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The synthesis and charge transfer properties of triarylamine-oligothiophene-perylenemonoimide dendrimers,
TPA(T2-PMI)3 and TPA(T4-PMI)3, are described. The fluorescence quantum yields indicate strong emission
quenching by electron transfer [ΦTHF ) 0.004 for TPA(T2-PMI)3, ΦTHF ) 0.003 for TPA(T4-PMI)3, and
ΦTHF ) 0.8 for PMI]. Moreover, with the increase of the solvent polarity, the quantum yields decrease indicating
that the A+•D-• (acceptor/donor) couple is more stabilized. The femtosecond transient absorption spectra
show a very fast charge separation process (≈2 ps;kcs ≈ 5 × 1011 s-1) and a charge recombination of more
than 1 order of magnitude slower (≈50 ps;kcr ≈ 2 × 1010 s-1), as observed from the rise time and decay of
the radical anion and radical cation absorption bands. The analysis of the transient absorption spectroscopy
and of the energetics of the process using Marcus theory indicates that in the electron transfer process the
thiophene unit is the first electron donor. The triarylamine is not functioning as a second electron donor, as
also substantiated by the absence of an effect of the addition of acid on the emission intensity of the dendrimers.
The presence of the triarylamine and/or the proximity of the oligothiophenes does improve the donor capabilities
of the oligothiophene unit slightly and enhances its conjugation as seen in the absorption spectra and the
transients of the radial cations. These results can be used for a better design of molecular materials for, e.g.,
photovoltaic applications.

Introduction

Electron donor-acceptor systems1-3 are very attractive and
promising candidates for applications in molecular and su-
pramolecular electronics, light harvesting, and photocatalysis
and also find important applications in organic photovoltaic
cells,4 to convert sunlight into electrical energy.5 In recent years,
there has been a great interest in preparing photoactive
macromolecules on the nanometer scale, and among these,
macromolecular dendrimers have drawn great interest due to
their highly branched nature. This attention is not only from a
synthetic point of view but also because they have very
interesting and special physical and chemical properties.6 As
dendrimers are also used as artificial photosynthetic systems,
different types of dendritic chromophore assemblies have been
designed in order to harvest light energy.7,8

Recent synthetic developments enable the preparation of
dendrimers with chromophores at the outer rims.9-12 By using
this concept, a donor-acceptor dendrimer system, composed
of peryleneimides at the edges with an oligophenyl spacer and
a triphenylamine (TPA) as the core and as the donor, was
reported. This system shows fast electron transfer and long-
lived charge separation.13 In these systems, the photochemically
stable peryleneimide acts as the electron acceptor in the excited
state,14 while as the electron donor, TPA was chosen due to its
importance as a hole transporter molecule in electrographic and

electroluminescent devices.15,16In this context, there is not only
a considerable interest in the study of photoinduced charge
generation in covalently linked dyads but also in donor-donor-
acceptor triads that include an additional moiety as a second
electron donor.1-3,17

This paper presents the synthesis and the electron transfer
processes in donor-donor-acceptor dendrimers with peryle-
neimide moieties at the periphery and an electron-donating TPA
core substituted with oligothiophene units as the first electron
donor. The role of oligothiophenes as a highly efficient energy
and electron donor has been reported earlier.18-20 The investi-
gated rigid peryleneimide dendrimers are the triarylamine-
oligothiophene-perylenemonoimide (PMI) dendrimers, TPA-
(T2-PMI)3 and TPA(T4-PMI)3, composed of the PMI as the
acceptor and the oligothiophene and TPA moieties as the donors
(see Schemes 1 and 3). Whereas structurally our system is
similar to the one described by Lor et al.,13 our system contains
an oligothiophene unit instead of an oligophenylene unit. The
oligothiophene unit is expected to be a better conductor but is
also much more easily oxidized.

