, 527 458 423, 548 491 423,526 485 424, 534 503 425, 538 512
D2A1T2 460, 572 514 465, 579 522 463, 602 532 462, 578 527 462, 584 545 467, 591 556
DI1AIT2 461, 573 513 464, 581 519 460, 601 531 461, 579 526 461, 586 544 466, 592 553
D1A2T2 462, 572 514 465, 580 521 462, 602 532 463, 578 526 462, 586 543 467, 593 554
“Absorption peaks in nm (10~° M). ’Emission peaks in nm. Measured in solutions (10~° M).
100 T T T T T T T
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FIGURE 5. PL spectra of D2A1T1 in cyclohexane (a) and in DMSO (b). Emission spectra were obtained upon excitation at 423 nm.

upon excitation at 423 nm, respectively (10~¢ M). In cyclo-
hexane, an obvious peak in longer wavelength region ap-
peared, which can be attributed to the emission of the TCF
conjugated arms. The peak in the longer wavelength region is
consistent with the emission peak upon excitation at 519 nm,
which proves the energy transfer process in these meta-
conjugated D-7-A molecules (see Figure S4 in Supporting
Information). Moreover, the energy transfer from the TPA
segments to TCF were observed in very dilute solutions
(1077 M), which means that this is an intramolecular energy
transfer. In the DBA systems with an inert spacer (B), the
distinction between Coulombic (Forster) and exchange
(Dexter) interactions is quite clear.”” While in DBA systems
with m-conjugated bridges, the super exchange process is
preferred. Therefore, in the consideration of the previous
discussion, the Dexter or super exchange process might exist
in this system, which results in the intramolecular energy
transfer. However, the PET process and the super exchange

(56) Soler, M.; McCusker, J. K. J. Am. Chem. Soc. 2008, 130,4708-4724.
(57) Pettersson, K; Kyrychenko, A; Rolnnow, E.; Ljungdahl, T.;
Martensson, J.; Albinsson, B. J. Phys. Chem. A 2006, 110, 310-318.
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process can both exist in a DBA system.>>>” With the
increase of the concentration, the emission intensity of both
the TPA and TCF segments increased at first. When con-
centration further increased, the quenching happened at the
same time. When the concentration increased to 5 x 107> M,
all the emission totally quenched.

When the solvent changed to polar DMSO, we observed
only a single emission peak from very low concentrations
(5 x 10~® M) to high concentrations (5 x 107> M). Accord-
ing to the model compound emission spectra, the emission
peak can be attributed to the emission of the TPA segment.
The disappearance of the emission of the TCF arms is also
observed in model compound A3T1 in DMSO, which means
the disappearance of the emission is due to the very low
quantum efficiency of TCF in DMSO. This is because the
increase of the polarity of the solvent resulted in a lowered
band gap and a stronger electron—photon coupling.

For the expanded system, such as D2A1T2, only one peak
was observed both in cyclohexane and DMSO (Figure S6 in
Supporting Information). The disappearance of the emission
peak of the TCF arms is could be explained as follows: first,
the TCF-thienylenevinylene arms intrinsically have low
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quantum efficiencies,”® and second, after introducing the
thienylenevinylene, the bandgap of the arms becomes smal-
ler, which would further lower the quantum efficiency.

To gain further insight into the photophysical behavior of
these compounds, we investigated the fluorescence lifetime
and time-resolved emission spectra of the compounds and
reference models in cyclohexane solutions using a time-
correlated photon counting instrument (as shown in Figure 6).
In Figure 6a, fluorescence decaying spectra of D2A1T1
collected at 610 nm exhibited a faster decaying speed than
those collected at 450 and 530 nm. In Figure 6b, the
fluorescence spectra of D2A1T1 in cyclohexane showed
two fluorescence peaks located at around 470 and 600 nm
if excited at 440 nm using laser light, and the latter peak was
the result of energy transfer. As shown in the figure, no shift
of the fluorescence band was observed, while the intensity
changed with time. At the beginning (2.00 ns) there were no
emission peaks; then the intensity of both peaks gradually
increased simultaneously, reached the maximum at 2.50 ns,
and finally decreased gradually to zero at 5.00 ns. It is
noteworthy that the emission peak of TCF segments de-
creased a bit faster than TPA segments, which is consistent
with the fluorescence decaying spectra of D2A1T1. Both of
the peaks appeared at the same time, which indicated the
energy transfer process was very fast. Therefore, a super
exchange process was preferred in these D-7-A compounds.

