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Abstract: In this paper, we describe the synthesis and photophysical properties of a series of acridine—
triarylamine redox cascades. These cascades were designed in order to promote photoinduced hole transfer
from an acridine fluorophore into an adjacent triarylamine. The excited dipolar state then injects a hole into
the triarylamine redox cascade. Subsequently, the hole migrates along the redox gradient which was tuned
by the substituents attached to the triarylamine redox centers. The rate of hole migration was determined
by fluorescence lifetime measurements and is in the ns regime and depends strongly on the solvent polarity.
The photophysical processes were also investigated by femtosecond broadband pump—probe spectroscopy.
Our studies reveal different dynamic processes in the cascades depending on the solvent polarity, e.g.,
direct charge separation after photoexcitation vs a two step hole transfer mechanism.

Introduction groups have been investigated but also cascades with many
triarylamines in a ro&—2° up to polymers-3° and den-
drimers31~36 |n the present study, we will focus on triarylamine
'tascades in which a hole can be transferred along a redox
gradient. The redox centers of these cascades are built up from
triarylamines connected by acetylene spacers. The hole is
injected in the cascade by photoinduced electron transfer (PET)
of an excited acridine chromophore. Triarylamines were used
as redox centers for the above-mentioned reasons but also

Electron transfer (ET) or, more precisely, hole transfer (HT)
processes in triarylamine based systems have thoroughly been
investigated in the padt* Owing to the relatively simple
synthetic accessibility and the stability of oxidized triarylamines
these units are widely used as hole transport components in.
optoelectronic devices.1° But also on a molecular level,
triarylamines have attracted considerable interest: the triaryl-
amine group was used as the charge bearing unit in organic
mixed valence compounds for intramolecular ET studtes—15
as well as in organic high spin systems for organic ferro-
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because triarylamines possess relatively low internal reorganiza-to induce the long-range separation of opposite charges upon
tion energy?’-38 Therefore, HT processes are expected to be irradiation. So far, most systems that aim to mimic basic aspects
rather quick which will favor photoinduced charge separation of natural photosynthetic reaction centers use porphyrine
processes over other competing processes. On the other handshromophores in close analogy to their natural examiSi€sly

if the back electron transfer is in the Marcus inverted region, a a few systems are known that incorporate triarylamine dits.
small reorganization energy will slow the back electron transfer
and will lead to longlived charge separated states. Our () gust biMoore, 5 Moore, AL lecton ansier n Cherristy,
investigations illustrate a first step how to construct an artificial (40) Ramos, A. M.; Meskers, S. C. J.; van Hal, P. A.; Knol, J.; Hummelen, J.
light-driven system based on triarylamines that might be able ., & Janssen. R A. J. Phys. Chem. 2003 107, 9269-9283.

(41) Ramos, A. M.; Beckers, E. H. A.; Offermans, T.; Meskers, S. C. J.; Janssen,
R. A. J.J. Phys. Chem. 2004 108 8201-8211.

(37) Eberson, LElectron-Transfer Reactions in Organic Chemist®pringer: (42) Ohno, T.; Moriwaki, K.; Miyata, TJ. Org. Chem2001, 66, 3397-3401.
Berlin (Germany), 1987. (43) Lor, M. V.; Lucien; Pilot, R.; Fron, E.; Jordens, S.; Schweitzer, G.; Well,

(38) Lin, B. C.; Cheng, C. P.; Lao, Z. P. Nl. Phys. Chem. 2003 107, 5241~ T.; Mullen, K.; Verhoeven, J. W.; Van der Auweraer, M. V.; De Schryver,
5251. F. C.J. Phys. Chem. B004 108 1072%1-10731.
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In this study, we refrain from employing subunits that resemble
the well-known natural systems and turn to completely artificial
chromophores and redox centers which are more likely to be
incorporated in future optoelectronic devices that shall build
up an electrical potential upon irradiation.

The cascade structurds-5 which we have designed are
drawn in Chart 1 together with some reference systems. The
principal features of the cascade systems are the fluorescen
donor substituted acridine chromophore and the triarylamine
cascade. The triarylamine units are connected by triple bonds
in order to ensure an essentially rigid structure of the whole
cascade with fixed HT distances. To illustrate our conceptual
approach we divide the chromophores into the following
subunits: acridine acceptof), the first triarylamine attached
to the acridine Taral), the second, and third triarylamine
(Tara2 and Tara3) which are farther apart; two triarylamine
groups connected by a triple bond yield a tolandiamine (e.g.,
Taral-=-Tara2). While the HT distances are fixed In-3 and
5 by the almost rigid structure it is not id in which the
N(acridine) N(Tara3) distance can vary between ca. 23 and 29
A, depending on the conformer.