To have a better understanding of the photophysics of the
dendritic macromolecules, three reference systems have been
analyzed as well (see Scheme 2). These molecules are PMI,21

sexithiophene (T6),22 and perylene-monoimide substituted with
four thiophene units (PMI-T4).23 T6 was chosen as a reference
because it was readily available. Furthermore, the spectroscopy
indicates that the four thiophene units are conjugated to the
phenyl unit of the TPA unit and thus behave like a longer
oligomer. Upon hindsight, TPA(T2)3 and TPA(T4)3 appear to
be the ideal donor-reference molecules.
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Results and Discussion

Synthesis.The dendrimer TPA(T2-PMI)3 was synthesized in
62% yield via palladium(0)-catalyzed coupling of iodinated
perylenyl-oligothiophene PMI-T2-I23 and the 3-fold boronic ester
of TPA in DME at 80 °C. The longer homologue, TPA(T4-
PMI)3, was similarly obtained in 54% yield by reacting TPA
boronic ester with PMI-T4-I under the same reaction conditions
(see Scheme 3).24

Steady-State Spectroscopy.The UV-vis absorption and
luminescence spectra of TPA(T2-PMI)3, TPA(T4-PMI)3, PMI-
T4, T6, and PMI in tetrahydrofuran (THF) are depicted in Figures
1 and 2, respectively. The absorption maxima that correspond
to, respectively, the oligothiophene unit and the peryleneimide
are observed at 402 and 513 [for TPA(T2-PMI)3], 428 and 513
[for TPA(T4-PMI)3], and 364 and 515 nm (for PMI-T4). For
the reference systems, these absorptions are observed at 478
and 501 (for PMI) and 403 nm (for T6).

Figure 1a shows that in the 400-600 nm range the absorption
bands of TPA(T2-PMI)3 and TPA(T4-PMI)3 are substantially
broadened as compared to the PMI itself. Furthermore, the
absorption bands of the oligothiophene units within the den-
drimers can be identified at 402 and 428 nm. The broadening

SCHEME 1: Molecular Structure of the Triarylamine -Oliothiophene-PMI Dendrimer TPA(T 4-PMI) 3

SCHEME 2: Molecular Structure of the Three
Reference Compounds
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effect of the PMI based absorption can be attributed to the more
delocalized electron distribution in the dendrimers, also pointed
out by the red shifted and broadened emission bands of the
dendrimers, as compared to PMI (Figures 2 and 3). The
broadening of the absorption bands may also be attributed to a
small amount of charge transfer character in the ground state.
It can also be noticed that the difference in absorption maxima
of the oligothiophene band of PMI-T4 (λmax ) 364 nm) and
TPA(T4-PMI)3 (λmax ) 428 nm) clearly shows the effect of the

conjugation of the (phenyl unit of) TPA with the oligothiophene
unit. Figure 2 shows clearly that, relative to the components
PMI and T6, the emission of the dendrimers (and of PMI-T4)
is fully quenched. The emission spectra of the two dendrimers
are also presented separately in Figure 3. The emission maxima
are given in Table 1.

SCHEME 3: Synthetic Scheme for the Two Dendrimers

Figure 1. Absorption spectra of (a) TPA(T2-PMI)3 and TPA(T4-PMI)3

in THF and (b) PMI, PMI-T4, and T6 in THF.

Figure 2. Luminescence spectra of TPA(T2-PMI)3, TPA(T4-PMI)3,
PMI (strongest signal), PMI-T4, and T6 in THF (λex ) 460 nm).

Figure 3. Magnification of luminescence spectra of TPA(T2-PMI)3

(strongest signal), and TPA(T4-PMI)3 in THF reported in Figure 2.
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To have a more complete analysis of the investigated systems,
steady-state spectroscopy was also conducted in chloroform and
toluene solutions. Table 1 summarizes the wavelengths of the
emission maxima of the dendrimers and reference compounds.
Interestingly, the dendritic emission shows a hypsochromic shift
with increasing solvent polarity. No solvent effect was observed
in the absorption spectra of the samples. This blue shift of the
emission of TPA(T2-PMI)3 and TPA(T4-PMI)3 (also observed
for PMI-T4) with solvent polarity increase is surprising.
Normally, the local emission of the acceptor or donor does not
shift significantly with polarity.25 The charge transfer emission
normally shifts to the red upon increasing solvent polarity.26

Similar hypsochromic shifts were observed before for related
systems but were not discussed.13

The hypsochromic shift effect is tentatively explained by a
mixing of local perylene excited state with the charge transfer
state and a change of the effective center-to-center distance27

that becomes smaller in nonpolar solvents due to Coulombic
effects. The oligomeric nature of the donor will allow a solvent-
dependent radical cation center by which the center-to-center
distance between the donor and the acceptor can be modulated.
In polar solvents, solvation effects will prevail, and the most
effective stabilization where both ions are solvated separately
by oriented solvent shells will occur at an increased effective
distance.

