J. Phys. Chem. R005,109,1168711695 11687

Charge Transfer Processes in Conjugated
Triarylamine —Oligothiophene—Perylenemonoimide Dendrimers
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The synthesis and charge transfer properties of triarylarotigothiophene-perylenemonoimide dendrimers,
TPA(T>-PMI); and TPA(T;-PMI)3, are described. The fluorescence quantum yields indicate strong emission
guenching by electron transfe®fyr = 0.004 for TPA(B-PMI)3, ®1ye = 0.003 for TPA(TL-PMI)3, and

oy = 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 proces? [s;k.s ~ 5 x 10! s71) and a charge recombination of more

than 1 order of magnitude slower®0 ps;k ~ 2 x 10°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 electroluminescent devicé3!6In this context, there is not only
a considerable interest in the study of photoinduced charge
generation in covalently linked dyads but also in derdonor—
acceptor triads that include an additional moiety as a second
electron donot 317

This paper presents the synthesis and the electron transfer

Electron donor-acceptor systers® 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

’ o .
cells;"to convert sunhghtmto.electncall energyn recent years, processes in doneronor-acceptor dendrimers with peryle-
there has been a great interest in preparing photoactive

lecul th ¢ I d h neimide moieties at the periphery and an electron-donating TPA

macromolecules don d e nanr(:me %r scale, arl - z;\montgd ei’ecore substituted with oligothiophene units as the first electron
macromolecular dendrimers nave orawn great Interest due 10y, e role of oligothiophenes as a highly efficient energy
their highly branched nature. This attention is not only from a and electron donor has been reported eaHig The investi-
.S{nthei'.c pou:jt of v_|e|w tht. allso gecﬁus? tlhey hg\t/izsvery gated rigid peryleneimide dendrimers are the triarylamine
interesting and special physical and chemical prop : oligothiophene-perylenemonoimide (PMI) dendrimers, TPA-
dendrimers are also used as artificial photosynthetic systems,(.l.z_F,'v”)3 and TPA(T-PMI)s, composed of the PMI as the
diffgrent types of dendritic chrpmophore assemblies have beenacceptor and the oligothiophéne and TPA moieties as the donors
designed in order'to harvest light enery. ) (see Schemes 1 and 3). Whereas structurally our system is

Recent synthetic developments enable the preparation Ofgjmilar to the one described by Lor et &.our system contains
dendrimers with chromophores at the outer rfmS. By using an oligothiophene unit instead of an oligophenylene unit. The

this concept, a doneracceptor dendrimer system, composed jigothiophene unit is expected to be a better conductor but is
of peryleneimides at the edges with an oligophenyl spacer and 515 much more easily oxidized.

a triphenylamine (TPA) as the core and as the donor, was
reported. This system shows fast electron transfer and long-

lived charge separatidd.In these systems, the photochemically nalyzed as well (see Scheme 2). These molecules aréPMI,

stable peryleneimide acts as the electron acceptor in the excite exithiophene (3),22and perylene-monoimide substituted with
14 i i !

;tate, while as the electron donor, TPA was chosen due _to Its four thiophene units (PMI-7).23 Tg was chosen as a reference
importance as a hole transporter molecule in electrographic andbecause it was readily available. Furthermore, the spectroscopy
indicates that the four thiophene units are conjugated to the

*To whom correspondence should be addressed. E-mail: williams@ phenyl unit of the TPA unit and thus behave like a longer
science.uva.nl. . . .

T Universiteit van Amsterdam. oligomer. Upon hindsight, TPAG)s and TPA(T)s appear to

* University of Ulm. be the ideal donor-reference molecules.

To have a better understanding of the photophysics of the
dendritic macromolecules, three reference systems have been
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SCHEME 1: Molecular Structure of the Triarylamine —Oliothiophene—PMI Dendrimer TPA(T 4-PMI) 3

: TPA(T4-PMI);

Results and Discussion SCHEME 2: Molecular Structure of the Three

Synthesis.The dendrimer TPA(FPMIl); was synthesized in Reference Compounds

62% vyield via palladium(0)-catalyzed coupling of iodinated
perylenyl-oligothiophene PMI-FI23 and the 3-fold boronic ester
of TPA in DME at 80°C. The longer homologue, TPA{T Os N
PMI)s, was similarly obtained in 54% yield by reacting TPA
boronic ester with PMI-Z-1 under the same reaction conditions
(see Scheme 3Y.