The fluorescence lifetimes of these compounds were mea-
sured at the concentration of 1 x 10~° M in cyclohexane. All

(58) Wang, H.; Lu, Z.; Lord, S. J.; Willets, K. A.; Bertke, J. A.; Bunge,
S. D.; Moerner, W. E.; Twieg, R. J. Tetrahedron 2007, 63, 103-114.

TABLE 3. Summary of Fluorescence Lifetimes

compound 71 (ns) 75 (ns) Xz
D3T1 0.77 1.12
D2AIT1 0.70 1.70 1.07
D1AITI 0.55 0.96 1.12
D1A2T1 0.71 3.68 1.18
D312 1.08 1.25
D2A1T2 1.03 0.41 1.10
DI1AIT2 1.15 0.73 1.12
D1A2T2 1.33 0.54 1.18

of these D-71-A compounds exhibited biexponential fluores-
cence decay, which was indicative of the presence of another
fluorescence process in addition to their own fluorescence
decaying, whereas the control compounds D3T1 and D3T2
can be fit to a single exponential fluorescence decay process
(Figure 7). Compounds with different ratios of TPA and
TCF exhibited similar decaying phenomenon and lifetimes.
For D2A1T2, D1A1T2, and D1A2T2, a biexponential decay-
ing process of their lifetime was fit a bit longer than that of
D2AI1TI1, D1A1T1, and D1A2T1. The biexponential decay-
ing process indicated that the fluorescence counted at any
point in time was reduced by both their own usual radiative
decay and intramolecular energy transfer. All time-resolved
fluorescence data are presented in Table 3.

Electrochemical Properties. To determine the electroche-
mical properties and of these compounds and thus to esti-
mate the energy levels of their highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), cyclic voltammetry (CV) experiments were per-
formed in THF solutions containing 0.1 M n-BuyNPFg in

J. Org. Chem. Vol. 75, No. 11, 2010 3653
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TABLE 4. Summary of Electrochemical Properties

Tang et al.

experimental calculated®
compound band gap“ (eV) HOMO?’ (eV) LUMOC (eV) band gap? (eV) HOMO (eV) LUMO (eV) band gap (eV)
D2AITI1 1.72 —5.55 —4.25 1.30 —4.76 —3.29 1.47
DIAIT1 1.72 —5.55 —4.25 1.30 —4.82 —3.32 1.50
D1A2T1 1.72 —5.55 —4.25 1.30 —4.87 —3.43 1.44
D2AI1T2 1.59 —5.45 —4.35 1.10 —4.65 —3.35 1.31
D1AIT2 1.59 —5.45 —4.35 1.10 —4.68 —3.35 1.33
D1A2T2 1.59 —5.45 —4.35 1.10 —4.73 —3.43 1.31

“Estimated from the onset of the absorption at the low-energy edge in solid film. ’Enomo = —[4.65V + Eoxonset]- “Erumo = —[4.65V + Eigionsen]-
”Eg = Erumo — Enomo- ‘Computational studies were performed with density functional theory (DFT) using B3LYP/6-31G(d)//B3LYP/3-21G* level.