In Table 1, the fluorescence quantum yields of the systems
are also reported.28 As an emission standard for the PMI
systems, N,N′-bis-(2,5-di-tert-butylphenyl)-3,4,9,10-perylene-
tetracarboxylic acid bisimide (Φ ) 0.99 in CHCl3) was used.29

The quantum yields of the emission of the dendrimers (and for
PMI-T4) are very low with respect to the values obtained for
PMI and T6, which suggests electron transfer quenching in TPA-
(T2-PMI)3 and TPA(T4-PMI)3 (and in PMI-T4). By usingket )
(Φ0/Φ - 1)/τ0, we can give an (lower) estimate of the rate of
TPA(T4-PMI)3 in THF of 5.6× 1010 s-1.

For PMI-T4, it is observed that the maximum of emission is
more blue-shifted as compared to the dendritic molecules and
that the quantum yields are slightly higher with respect to the
values obtained for TPA(T4-PMI)3 (Table 1). The blue shift of
emission is attributed to a less extensive electron delocalization
in PMI-T4, which moreover is in agreement with the less broad
absorption band (Figure 1). The emission quantum yields of
PMI-T4 are very low with respect to those obtained for PMI,
indicating electron transfer quenching by the thiophene (donor),
but are higher than those of the TPA(T4-PMI)3. This indicates
that in TPA(T4-PMI)3, the conjugation with (the phenyl unit
of) TPA and/or the proximity of the three oligothiophene units
makes T4 a better donor. The quantum yields of PMI and T6

agree well with the values reported in the literature.30,31

Table 1 shows that the emission quantum yields of TPA-
(T2-PMI)3 and TPA(T4-PMI)3 and PMI-T4 decrease with

increasing polarity, which indicates that the charge transfer state
(A-•-D+•) is stabilized more with the increasing of the solvent
polarity, which moreover influences the TPA(T4-PMI)3 system
slightly more than TPA(T2-PMI)3 and PMI-T4.

As the charge transfer state is located at ca. 1.5 eV (826 nm)
above the ground state in THF (see Energetics) and at ca. 1.9
eV (650 nm) in chloroform and no emission is observed at these
wavelengths, no radiative decay of the charge transfer state
occurs. In toluene as a solvent, the situation is not fully clear
(as charge separation is expected to be endergonic) due to the
oligomeric nature of the oligothiophene donor that appears to
modulate the center-to-center distance depending on the solvent.
Further studies are needed here.

The effects of the addition of acid on the absorptive and
emissive properties of TPA(T2-PMI)3 were studied in CHCl3.
After the addition of a few microliters of trifluoroacetic acid,
negligible changes in the spectra were observed (see Figures 4
and 5). Clearly, protonation of the TPA nitrogen, which nullifies
the electron-donating properties25 of TPA, indicates that in the
donor-donor-acceptor triad the thiophene unit is the first and
only electron donor and the TPA unit does not play a role as a
second electron donor (vide infra).

The emission spectra were recorded upon 460 nm excitation.
The ratio of the absorption at 460 nm of the T4 unit and the
PMI unit in, e.g., TPA(T4-PMI)3, is estimated from Figure 1 to
be 1:1. Because of the strong conjugation of the two chro-

TABLE 1: Emission Maxima (λem) and Fluorescence
Quantum Yields (Φ) of TPA(T2-PMI) 3, TPA(T4-PMI) 3,
PMI-T 4, PMI, and T6 in THF, CHCl 3, and Toluenea

THF
(ε ) 7.58)

chloroform
(ε ) 4.70)

toluene
(ε ) 2.38)

λem (nm) Φ λem (nm) Φ λem (nm) Φ

TPA(T2-PMI)3 582 0.004 590 0.007 634 0.03
TPA(T4-PMI)3 562 0.003 574 0.003 644 0.03
PMI-T4 555 0.012 565 0.014 627 0.04
PMI 535 0.80 539 0.80 532 0.80
T6 520 0.28 526 0.33 523 0.45

a λex ) 460 nm. Emission standard: N,N′-bis-(2,5-di-tert-butylphen-
yl)-3,4,9,10-perylentetracarboxylic acid diimid (Φ ) 0.99 in CHCl3).