Steady-State SpectroscopyThe UV—vis absorption and
luminescence spectra of TPAfPMI)s3, TPA(T4-PMI)3, PMI-
Ta, T, and PMI in tetrahydrofuran (THF) are depicted in Figures
1 and 2, respectively. The absorption maxima that correspondceH”
to, respectively, the oligothiophene unit and the peryleneimide
are observed at 402 and 513 [for TPA{MI)3], 428 and 513 CoHis
[for TPA(T4PMI)s], and 364 and 515 nm (for PMlI4). For
the reference systems, these absorptions are observed at 478,
and 501 (for PMI) and 403 nm (forg].

Figure 1a shows that in the 46600 nm range the absorption
bands of TPA(3-PMI); and TPA(T-PMI); 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 1)1\/II'T4
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SCHEME 3: Synthetic Scheme for the Two Dendrimers

n=1. PMI-T TPA
n=2. PMI-T I

DME /NaQOH/80°C
Pd(PPh,),

n=1. TPA{T,-PMI),
n=2: TPA{T,-PMI),

effect of the PMI based absorption can be attributed to the more conjugation of the (phenyl unit of) TPA with the oligothiophene
delocalized electron distribution in the dendrimers, also pointed unit. Figure 2 shows clearly that, relative to the components
out by the red shifted and broadened emission bands of thePMI and Ts, the emission of the dendrimers (and of PMI-T4)
dendrimers, as compared to PMI (Figures 2 and 3). The is fully quenched. The emission spectra of the two dendrimers
broadening of the absorption bands may also be attributed to aare also presented separately in Figure 3. The emission maxima
small amount of charge transfer character in the ground state.are given in Table 1.

It can also be noticed that the difference in absorption maxima
of the oligothiophene band of PMIzT(Amax = 364 nm) and

1.5x10° |-
TPA(T4-PMI)3 (Amax = 428 nm) clearly shows the effect of the X
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Figure 1. Absorption spectra of (a) TPAEIPMI); and TPA(T-PMI);

Figure 3. Magnification of luminescence spectra of TPA{MI);
in THF and (b) PMI, PMI-T,, and Ts in THF.

(strongest signal), and TPA{PMI); in THF reported in Figure 2.
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TABLE 1: Emission Maxima (4em) and Fluorescence 150000 -
Quantum Yields (®) of TPA(T -PMI) 3, TPA(T 4-PMI) 3,
PMI-T 4, PMI, and T in THF, CHCI 3, and Toluene e TPAT -PMI + acid
THF chloroform toluene — TPA-T-PMI
(e =7.58) (e = 4.70) (e =2.38) L.l
Aem(nM) @  Aem(nm) & Aem(nm) D g

TPA(T-PMIl); 582  0.004 590 0.007 634 003 %
TPA(Ts-PMI)3 562 0.003 574 0.003 644 0.03 E
PMI-T,4 555 0.012 565 0.014 627 0.04 -
PMI 535 0.80 539 0.80 532 0.80 5 50000
Ts 520 0.28 526 0.33 523 0.45 £

2 Jex =460 nm. Emission standard: N;Hiis-(2,5-ditert-butylphen- &
yD)-3,4,9,10-perylentetracarboxylic acid diimié (= 0.99 in CHC}).

. . . 0 L L L L —

To have a more complete analysis of the investigated systems, 300 400 500 600 700

steady-state spectroscopy was also conducted in chloroform and Wavelength / nm

toluene solutions. Table 1 summarizes the wavelengths of therjg e 4. Absorption spectra of TPAGFPMI); in CHC; before and
emission maxima of the dendrimers and reference compounds after the addition of few microliters of trifluoroacetic acid.
Interestingly, the dendritic emission shows a hypsochromic shift

with increasing solvent polarity. No solvent effect was observed 300 -
in the absorption spectra of the samples. This blue shift of the
emission of TPA(}-PMI); and TPA(T-PMI); (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 polarity2> The charge transfer emission
normally shifts to the red upon increasing solvent pol&ity.
Similar hypsochromic shifts were observed before for related
systems but were not discusséd.

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 distance
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 increasing polarity, which indicates that the charge transfer state
are also reporte®® As an emission standard for the PMI (A—*—D™) is stabilized more with the increasing of the solvent
systems, N,Nbis-(2,5-ditert-butylphenyl)-3,4,9,10-perylene-  polarity, which moreover influences the TPA(PMI); system
tetracarboxylic acid bisimidedf = 0.99 in CHC}) was used? slightly more than TPA(FPMI); and PMI-T,.