THF using Ag/AgCl as the reference electrode at a scan rate
of 50 mV s~ '. The cyclic voltammetry of D2A1T1, D1AITI,
and D1A2T1 showed one irreversible oxidation wave peak at
around 1.05—1.10 V and one irreversible reduction wave
peak at around 0.50—0.60 V versus Ag/AgCl (see Figure S7a
in Supporting Information). The HOMO levels were esti-
mated by the onset of the oxidation processes (Exomo =
—Ey—4.65¢V), and the LUMO levels were estimated by the
onset of the reduction processes (ELumo = Erq — 4.65 eV).
For D2A1T2, D1A1T2, and D1A2T?2, the cyclic voltammetry
showed one reversible oxidation wave peaks at around
0.90—0.95 V and one reversible reduction wave peaks at
around 0.42—0.50 V versus Ag/AgCl. The onset of oxidation
waves and reduction waves, by comparison of those of
D2A1T1, D1A1T1, and D1A2T1, decreased from about
0.90 eV to about 0.80 eV and from about 0.40 V to about
0.30 V due to the conjugation length extending between do-
nors and acceptors (Figure S7b in Supporting Information).
The HOMO, LUMO, and E; of each compound determined
or calculated from data are summarized in Table 4. It is
noteworthy that the ratio of donor and acceptor has little
influence on the electrochemical properties of these com-
pounds, which is easy to clarify by considering the cross-
conjugation property of truxene.*® The observed electroche-
mical behavior can be further explained by taking into
account the orbital structures and energy levels of the
HOMO and LUMO studied by computational methods.
Cyclic voltammetry (CV) experiments in films were also
performed by drop-casting the THF solutions of the com-
pounds on a glassy carbon electrode in an electrolyte of 0.1
M n-BuyNPFg in acetonitrile using Ag/AgCl as the reference
electrode, but we failed to get the reduction wave after many
trials (see Figure S8 in Supporting Information).

Conclusions

In conclusion, we have developed a new series of well-
defined asymmetric star-shaped z-conjugated molecules. By
varying the ratio of TPA and TCEF, the length of linkers, the
absorption spectra of donor—acceptor star-shaped conju-
gated molecules can facilely be tuned. With the increase of
the ratio between TCF and TPA, the relative absorption
intensity in longer wavelength region also increases. We are
currently trying to modify these star-shaped z-conjugated
molecules, mostly by introducing other groups into this
tritopic skeleton, which will help us to further investigate
the structure—property relation of these unique classes of
precisely defined D-m-A conjugated molecules. These meta-
conjugated systems between donor and acceptor might promote
the charge separation process and thus contribute immensely to
research of solar cells. Preliminary researches indicate a high
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correlation between structures and device results and more
systematic fabrication of photovoltaic devices from these mole-
cules are underway in our laboratory.

Experimental Section

General Methods. Chemicals were purchased and used as
received. All reactions were performed under a nitrogen atmo-
sphere unless stated otherwise. THF were distilled from sodium.
"H and "*C NMR spectra were recorded on a 300 MHz NMR
instrument using CDCl; as solvent unless otherwise noted.
Chemical shifts were reported in parts per million (ppm) relative
to internal TMS (0 ppm). UV—vis spectra were recorded on a
UV—vis Spectrometer. PL spectra were carried out on a Lumi-
nescence Spectrometer. MALDI-TOF mass spectra were re-
corded on a time-of-flight (TOF) mass spectrometer using a
337 nm nitrogen laser with dithranol as matrix. Elemental
analyses were carried out on an instrument. Cyclic voltammetry
was performed on a workstation; scanrate, 100 mV s working
electrode, glassy carbon electrode; auxiliary electrode, Pt wire;
reference electrode, Ag/AgCl; supporting electrolyte, n-BuyNPFg
(0.1 M, CH;CN).

General Procedure for the Knoevenagel Condensation Reac-
tion. To a solution of aldehyde and TCF in a mixture of anhydrous
THF and EtOH was added NH4OAc at room temperature under
nitrogen atmosphere. The mixture was stirred for 4 h at 60 ° C.
After 4 h, the reaction mixture was extracted with dichloro-
methane. The combined organic extracts were washed with water
and brine and then dried over MgSO,. After the solvent was
removed under reduced pressure, the residue was purified by
column chromatography to afford the desired compounds.