Figure 4. Absorption spectra of TPA(T2-PMI)3 in CHCl3 before and
after the addition of few microliters of trifluoroacetic acid.

Figure 5. Luminescence spectra of TPA(T2-PMI)3 in CHCl3 before
and after (strongest signal), the addition of few microliters of trifluo-
roacetic acid (λex ) 460 nm).
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mophores, it is not possible to give exact numbers. For the
“separate” nonbonded chromophores, selective excitation would
occur. The charge transfer processes in TPA(T2-PMI)3 and TPA-
(T4-PMI)3 and in PMI-T4 were investigated by further study
with time-resolved spectroscopy.

Time-Resolved Spectroscopy.Single photon counting and
nanosecond transient absorption in THF as a solvent indicate
that the charge separation and charge recombination occur on
a very fast time scale, faster than the time limits of these
techniques. The emissive lifetimes of PMI and T6, in THF, were
determined to be, respectively, 4.74 and 0.76 ns.

Femtosecond Transient Absorption Spectroscopy.By
means of femtosecond transient absorption spectroscopy
(λex ) 480 nm), the rise times and decay times of the radical
anion and cation absorption were determined. The spectra of
TPA(T2-PMI)3, TPA(T4-PMI)3, and PMI-T4 are shown in
Figures 6-8, respectively; the rise and decay times obtained
from the femtosecond transient absorption data are summarized
in Table 2.

As can be seen in Figure 7, also a very fast component (≈0.3
ps) is present on the red side of the spectrum of TPA(T4-PMI)3

that can be attributed to energy transfer from the oligothiophene
unit to the PMI moiety and solvation processes (see the
Supporting Information for the T6 spectrum). The fast decaying
680 nm band is attributed to the singlet-singlet absorption of
the oligothiophene unit.

Comparison of the spectra in the 600-800 nm region shows
an interesting spectral difference with a striking structured
feature at 790 nm for PMI-T4 (Figure 8) and TPA(T4-PMI)3

(Figure 7). Fortunately, the radical cation spectra of oligoth-
iophenes of different lengths have received ample attention32,33

and show a systematic red shift upon increase of conjugation
length. Furthermore, similar spectral features, as observed here
at 790 nm, are observed for the radical cations of pentameric
oligothiophenes, and terthiophenes show absorption bands
around 620 nm. So clearly, the radical cation and anion
absorption of TPA(T2-PMI)3 coincide (Figure 6). For PMI-T4,
the structured feature at 790 nm can be attributed to the radical
cation of T4 (Figure 8), and for TPA(T4-PMI)3, the spectral gap,

Figure 6. (a) Transient absorption spectra of TPA(T2-PMI)3 in THF
at 2, 8, 60, and 120 ps of time delay (λex ) 480 nm). (b) Rise time and
decay of the ion-pair absorption atλdetec ) 639 nm.

TABLE 2: Charge Separation Time τrise and Charge
Transfer State Lifetime τdecay of TPA(T2-PMI) 3,
TPA(T4-PMI) 3, and PMI-T 4 Measured in THF by Means of
Femtosecond Transient Absorption Spectroscopy (λex )
480 nm) Together with the Corresponding Rates

τrise (ps) [A1] τdecay(ps) [A1] κrise (s-1) κdecay(s-1)