The quantum yields of the emission of the dendrimers (and for ~ As the charge transfer state is located at ca. 1.5 eV (826 nm)
PMI-T4) are very low with respect to the values obtained for above the ground state in THF (see Energetics) and at ca. 1.9
PMI and Ts, which suggests electron transfer quenching in TPA- eV (650 nm) in chloroform and no emission is observed at these

—— TPAT-PMI
—— TPAT,-PMI + acid

100

Luminescence / a.u.

500 ' 600 ' 700 800
Wavelength/ nm
Figure 5. Luminescence spectra of TPAfPMI); in CHCl; before

and after (strongest signal), the addition of few microliters of trifluo-
roacetic acid 4ex = 460 nm).

(T2-PMI)3 and TPA(T;-PMI)3 (and in PMI-Ty). By usingke; = wavelengths, no radiative decay of the charge transfer state
(®o/P — 1)/to, we can give an (lower) estimate of the rate of occurs. In toluene as a solvent, the situation is not fully clear
TPA(T4-PMI)z in THF of 5.6 x 100 s71, (as charge separation is expected to be endergonic) due to the

For PMI-Ty, it is observed that the maximum of emission is oligomeric nature of the oligothiophene donor that appears to
more blue-shifted as compared to the dendritic molecules andmodulate the center-to-center distance depending on the solvent.
that the quantum yields are slightly higher with respect to the Further studies are needed here.
values obtained for TPAGFPMI)3 (Table 1). The blue shift of The effects of the addition of acid on the absorptive and
emission is attributed to a less extensive electron delocalizationemissive properties of TPAGIPMI); were studied in CHGI
in PMI-T4, which moreover is in agreement with the less broad After the addition of a few microliters of trifluoroacetic acid,
absorption band (Figure 1). The emission quantum yields of negligible changes in the spectra were observed (see Figures 4
PMI-T4 are very low with respect to those obtained for PMI, and 5). Clearly, protonation of the TPA nitrogen, which nullifies
indicating electron transfer quenching by the thiophene (donor), the electron-donating properti@®f TPA, indicates that in the
but are higher than those of the TPA{PMI)s. This indicates donor-donor-acceptor triad the thiophene unit is the first and
that in TPA(T2-PMl)s, the conjugation with (the phenyl unit  only electron donor and the TPA unit does not play a role as a
of) TPA and/or the proximity of the three oligothiophene units second electron donor (vide infra).
makes T, a better donor. The quantum yields of PMI angl T The emission spectra were recorded upon 460 nm excitation.
agree well with the values reported in the literatéfrét The ratio of the absorption at 460 nm of the nit and the

Table 1 shows that the emission quantum yields of TPA- PMI unitin, e.g., TPA(E-PMI)s, is estimated from Figure 1 to
(T-PMI); and TPA(T-PMI); and PMI-T, decrease with be 1:1. Because of the strong conjugation of the two chro-
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Figure 6. (a) Transient absorption spectra of TPAHMI); in THF
at 2, 8, 60, and 120 ps of time delais{= 480 nm). (b) Rise time and
decay of the ion-pair absorption &fetec= 639 nNm.

TABLE 2: Charge Separation Time t;se and Charge
Transfer State Lifetime Tyecay Of TPA(T -PMI) 5,

TPA(T 4-PMI) 3, and PMI-T 4, Measured in THF by Means of
Femtosecond Transient Absorption Spectroscopyifx =
480 nm) Together with the Corresponding Rates

Trise (pS) [Al] Tdecay(ps) [A1] Krise (S_l) Kdecay(s_l) T T T . T .

TPA(T-PMI); 2.8[-0.018] 46[0.031] 3.6« 10! 2.2x 10 Time (ps)

- — 1 (]
-FI;EA'?(-;-I—: PMI)s ig {78%8} gg {82%} gi 18111 ;_(5)§ %go Figure 7. (a) Femtosecond transient absorption spectra of TRA(T

PMI)3 in THF at all incremental time delays recordédy«(= 480 nm).