The donor substituted acridine fluorophows-Taral) is a
strong oxidizing agent in the first excited charge transfer (CT)
singlet state. This locally excited singlet state is expected to
oxidize the adjacent triarylamine moietyrgra2) which is

attached to the donor substituted acridine by an acetylene spacer.
We use donor substituted acridine dyes because their photo-

physics are reasonably well understood thanks to the work of
Herbich and Kapturkiewid? (hereafter called HK). These
authors investigated a series of dialkylamino substituted phenyl-
acridines by fluorescence spectroscopy. The local redox potential
of the triarylamine units is tuned by substituents (Cl, Me, MeO)
in para position of the phenyl rings so as to form two shiyt (

2) and one long 4) cascade with downhill hole transport
gradient, that is, the triarylamine moiety which is farthest apart
from the acridine has the lowest redox potential, i.e., it is more
easily oxidized than the triarylamines adjacent to the acridine.
In a recent study, we showed that the redox potentials of
triarylamine in tolandiamines may span a range of 400 mV
depending on the substitueri®sFor comparison, we also
synthesized a branched dendrimeric syst&hag well as a short
cascade with uphill redox gradien8)( The photophysical
properties of these cascades will be compared wiharal
subunits 6—8) as well as with tolandiamined) and phenyl-
acridine (0).

Results and Discussion

A. Stationary Optical Properties. The absorption spectra
of theA-Taral species—8 show a moderately strong CT band
around 25 000 cmit which can be ascribed to a charge transfer
from the triarylamine donor to the acridine acceptor (see Figure
1 and Table 1¥?

(44) Sandanayaka, A. S. D.; Sasabe, H.; Araki, Y.; Furusho, Y.; Ito, O.; Takata,
T. J. Phys. Chem. 2001, 108 5145-5155.

(45) Luo, H.; Fujitsuka, M.; Araki, Y.; Ito, O.; Padmawar, P.; Chiang, L.JY.
Phys. Chem. BR003 107, 9312-9318.

(46) Komamine, S.; Fujitsuka, M.; Ito, O. M.; Miyata, K.; Toshiyuki; Ohno, T.
J. Phys. Chem. £00Q 104, 1149711504.

(47) Lor, M.; Thielemans, J.; Viaene, L.; Cotlet, M.; Hofkens, J.; Weil, T.;
Hampel, C.; Miien, K.; Verhoeven, J. W.; Van der Auweraer, M.; De
Schryver, F. CJ. Am. Chem. So2002 124, 9918-9925.

(48) Sandanayaka, A. S. D.; Matsukawa, K.; Ishii, T.; Mataka, S.; Araki, Y.;
Ito, O.J. Phys. Chem. B004 108 19995-20004.

(49) Herbich, J.; Kapturkiewicz, Al. Am. Chem. S0d.998 120, 1014-1029.

(50) Lambert, C.; N, G. J. Chem. Soc., Perkin Trans.2D02 2039-2043.
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Figure 1. Absorption spectra 06—8 in CHCl..
Table 1. Absorption Maxima of 6—8
'Dabslcn’ri 1’)abs/cnr1 iabslcm*
(eM~tcm™?) (eM~cm™?) (eM~tcm™?)
6 7 8
CeH12 26200 (10400) 25100 (9050) 24700 (6700)
Bu0 26100 (10300) 25100 (8490) 24600 (6830)
MTBE 26200 (10600) 25300 (8640) 24600 (7270)
1,4-dioxane 25900 (9980) 24900 (8030) 24400 (7410)
Et,O 26100 (10700) 25300 (8210) 24700 (7580)
EtOAC 26000 (10200) 25200 (8100) 24600 (7630)
THF 26000 (9950) 24900 (7810) 24300 (7070)
CH.Cl, 25800 (9780) 24600 (7160) 24100 (6940)
DMF 25900 (8980) 24700 (7710) 24200 (6880)
DMSO 25700 (8560) 24400 (6550)

The sharp peaks at ca. 26 000, 28 000, and 29 000 stam
from localized excitations of phenylacridingQ) and the broad
and very intense peak at ca. 33 000 ¢ris due to a localized
triarylamine excitation. The CT bands are somewhat stronger
red shifted with MeO substituents than with Me or CI, that is,
the donor strength of the triarylamine unit can be tuned by the
para substituents attached to the phenyl rings.