TPA(T2-PMI)3 2.8 [-0.018] 46 [0.031] 3.6× 1011 2.2× 1010

TPA(T4-PMI)3 1.6 [-0.020] 66 [0.024] 6.2× 1011 1.5× 1010

PMI-T4 4.6 [-0.380] 49 [0.580] 2.2× 1011 2.0× 1010 Figure 7. (a) Femtosecond transient absorption spectra of TPA(T4-
PMI)3 in THF at all incremental time delays recorded (λex ) 480 nm).
(b) Rise time and decay of the ion-pair absorption atλdetec) 640 nm.
(c) Ultrafast component and rise time and decay of the ion-pair
absorption atλdetec ) 680 nm.
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between the radical anion absorption at 630 nm and the radical
cation feature at 790 nm, is filled due to the enhanced
conjugation of the oligothiophene to the (phenyl unit of) TPA
unit. The radical cation absorption bands observed here are
slightly red-shifted with respect to the values reported in the
literature.32,33 This effect can be explained by the high delo-
calization in the molecules due to conjugation with (the PMI
and) the phenyl unit of the TPA, which shifts the absorption to
slightly lower energies and which furthermore enhances band
broadening. In all femtosecond transient absorption spectra, the
radical anion absorption of the peryleneimide (at 630-640 nm)13

is observed and is formed with a 2-5 ps rise time (see Table
2). The radical cation absorption bands around 790 nm for PMI-
T4 and TPA(T4-PMI)3 show a similar rise time. Because we do
not have selective excitation of the perylene chromophore, also
due to the strong coupling between the chromophoric units,
energy transfer to the perylene and some short-lived singlet-
singlet absorption of the perylene is also present.34 All dark
states decay by vibrational relaxation. The rates of the electron
transfer processes are in the order of a few picoseconds. The
energy transfer is 1 order of magnitude faster. The rate of charge
recombination is more than 1 order of magnitude slower (charge
transfer state lifetimeτ ≈ 50 ps).

Figure 9 shows a comparison of the spectra (at 8 ps time
delay) of the three systems. The 790 nm band is clearly present
in TPA(T4-PMI)3 and in PMI-T4. The radical cation absorption
band is due to the T4 unit and is only slightly perturbed by its
substitution in TPA(T4-PMI)3. Figure 9 also points out that the
transient absorption of PMI-T4 is very similar to that of the

TPA(T4-PMI)3 and TPA(T2-PMI)3 dendrimers. Moreover, from
the analysis of the peryleneimide radical anion lifetime in PMI-
T4, it can be observed that the forward electron transfer and
the charge recombination process occur almost on the same time
scale as for TPA(T4-PMI)3 and TPA(T2-PMI)3. In other words,
the absence of the TPA unit in the reference system does not
change the kinetics of the charge transfer processes. This also
implies that singlet-singlet or singlet-CT annihilation in the
multichromophoric dendrimers does not occur on a significant
scale.

The radical cation spectrum of TPA is well-established35 and
shows maxima at 358, 562, and 650 nm for TPA itself, while
this is already perturbed by the presence of an extra phenyl
group36 to 397, 695, and 772 nm. On the basis of the spectral
features observed in the femtosecond transient absorption
spectroscopy and the absence of an effect of acid addition on
the steady-state emission, we conclude that the TPA unit is not
oxidized by the acceptor upon photoexcitation. The results
obtained with the time-resolved spectroscopy suggest that in
the two dendrimers the thiophene unit is the first and only
electron donor (Table 2).

The femtosecond transient absorption of PMI and of T6 (see
Supporting Information) resulted in long-lived species with the
following maxima and lifetimes: For PMI, a strong transient
absorption band is observed at 620 nm with a lifetime longer
than 3 ns (the emission lifetime determined with SPC is 4.7
ns). This is attributed to S1 to Sn absorption [τ(620nm) (S1) > 3
ns]. For T6, an initial transient absorption band at 800 nm is
observed, which transforms with a 350 ps time constant to an
absorption band at 700 nm that has a long lifetime and is
attributed to the triplet state [τ(800nm) (S1) ≈ 350 ps;τ(700nm)

(T1) > 2 ns]. Fast processes related to solvent relaxation for
PMI are observed, as also reported for perylenebisimide
systems34,37 but in general have only a minor amplitude. The
large difference between the spectral and the kinetic behavior
of PMI-T4, TPA(T4-PMI)3, and TPA(T2-PMI)3 relative to PMI
and T6, together with the strong quenching of the emission,
clearly shows the special behavior of the active systems.