. . . (b) Rise time and decay of the ion-pair absorptiod@k= 640 nm.
mophores, it is not possible to give exact numbers. For the () ultrafast component and rise time and decay of the ion-pair
“separate” nonbonded chromophores, selective excitation wouldabsorption aflgerec= 680 nm.

occur. The charge transfer processes in TRA{WI); and TPA-

(T-PMI)s and in PMI-T, were investigated by further study  5¢ can be attributed to energy transfer from the oligothiophene
W'th_ time-resolved spectroscopy. _ unit to the PMI moiety and solvation processes (see the
Time-Resolved SpectroscopySingle photon counting and  sypporting Information for theglspectrum). The fast decaying
nanosecond transient absorption in THF as a solvent indicateggg nm band is attributed to the singtesinglet absorption of
that the charge separation and charge recombination occur onpe oligothiophene unit.
a very fast time scale, faster than the time limits of these Comparison of the spectra in the 68800 nm region shows
techniques. The emissive lifetimes of PMI arglii THF, were  an interesting spectral difference with a striking structured
determined to be, respectively, 4.74 and 0.76 ns. feature at 790 nm for PMI-T(Figure 8) and TPA(FPMI);

Femtosecond Transient Absorption SpectroscopyBy (Figure 7). Fortunately, the radical cation spectra of oligoth-
means of femtosecond transient absorption spectroscopyiophenes of different lengths have received ample attett8n
(Aex = 480 nm), the rise times and decay times of the radical and show a systematic red shift upon increase of conjugation
anion and cation absorption were determined. The spectra oflength. Furthermore, similar spectral features, as observed here
TPA(T2-PMI)3, TPA(T4-PMI)3, and PMI-T, are shown in  at 790 nm, are observed for the radical cations of pentameric
Figures 6-8, respectively; the rise and decay times obtained oligothiophenes, and terthiophenes show absorption bands
from the femtosecond transient absorption data are summarizecaround 620 nm. So clearly, the radical cation and anion
in Table 2. absorption of TPA(3-PMI);3 coincide (Figure 6). For PMI-{

As can be seen in Figure 7, also a very fast comporedty the structured feature at 790 nm can be attributed to the radical
ps) is present on the red side of the spectrum of TRAMI)3 cation of T, (Figure 8), and for TPA(F-PMl)3, the spectral gap,
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Figure 8. (a) Femtosecond transient absorption spectrum of PMI-T
in THF at 2, 8, 60, and 120 ps of time delay(= 480 nm). (b) Rise
time and decay of the ion-pair absorption of PMJ-&it Agetec =
611 nm.

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
literature32:33 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-6880 nmj3
is observed and is formed with a3 ps rise time (see Table
2). The radical cation absorption bands around 790 nm for PMI-

Petrella et al.
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Figure 9. Comparison of the femtosecond transient absorption spectra
of TPA(T2-PMI)s, TPA(T4-PMI)s, and PMI-T, in THF at 8 ps time
delay @lex = 480 nm).

TPA(T4-PMI)3 and TPA(T-PMI); dendrimers. Moreover, from

the analysis of the peryleneimide radical anion lifetime in PMI-
Ta, it can be observed that the forward electron transfer and
the charge recombination process occur almost on the same time
scale as for TPA(FPMI); and TPA(T-PMI)s. 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 singletsinglet or singletCT annihilation in the
multichromophoric dendrimers does not occur on a significant
scale.

The radical cation spectrum of TPA is well-establisteuhd
shows maxima at 358, 562, and 650 nm for TPA itself, while
this is already perturbed by the presence of an extra phenyl
group’® 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 ©fsEe
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 S0 S, absorption {es20nm)(S1) > 3

T, and TPA(T-PMI)s show a similar rise time. Because we do ns]. For Ts, an initial transient.absorption bgnd at 800 nm is
not have selective excitation of the perylene chromophore, also®Pserved, which transforms with a 350 ps time constant to an
due to the strong coupling between the chromophoric units, @Psorption band at 700 nm that has a long lifetime and is
energy transfer to the perylene and some short-lived singlet atributed to the triplet statergoonm) (S1) ~ 350 PS;z(zoonm)
singlet absorption of the perylene is also predémll dark (T1) > 2 ns]. Fast processes related to solvent relaxapc_)n _for
states decay by vibrational relaxation. The rates of the electronPMI are observed, as also reported for perylenebisimide
transfer processes are in the order of a few picoseconds. TheSystem&**7but in general have only a minor amplitude. The
energy transfer is 1 order of magnitude faster. The rate of chargelarge difference between the spectral and the kinetic behavior
recombination is more than 1 order of magnitude slower (charge ©f PMI-Ta, TPA(T4-PMI)s, and TPA(E-PMI); relative to PMI
transfer state lifetime ~ 50 ps). and T, together with the strong quenching of the emission,
Figure 9 shows a comparison of the spectra (at 8 ps time clearly shows the special behavior of the active systems.
delay) of the three systems. The 790 nm band is clearly present The transient absorption spectra were recorded upon 480 nm