The CT bands 06—8 are moderately positive solvatochromic
(e.g.,6: 26200 cn! in CgHy2 and 25 700 cm! in DMSO)
which indicates an increase in dipole moment upon excitation.
Fluorescence spectra of all compounds were measured at the
excitation energy of the CT band maximum. Much in contrast
to 9-phenylacridindl0 which is practically nonfluorescent, the
donor substituted compounds-8 show strong fluorescence
with high quantum yields (see Table 2). The fluorescence spectra
of 6—8 are strongly positive solvatochromic and display a large
Stokes shift (see e.g., Figure 2 for the fluorescence spectra of
6, the full data set for all compounds is given in Table 2) which
is stronger fo8 and7 than for6. This Stokes shift indicates a
major reorganization in the excited state. ¥3kexplain this
behavior by a solvent dependent mixing of a locally excited
state and a CT state with a different degree of planarization in
the excited state while the ground state is generally nonplanar.
Here, we simply state that AM1 computations yield two ground-
state minima for8 that are very close in energy but differ in
their relative orientation of the dianisylamino group to the
acridine moiety, coplanar vs perpendicular, the latter being in
accordance with the X-ray crystal structure investigation (see
Supporting Information). If cyclohexane is excluded, then a plot
of the fluorescence energy vs the solvent parameters according
to Lippert and Mataga (eq %) yields a reasonable linear
correlation (Figure 3 and Table 3). Cyclohexane is excluded as
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Table 2. Steady State and Time Resolved Optical Properties of 1—8
em—1 (o} 7ins ki108s1 k10851 lem—1 (o} Tiins ki108 st k10851
1 2
CeH12 22400 0.23 15 15 5.1 21900 0.42 1.7 25 3.4
Bu,O 20500 0.38 20000 0.53
MTBE 19400 0.37 5.9 0.63 1.1 19100 0.49 4.8 1.0 1.0
1,4-dioxane 19500 0.49 5.4 0.91 0.94 18900 0.67 6.4 1.0 0.52
EtO 18100 0.10 17800 0.22
EtOAC 17800 0.08 4.7 0.16 2.0 17500 0.27
THF 17300 0.06 5.0 0.12 1.9 17300 0.22 5.9 0.37 1.3
CH,Cl, 15700 0.01 0.8 0.13 12 15500 0.02 0.7 0.28 14
PrCN
DMF
DMSO
3 4
CeH12 22000 0.42 1.8 2.4 3.2 22600 0.18 1.0 1.8 8.2
Bu,O 20000 0.51 21000 0.30
MTBE 19000 0.67 4.9 1.4 0.68 20000 0.32 4.3 0.75 1.6
1,4-dioxane 18900 0.58 6.3 0.92 0.67 19800 0.42 4.7 0.90 1.2
Et,O 17800 0.50 6.9 0.73 0.72 18900 0.20
EtOAC 17300 0.36 18400 0.22 8.0 0.27 0.98
THF 17200 0.46 7.2 0.63 0.76 18300 0.13 9.2 0.14 0.95
CH,Cl, 15700 0.18 7.4 0.25 1.1 16000 0.02 4.8 0.032 2.1
PrcN
DMF 14800 0.01
DMSO
5 6
CsH12 21800 0.40 1.9 2.1 3.2 23000 0.14 0.55 2.6 16
Bu,O 20300 0.74 3.4 2.2 0.77 21800 0.26
MTBE 19100 0.31 45 0.69 1.5 20900 0.38 1.9 2.0 33
1,4-dioxane 19000 0.47 6.0 0.78 0.88 20600 0.52 3.2 1.6 15
EtO 17900 0.23 20100 0.47
EtOAC 17700 0.18 6.3 0.29 1.3 19100 0.86 6.0 1.2 0.43
THF 17400 0.15 6.9 0.22 1.2 19200 0.74 5.7 1.5 0.24
CHCl, 15300 0.01 1.0 0.10 9.9 18200 0.90 9.3 0.97 0.10
PrCN 17100 0.74
DMF 16500 0.72 11.4 0.63 0.25
DMSO 15900 0.65 11.6 0.56 0.30
7 8
CeH12 22100 0.28 1.3 2.2 5.5 21300 0.34 2.0 1.7 33
Bu,O 20400 0.41 18900 0.56
MTBE 19400 0.56 4.9 1.1 0.90 17800 0.66 6.7 0.99 0.51
1,4-dioxane 19000 0.72 17600 0.71
EtO 18300 0.63 16600 0.34
EtOAC 17700 0.67 16100 0.20
THF 17700 0.76 8.9 0.86 0.27 16000 0.29 6.2 0.47 1.1
CH,Cl, 16100 0.58 12.4 0.46 0.34 14800 0.05 2.4 0.21 4.0
PrCN 15600 0.28
DMF 15000 0.10
DMSO 14800 0.07 2.8 0.23 33
solvent. In eq T is the fluorescence energy maximui®is
1.0 the fluorescence energy maximum in vacuym,and ue are
08 6 the ground state and excited-state dipole moments, respectively,
' which are assumed to be paralla,is the effective radius of
06 the soluten is the refractive index andis the permittivity of
the solvent. The slopes of the Lippeitlataga correlations for
0.4 6—8 are quite similar (see Figure 3 and Table 3). An effective
solute radius b7 A (estimated from an AM1 computation)
0.2 yields a dipole moment of 31 D for the excited state. The ground
state has a dipole moment of-8 D depending on the
0,0 conformation (see above) estimated by AM1 computations.
Thus, the dipole moment difference of ca. 26 D roughly
15000 18000 21000 24000 ) . .
- corresponds to the transfer of a unit charge from the triarylamine
7/cm