The transient absorption spectra were recorded upon 480 nm
excitation. The ratio of the absorption at 480 nm of the T4 unit
and the PMI unit in, e.g., TPA(T4-PMI)3, is estimated from
Figure 1 to be 1:10. Because of the strong conjugation of the
two chromophores, it is not possible to give exact numbers.

Figure 8. (a) Femtosecond transient absorption spectrum of PMI-T4

in THF at 2, 8, 60, and 120 ps of time delay (λex ) 480 nm). (b) Rise
time and decay of the ion-pair absorption of PMI-T4 at λdetec )
611 nm.

Figure 9. Comparison of the femtosecond transient absorption spectra
of TPA(T2-PMI)3, TPA(T4-PMI)3, and PMI-T4 in THF at 8 ps time
delay (λex ) 480 nm).
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For the “separate” nonbonded chromophores, selective excitation
would occur.

Energetics.To have a more complete view of the forward
charge transfer process, the analysis of the driving forces and
the energy barriers in the different solvents was performed. The
effect of the solvent polarity on the charge separation processes
is related to the stabilization of the product state with respect
to the initial state. For photoinduced charge separation, this is
conveniently quantified by the so-called Weller type analysis38:

which relates the standard Gibbs energy change (driving force)
in a medium with static dielectric constantεS to the standard
redox potentials of the donor (D) and the acceptor (A) (as
measured in dichloromethane, i.e., atεS ) 8.93), the E00

excitation energy of either D or A, their center to center
separationRC, and the average ionic radius of D+ and A-.

The Rc distances were determined by molecular modeling,
assuming that the charges are located at the centers of the donor
and acceptor units. In this case, a comparison of the driving
forces in the three solvents of different polarity (THF, CHCl3,
and toluene) was made for two different charge transfer
processes in TPA(T2-PMI)3 and in TPA(T4-PMI)3 molecules:
TPA(donor)f PMI (acceptor) or thiophene(donor)f PMI-
(acceptor) (Table 3) (in these calculations,r+ ) 4 Å, r- ) 3
Å, and the electrochemistry has been conducted in dichlo-
romethane, 0.1 M TBAHFP vs ferrocene/ferrocenium as shown
in Table 4).

A representative cyclic voltammogram is given in Figure 10.
In the case of the charge transfer between PMI and TPA in

TPA(T4-PMI)3 and TPA(T2-PMI)3, the oxidation potentials are
+0.42 and+0.56 V (vs ferrocene/ferrocenium), respectively,
corresponding to the TPA oxidation,39 while in the case of the
charge transfer between PMI and thiophene in TPA(T4-PMI)3

and TPA(T2-PMI)3, the oxidation potentials are+0.27 and
+0.28 V (vs ferrocene/ferrocenium), respectively, corresponding
to the thiophene oxidation.40 The reduction potentials of the two
dendrimers are due to the reduction of the peryleneimide unit
[-1.40 V for TPA(T4-PMI)3 and-1.39 V for TPA(T2-PMI)3

(vs ferrocene/ferrocenium)].21

Furthermore, values for the barrier to charge separation (∆G*)
can be estimated via the classical Marcus equation:41

whereλ ) λI + λS.
λS is the solvent reorganization term, whileλI (0.3 eV) is the

internal reorganization energy.

wherer is the average ionic radius andn is the solvent refractive
index (Table 3).

The values of∆G, λ, and∆G* calculated on the basis of the
eqs 1-3 show that the charge transfer is in the Marcus normal
region (-∆G < λ), and as the solvent polarity increases, the
A- D+ charge-separated state is stabilized. These effects result
in the reduction of the energy barrier for the charge transfer
between donor and acceptor in the more polar solvents.
Furthermore, the more energetically favorable processes are
charge transfer between thiophene and PMI in both of the
dendrimers, with a lower energy barrier for the charge transfer
in TPA(T2-PMI)3 (0.06 eV in THF) with respect to TPA(T4-
PMI)3 (0.10 eV in THF). It is interesting to notice that in toluene
emission quenching is observed, although the driving force is
absent according to the data in Table 3. Either the quadrupole
moment of toluene is responsible or a shorter effective center-
to-center distance should be applied (which would again be due
to the oligomeric nature of the thiophene donor). The photo-
physical properties in THF, together with the energetics, are
summarized in Figure 11.