in TPA(T4-PMI)z and in PMI-T;. The radical cation absorption
band is due to the jTunit and is only slightly perturbed by its

substitution in TPA(E-PMI)s. Figure 9 also points out that the

transient absorption of PMI4Tis very similar to that of the

excitation. The ratio of the absorption at 480 nm of theumit

and the PMI unit in, e.g., TPA@FPMI)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.
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TABLE 3: Calculated Values of Standard Gibbs Free
Energy ChangeAG (Driving Force), Barrier to Charge
Separation (AG*), and 4 (Reorganization Energy) for
TPA(T ,-PMI) 3 and TPA(T -PMI) 5 for the Electron Transfer
Processes TPA— PMI and (Oligothiophene) T, — PMI2

THF

chloroform toluene
(e =7.58) (e =4.70) (e =2.38)

AGeis A AG* AGis A AG* AGes A AG*
(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)

TPA— PMI
—0.46 1.51 0.18-0.07 1.16 0.26 0.74 0.38 0.82
—0.48 1.56 0.19-0.15 1.22 0.23 0.72 0.39 0.79

Th— PMI
TPA(T-PMI); —0.76 1.30 0.06—0.46 1.01 0.08 0.21 0.37 0.22
TPA(T+-PMI); —0.69 1.45 0.10—-0.39 1.12 0.12 0.40 0.38 0.40

2 The internal reorganization energyis 0.3 eV. In TPA(E-PMl)s,
the TPA— PMI distance isR. = 17 A while the T, — PMI distance
is R. = 10 A; in TPA(Ts-PMl)s, the TPA— PMI distance isR. =
23 A while the T, — PMI distance iR. = 14 A. AnEy of 2.3 eV was
used.

TPA(TPMI)s
TPA(T+PMI)s

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

E°Red E°Red E°Ox; E°Ox, E°Oxs E°Oxs E°Oxs
Mm M M M M ™M OV
TPA +0.53
TPA(T-PMI); —1.86 —1.39 +0.28 +0.56 +0.76 +0.95 +1.16
TPA(T+-PMI); —1.87 —1.40 +0.27 +0.42 +0.66 +1.03 +1.13
PMI -1.99 —1.4€

a Measurements conducted in dichloromethane, 10 mV/s, 0.1 M
TBAHFP vs ferrocene/ferroceniurhTaken from ref 21.
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15

—— PMI(T-PM),

20
U[V]vs. Fc/Fc"

Figure 10. Cyclic voltammograms of TPAGPMI); and TPA(T:-
PMI); in dichloromethane/TBAHFP (0.1 M) vs Fc/Fat 100 mV/s.

TPA(T4PMI); and TPA(T-PMI)3, the oxidation potentials are
+0.42 and+0.56 V (vs ferrocene/ferrocenium), respectively,
corresponding to the TPA oxidatiGAwhile in the case of the
charge transfer between PMI and thiophene in TRATMI);

and TPA(B-PMI)s, the oxidation potentials are-0.27 and
+0.28 V (vs ferrocene/ferrocenium), respectively, corresponding
to the thiophene oxidatiof. The reduction potentials of the two
dendrimers are due to the reduction of the peryleneimide unit
[—1.40 V for TPA(Ts-PMI); and —1.39 V for TPA(T-PMI)3

(vs ferrocene/ferroceniumit.

For the “separate” nonbonded chromophores, selective excitation Furthermore, values for the barrier to charge separafiGtX

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

can be estimated via the classical Marcus equdfion:

_(AG+2y°

*
AG 7

)

effect of the solvent polarity on the charge separation processes
is related to the stabilization of the product state with respect whered = A, + As.

to the initial state. For photoinduced charge separation, this is

conveniently quantified by the so-called Weller type ana#fsis

AG = e[on(D) - Ered(A)] - E00 -

2
LA 0 SR N S A
AmeesRe  Breg\r r J\€chcl, €s

Asis the solvent reorganization term, whilg(0.3 eV) is the
internal reorganization energy.

A %ﬁo(llr — 1R)(LIN — 1leg) 3)

wherer is the average ionic radius ands the solvent refractive

which relates the standard Gibbs energy change (driving force)index (Table 3).

in a medium with static dielectric constaeg to the standard

The values oAG, 1, andAG* calculated on the basis of the

redox potentials of the donor (D) and the acceptor (A) (as eqgs 13 show that the charge transfer is in the Marcus normal

measured in dichloromethane, i.e., @ = 8.93), the Eq
excitation energy of either D or A, their center to center
separatiorRc, and the average ionic radius of'and A".