D1AI1T2. '"H NMR (300 MHz, CDCls, ppm): 8.36—8.42 (m, 3H),
7.76—17.81 (d, J = 159 Hz, 1H), 7.68—7.72 (m, 6H), 7.20—7.44
(m, 15H), 6.99—7.17 (m, 17H, Ar—H), 6.92—6.96 (dd, /= 3.6 Hz,
2H), 6.84—6.89 (d, /=159 Hz, 1H), 6.63—6.68 (d, /J=15.6 Hz, |H),
2.95-2.97 (m, 6H), 2.15 (m, 6H), 1.78 (s, 6H), 0.85—0.96 (m, 36H),
0.54—0.62 (m, 30H). '3*C NMR (75 MHz, CDCl;, ppm): 6 175.5,
172.9, 154.4, 154.3, 151.6, 147.3, 146.3, 145.4, 145.3, 145.1, 143.4,
143.3, 142.4, 141.7, 141.6, 140.9, 140.5, 140.3, 139.7, 139.0, 138.5,
138.0, 137.9, 137.7, 137.0, 132.3, 131.7, 130.8, 130.4, 129.6, 129.2,
129.1, 128.3, 128.1, 127.7, 127.6, 127.5, 127.2, 127.0, 126.7, 126.0,
125.6, 125.4, 125.2, 124.9, 124.5, 124.3, 124.0, 123.8, 123.6, 123.3,
123.1, 123.0, 121.5, 121.4, 121.3, 121.2, 120.0, 119.6, 119.1, 118.9,
112.7,112.0, 111.3, 110.8, 97.1, 56.5, 55.8, 37.1, 31.4,29.4, 26.4, 23.9,
222, 13.8. MALDI-TOF MS (m/z): caled for CiosH;30N4OSq
18948, found 1894.8. Anal. Calcd for C|25H130N4OS6: C, 7915,
H, 6.91; N, 2.95. Found: C, 78.95; H, 7.15; N, 2.85.

D1A2T2. '"H NMR (300 MHz, CDCls, ppm): 8.34—8.41 (m,
3H), 7.76—7.81 (d, J=15.9 Hz, 2H), 7.68—7.73 (m, 6H), 7.41—
7.45 (dd, J = 3.6 Hz, 2H), 7.22—7.39 (m, 15H), 7.03—7.15 (m,
14H, Ar—H), 6.93—6.97 (dd, J=3.6 Hz, 2H), 6.84—6.89 (d, /=
15.9Hz, 1H), 6.64—6.69 (d, J=15.9 Hz, 2H), 2.95—2.98 (m, 6H),
2.15-2.18 (m, 6H), 1.79 (s, 12H), 0.89—0.98 (m, 36H),
0.59—0.63 (m, 30H). '*C NMR (75 MHz, CDCl;, ppm):
0 175.6, 173.0, 154.5, 154.3, 151.6, 147.3, 146.2, 145.5, 145.3,
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145.2, 143.3, 142.4, 141.7, 140.8, 140.3, 139.6, 139.1, 138.5,
138.1, 137.8, 137.1, 132.3, 131.8, 130.7, 130.4, 129.2, 129.1,
128.1, 127.5, 127.1, 126.9, 126.6, 124.9, 124.5, 124.0, 123.6,
123.2, 123.1, 121.3, 121.0, 119.6, 119.0, 112.7, 112.0, 111.4,
110.8, 97.2, 97.0, 56.3, 55.8, 37.0, 31.4, 29.4, 26.4, 23.9, 22.2,
13.8. MALDI-TOF MS (m/z): caled for C137H137N702S6
2103.9, found 2103.9. Anal. Calcd for Cy37H;37N;0,S4: C,
78.13; H, 6.56; N, 4.66. Found: C, 77.95; H, 6.63; N, 4.57.