TABLE 3: Calculated Values of Standard Gibbs Free
Energy Change∆Gcs (Driving Force), Barrier to Charge
Separation (∆G*), and λ (Reorganization Energy) for
TPA(T2-PMI) 3 and TPA(T4-PMI) 3 for the Electron Transfer
Processes TPAf PMI and (Oligothiophene) Tn f PMI a

THF
(ε ) 7.58)

chloroform
(ε ) 4.70)

toluene
(ε ) 2.38)

∆Gcs

(eV)
λ

(eV)
∆G*
(eV)

∆Gcs

(eV)
λ

(eV)
∆G*
(eV)

∆Gcs

(eV)
λ

(eV)
∆G*
(eV)

TPA f PMI
TPA(T2-PMI)3 -0.46 1.51 0.18-0.07 1.16 0.26 0.74 0.38 0.82
TPA(T4-PMI)3 -0.48 1.56 0.19-0.15 1.22 0.23 0.72 0.39 0.79

Tn f PMI
TPA(T2-PMI)3 -0.76 1.30 0.06-0.46 1.01 0.08 0.21 0.37 0.22
TPA(T4-PMI)3 -0.69 1.45 0.10-0.39 1.12 0.12 0.40 0.38 0.40

a The internal reorganization energyλi is 0.3 eV. In TPA(T2-PMI)3,
the TPAf PMI distance isRc ) 17 Å while the Tn f PMI distance
is Rc ) 10 Å; in TPA(T4-PMI)3, the TPA f PMI distance isRc )
23 Å while the Tn f PMI distance isRc ) 14 Å. An E00 of 2.3 eV was
used.

TABLE 4: Electrochemistry of TPA(T 2-PMI) 3 and
TPA(T4-PMI) 3, TPA, and PMIa

E0Red2

(V)
E0Red1

(V)
E0Ox1

(V)
E0Ox2

(V)
E0Ox3

(V)
E0Ox4

(V)
E0Ox5

(V)

TPA +0.53
TPA(T2-PMI)3 -1.86 -1.39 +0.28 +0.56 +0.76 +0.95 +1.16
TPA(T4-PMI)3 -1.87 -1.40 +0.27 +0.42 +0.66 +1.03 +1.13
PMI -1.95b -1.46b

a Measurements conducted in dichloromethane, 10 mV/s, 0.1 M
TBAHFP vs ferrocene/ferrocenium.b Taken from ref 21.
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Figure 10. Cyclic voltammograms of TPA(T2-PMI)3 and TPA(T4-
PMI)3 in dichloromethane/TBAHFP (0.1 M) vs Fc/Fc+ at 100 mV/s.
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Conclusions

The synthesis and charge transfer properties of triarylamine-
oligothiophene-PMI dendrimers, TPA(T2-PMI)3 and TPA(T4-
PMI)3, were established. Fast photoinduced electron transfer
(τ ≈ 2 ps) and strongly quenched emission [ΦTHF ) 0.004 for
TPA(T2-PMI)3 and ΦTHF ) 0.003 for TPA(T4-PMI)3] were
observed. Moreover, the quantum yields of emission decrease
with increasing polarity indicating that the A+• D-• (acceptor/
donor) couple is more stabilized with the increase of the solvent
polarity.

Calculation of the energy barriers to the electron transfer
yields to a reduction of the∆G* for the charge transfer between
donor and acceptor in the more polar solvents resulting in an
increase of the rates for the charge separation. Furthermore, the
more energetically favorable processes are the charge transfer
processes between oligothiophene unit and PMI in both of the
dendrimers.