The R; distances were determined by molecular modeling,

region CAG < 1), and as the solvent polarity increases, the
A~ DT 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.

assuming that the charges are located at the centers of the dondfurthermore, the more energetically favorable processes are
and acceptor units. In this case, a comparison of the driving charge transfer between thiophene and PMI in both of the

forces in the three solvents of different polarity (THF, CEICI

dendrimers, with a lower energy barrier for the charge transfer

and toluene) was made for two different charge transfer in TPA(T>-PMl)3 (0.06 eV in THF) with respect to TPAET

processes in TPAGPMI); and in TPA(T;-PMI)3 molecules:
TPA(donor)— PMI (acceptor) or thiophene(donoty PMI-
(acceptor) (Table 3) (in these calculations,= 4 A, r— =3

A, and the electrochemistry has been conducted in dichlo-

PMI)3 (0.10 eV in THF). Itis 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-

romethane, 0.1 M TBAHFP vs ferrocene/ferrocenium as shown to-center distance should be applied (which would again be due

in Table 4).
A representative cyclic voltammogram is given in Figure 10.

to the oligomeric nature of the thiophene donor). The photo-
physical properties in THF, together with the energetics, are

In the case of the charge transfer between PMI and TPA in summarized in Figure 11.
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A
PMI-(T-TPA)s)*
23ev | o (PMI-(T )3)
1.8 eV + ©=2.8 ps
15ev L PMI"-(To-TPA)s"
Drhr = 0.004
1,=46.3 ps
PMI-(T>-TPA
0.0ev L Ly PMHIZTPAR
A
PMI-(T4-TPA)3)*
23eV 4+ 5 ( (T )3)
1.8 eV + ©1=1.6 ps
166V L PMI(T,-TPA)s"
Orye = 0.003
1,=65.8 ps
PMI-(T4-TPA)
0.0eV - (T TPA)

Figure 11. Energetic schemes of TPA{PMI); and TPA(TL-PMI)s
in THF, indicating the specific times for charge separation and charge
recombination, as well as the quantum yield of emission.

Conclusions

The synthesis and charge transfer properties of triarylamine
oligothiophene-PMI dendrimers, TPA(F-PMI); and TPA(T;-

Petrella et al.

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 UVis, 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 respedtitd'-bis-(2,5-ditert-
butylphenyl)-3,4,9,10-perylentetracarboxylic acid bisimide
(® = 0.99 in CHC}) 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 (366340 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/(ps fwhm) was
recorded using the Raman scattering of a doubly deionized water
sample. Time windows (4000 channels) of 5 (1.25 ps/channel)

PMI)s, were established. Fast photoinduced electron transfert® 50 ns (12.5 ps/channel) could be used, enabling the

(r ~ 2 ps) and strongly quenched emissidnr{z = 0.004 for
TPA(T,-PMI)3 and @ty = 0.003 for TPA(TL-PMI)3] were

measurement of decay times of 5 ps to 40 ns. The recorded
traces were deconvoluted with the system response and fitted

observed. Moreover, the quantum yields of emission decreasel® an exponential function using the Fluofit (PicoQuant)

with increasing polarity indicating that thetAD~* (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 thAG* for the charge transfer between
donor and acceptor in the more polar solvents resulting in an

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

increase of the rates for the charge separation. Furthermore, théump OPA, was used for white light generation, which was
more energetically favorable processes are the charge transfefletected with a CCD spectrograph. The OPA was used to

processes between oligothiophene unit and PMI in both of the
dendrimers.

generate excitation pulses at 480 nm. The laser output was
typically 5uJ pulse? (130 fs fwhm) with a repetition rate of 1

Besides energetic analysis, the steady-state emission spectrkHz. The power dependence and the wavelength dependence
obtained upon acid addition and femtosecond transient absorpWere not studied. A circular cuvettel = 1.8 cm, 1 mm,
tion spectra show that in the electron transfer process the Hellma), with the sample solution, was placed in homemade

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

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. 0.5ina 1

and enhances its conjugation as seen in the absorption spectrdM cell. The incremental time delay could be changed during
the transients of the radial cations, and the quantum yields of the measurement. This allowed small steps at early times and

emission. Because the oligothiophene donor and the PMI

larger steps at later times. All photophysical properties reported

acceptor are linked by one single bond, through space interactionh€re have an error bar of-3.0%.

is considered not important. Very recently, a bithiopheR#I
system was studiééithat displays a slower charge separation
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