D2AI1T2. '"H NMR (300 MHz, CDCls, ppm): 8.34—8.46 (m,
3H), 7.76—7.81 (d, J = 15.6 Hz, 1H), 7.68—7.70 (m, 6H),
7.22—7.44 (m, 19H), 6.99—7.14 (m, 24H, Ar—H), 6.92—6.96
(d,J=3.6Hz,4H), 6.84—6.89 (d, J=15.9 Hz, 2H), 6.62—6.67 (d,
J=15.6 Hz, 2H), 2.97—3.00 (m, 6H), 2.13—2.15 (m, 6H), 1.78
(s, 6H), 0.86—0.94 (m, 36H), 0.59—0.63 (m, 30H). '*C NMR
(75 MHz, CDCls, ppm): 6 175.5, 172.8, 154.5, 154.4, 154.3,
151.6, 147.3, 146.2, 145.4, 145.2, 145.1, 143.4, 142.4, 141.7,
140.9, 140.5, 140.3, 139.7, 139.0, 138.5, 138.0, 137.9, 137.7,
137.0, 132.3, 131.7, 130.8, 130.4, 129.5, 129.2, 129.1, 128.1,
127.5, 127.4, 127.1, 126.6, 124.9, 124.5, 124.3, 124.0, 123.8,
123.6, 123.2, 123.1, 121.4, 120.0, 119.6, 118.9, 112.6, 112.0,
111.3, 110.8, 97.1, 56.4, 55.7, 37.0, 31.4, 29.4, 26.4, 23.9, 22.2,
13.8. MALDI-TOF MS (m/z): caled for C145H145N5086:
2163.9, found 2163.9. Anal. Calcd for C4sH;45N50Sq: C,
80.40; H, 6.75; N, 3.23. Found: C, 80.16; H, 7.07; N, 3.13.

DI1AITL. '"H NMR (300 MHz, CDCL,, ppm): 8.34—8.46 (m, 3H),
7.83—7.88 (d, J = 159 Hz, 1H), 7.75—7.78 (m, 2H), 7.70—7.75
(m, 4H), 7.54—7.58 (m, 2H), 7.48—7.49 (d, J = 3.6 Hz, 1H),
7.37-740 (m, 3H), 7.34—7.36 (d, 1H), 7.28—7.31 (m, 3H),
7.12—7.18 (m, 7H), 7.03—7.08 (m, SH, Ar—H), 6.92—6.98 (d, J =
15.9 Hz, 1H), 6.74—6.80 (d, /= 15.6 Hz, 1H), 2.95—2.97 (m, 6H),
2.15 (m, 6H), 1.82 (s, 6H), 0.85—0.96 (m, 36H), 0.54—0.62 (m,
30H). *C NMR (75 MHz, CDCls, ppm): 6 175.6, 173.2, 154.9,
154.3, 154.2, 153.9, 147.4, 147.3, 146.0, 145.5, 145.2, 144.7, 142.7,
142.6, 142.3, 139.6, 139.4, 139.4,139.3, 138.7, 138.3, 138.1, 137.4,
137.2,132.7, 132.6, 140.0, 130.6, 129.3, 128.1, 127.8, 127.1, 127.0,
125.1, 125.0, 124.8, 124.7, 124.7, 124.5, 124.2, 123.8, 123.5, 123.4,
123.1, 123.0, 120.2, 119.7, 118.9, 112.6, 112.0, 111.3, 110.7, 97.4,
97.2,56.7,55.8,37.0,31.4,29.4,26.5,23.9,22.2,13.9. MALDI-TOF
MS (m/z): caled for Co7H;1sN4OS;3 1570.85, found 1570.0. Anal.
Calcd for Cyo7H15sN408S5: C, 81.74; H, 7.56; N, 3.56. Found: C,
81.38; H, 7.89; N, 3.38.