Besides energetic analysis, the steady-state emission spectra
obtained upon acid addition and femtosecond transient absorp-
tion spectra show that in the electron transfer process the
thiophene unit is the first and only electron donor. The
triarylamine is not functioning as a second electron donor, but
it does improve the donor capabilities of the oligothiophene unit
and enhances its conjugation as seen in the absorption spectra,
the transients of the radial cations, and the quantum yields of
emission. Because the oligothiophene donor and the PMI
acceptor are linked by one single bond, through space interaction
is considered not important. Very recently, a bithiophene-PMI
system was studied42 that displays a slower charge separation
as observed here. It is interesting to notice also that the steady-
state emission quenching is much more pronounced in TPA-
(T2-PMI)3 than in PMI-T2, again indicating that the donor
properties of the oligothiophene are improved by TPA substitu-
tion and that charge transfer is the main process in TPA(T2-
PMI)3. Furthermore, an increase of the oligothiophene length
results in a steady increase of donor strength as well as a steady
red shift of the radical cation absorption. TPA substitution has

a similar effect. Thus, triarylamine substitution of oligo-
thiophenes can improve the thiophene donor capabilities and
result in faster charge separation. These results can be used for
a better design of molecular materials for, e.g., photovoltaic
applications.

Experimental Section

Photophysical Properties.Electronic absorption spectra were
recorded on a Hewlett-Packard UV-vis, diode array 8453
spectrophotometer. Steady-state emission spectra were obtained
from SPEX 1681 Fluorolog spectrofluorimeter equipped with
two double monochromator (excitation and emission) and are
corrected for the photomultiplier response. Quantum yields of
compounds were measured with respect toN,N′-bis-(2,5-di-tert-
butylphenyl)-3,4,9,10-perylentetracarboxylic acid bisimide
(Φ ) 0.99 in CHCl3) purchased from Aldrich. Both solvents
used were spectroscopic grade and purchased from Acros and
Merck Uvasol. Trifluoroacetic acid was purchased from Janssen
Chimica.

Time-resolved fluorescence measurements were performed
on a picosecond single photon counting (SPC) setup. The
frequency-doubled (300-340 nm, 1 ps, 3.8 MHz) output of a
cavity dumped DCM dye laser (Coherent model 700) pumped
by a mode-locked Ar-ion laser (Coherent 486 AS Mode Locker,
Coherent Innova 200 laser) was used as the excitation source.
A (Hamamatsu R3809) microchannel plate photomultiplier was
used as detector. The instrument response (∼17 ps fwhm) was
recorded using the Raman scattering of a doubly deionized water
sample. Time windows (4000 channels) of 5 (1.25 ps/channel)
to 50 ns (12.5 ps/channel) could be used, enabling the
measurement of decay times of 5 ps to 40 ns. The recorded
traces were deconvoluted with the system response and fitted
to an exponential function using the Fluofit (PicoQuant)
windows program.

In femtosecond transient absorption measurements, Spectra-
Physics Hurricane Titanium: Sapphire regenerative amplifier
system was used as the laser system. The full spectrum setup
was based on an optical parametric amplifier (Spectra-Physics
OPA 800) as a pump. A residual fundamental light, from the
pump OPA, was used for white light generation, which was
detected with a CCD spectrograph. The OPA was used to
generate excitation pulses at 480 nm. The laser output was
typically 5 µJ pulse-1 (130 fs fwhm) with a repetition rate of 1
kHz. The power dependence and the wavelength dependence
were not studied. A circular cuvette (d ) 1.8 cm, 1 mm,
Hellma), with the sample solution, was placed in homemade
rotating ball bearing (1000 rpm), to avoid local heating by the
laser beam. The solutions of the samples were prepared to have
an optical density at the excitation wavelength of ca. 0.5 in a 1
mm cell. The incremental time delay could be changed during
the measurement. This allowed small steps at early times and
larger steps at later times. All photophysical properties reported
here have an error bar of 5-10%.

Acknowledgment. We thank the German Ministry for
Education and Research (BMBF Netzwerk “Polymere Solar-
zellen”) for funding. J.C. thanks the “Fonds der Chemischen
Industrie” and the German Ministry for Education and Research
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Figure 11. Energetic schemes of TPA(T2-PMI)3 and TPA(T4-PMI)3

in THF, indicating the specific times for charge separation and charge
recombination, as well as the quantum yield of emission.
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