D1A2T1. '"H NMR (300 MHz, CDCls, ppm): 8.35—8.44 (m,
3H), 7.80—7.87 (d, J = 159 Hz, 2H), 7.75—7.77 (m, 4H),
7.69—7.71 (m, 2H), 7.55—7.57 (m, 4H), 7.37—7.39 (m, 2H),
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7.34—7.36 (d, 1H), 7.28—7.30 (m, 3H), 7.12—7.18 (m, 6H),
7.03—7.07 (m, 5H, Ar—H), 6.92—6.98 (d, J = 15.9 Hz, 1H),
6.76—6.81(d, J=15.6 Hz,2H), 2.95—2.97 (m, 6H), 2.15 (m, 6H),
1.82 (s, 12H), 0.85—0.96 (m, 36H), 0.54—0.62 (m, 30H). '*C
NMR (75 MHz, CDCls, ppm): 6 175.6, 175.3, 173.6, 154.5,
154.0, 153.5, 147.1, 146.1, 145.8, 145.7, 145.5, 142.4, 141.6,
139.8, 139.6, 138.9, 138.7, 138.2, 137.4, 132.5, 130.7, 129.1,
128.8, 127.6, 126.9, 126.8, 125.5, 125.2, 124.9, 124.7, 124.3,
123.7, 123.5, 123.1, 122.9, 122.7, 120.0, 119.9, 119.5, 118.7,
112.5, 112.0, 111.4, 111.0, 110.6, 110.5, 108.9, 104.3, 100.0,
97.4, 97.1, 57.7, 55.7, 36.8, 31.2, 29.1, 26.2, 24.0, 22.0, 13.7.
MALDI-TOF MS (m/z): caled for C119H|25N702S3 17799,
found 1779.0. Anal. Calcd for C;;9H,5N-0,S5: C, 80.23; H,
7.07; N, 5.50. Found: C, 79.85; H, 7.18; N, 5.18.

D2AI1T1. '"H NMR (300 MHz, CDCls, ppm): 8.34—8.46 (m,
3H), 7.83—7.88 (d, J = 15.6 Hz, 1H), 7.75=7.79 (m, 2H),
7.69—7.72 (m, 4H), 7.55—7.57 (m, 2H), 7.37-7.39 d, J =
3.6 Hz, 4H), 7.28—7.31 (m, 9H), 7.12—7.18 (m, 11H),
7.03—7.08 (m, 10H, Ar—H), 6.92—6.97 (d, J = 15.9 Hz, 2H),
6.75—6.80(d, J=15.6 Hz, 1H), 2.95—2.97 (m, 6H), 2.15 (m, 6H),
1.82 (s, 6H), 0.85—0.96 (m, 36H), 0.54—0.62 (m, 30H). '*C
NMR (75 MHz, CDCl;, ppm): 6 175.6, 175.3, 173.6, 154.5,
153.9, 153.5, 147.1, 146.1, 145.8, 145.7, 145.5, 142.4, 141.6,
139.8, 139.6, 138.9, 138.7, 138.2, 137.4, 132.5, 130.7, 129.1,
128.8, 127.6, 126.9, 126.8, 125.5, 125.2, 124.9, 124.7, 124.3,
123.7, 123.5, 123.1, 122.9, 122.7, 120.0, 119.95, 119.86, 119.5,
118.7,112.5,112.0,111.4,111.0, 110.6, 110.4, 108.9, 104.3, 99.9,
97.4, 97.1, 57.7, 55.7, 36.8, 31.2, 29.1, 26.2, 24.0, 22.0, 13.7.
MALDI-TOF MS (m/z): caled for C127H133N5OS3 18399,
found 1839.0. Anal. Calcd for C;,;H33N508S3: C, 82.83; H,
7.28; N, 3.80. Found: C, 82.47; H, 7.63; N, 3.39.
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