Figure 2. Normalized fluorescence spectra (solid linespdfom left to
right in DMSO, PrCN, THF, MTBE, GH12.

nitrogen to the acridine center. Therefore, we can best describe
the CT state by(A)~-(Taral)™. In general, the stationary

it gives values which are significantly too low; this effect might
have to do with changes in solute geometry in this very apolar

ppan, P.; Ghoneim, I$obatochromismThe Royal Society of Chem-
istry: Cambridge, 1997.
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Figure 3. Lippert—Mataga plot foi6 (circles),7 (squares), andl (triangles).
The solvents are from left to right: 812, Bu;O, ELO, MTBE, EtOAc,
THF, CH,CI,;, DMSO, PrCN, DMF. Cyclohexane is excluded from the
correlation.

Table 3. Fitted Parameters from Eq 1

(Zﬁeme _/79))/
P%cm-t 4eghcayem !
1 27120 —33330
2 26120 —30470
3 25840 —29570
4 27620 —32710
5 26730 —32520
6 28200 —31020
7 26380 —30060
8 24820 —30050
60000
.-g 40000
s
Py
20000
0

15000 20000 25000 30000 35000
7/ cm”

Figure 4. Absorption spectra 0f—3 in CHyCl,.

absorption and fluorescence behavior6ef8 is analogous to
the dialkylamino substituted species described by“AiK.

V= ;,}’ac — M(f(e) — lf(nZ)) with
4Areghca, 2
_e—1 a_ N—1
fle) = e T land fh) = o1 (1)

The absorption spectra of the cascade$ (see Figures 4
and 5) are much less structured than thosg—8 due to severe

¥lem?
Figure 5. Absorption spectra of and5 in CH,Cl.

15000 18000 21000 24000

v/ cm™”

Figure 6. Reduced I(#)/# vs 7) and normalized fluorescence spectra
(solid lines) of 3 from left to right in THF, EfO, BwO, GsHio and
simulation by eq 2 (symbols).

lution. From Figure 4, it is obvious that the substitution pattern
has only a marginal influence on the absorption spectra with
exception of the low-energy tail which is more intens8&idue

to the MeO substituent diaral which makes it a stronger donor
compared tdraral in 1 and2. The absorption spectra éfand

5 are quite similar because both species have the same number
of Tara groups and tolandiamine units. This observation
supports the conceptual approach of dividing the cascades into
the above-mentioned moderately interacting units.

The fluorescence spectra bf-5 (see Figure 6) are strongly
solvatochromic and are very similar in energy and band shape
to those of6—38, irrespective of the excitation energy. However,
while there are significant differences in the Stokes shif-68
due to strong substituent effects, the fluorescence energy maxima
for 1-5 are very similar in a given solvent. The slopes of the
Lippert—Mataga plots ofi—5 are also in good agreement with
those of6—8. Excitation spectra of all compounds are identical
to the absorption spectra and prove complete energy transfer to
the § state, irrespective of excitation energy. In addition, no
fluorescence from other states, e.g., local tolandiamine states
was observed which should occur between 25 000 and 20 000
cm~L For comparison, the fluorescence of tolandian@inecurs
between 24 700 cri (cyclohexane) and 20 000 crh(DMSO)

band overlap. The main feature that is added is a very intensewith quantum yields of 0.60 and 0.70. Altogether, these features

band at ca. 27 000 cm which is due to the tolandiamine

prove that the fluorescent state in the cascades has the same

moiety. This band overlaps strongly with the CT band at ca. electronic nature as that in teTaral specie6—38, i.e., all
25 000 cnT! which is only seen as a low-energy tail of the cascades emit from a more or less dipolar CT state localized in
tolandiamine band which prevents a reasonable band deconvothe A-Taral moiety.

10604 J. AM. CHEM. SOC. = VOL. 127, NO. 30, 2005
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Table 4. Reorganization Energies and Free Energy Difference of
3 as Derived from Eq 2

Table 5. Redox Potentials of 1—8 in CH2Cl,/0.2 M TBAH vs
Fc/Fct, v =250 mV s™1a

Adom™ Adem™1 AGfcm nlemt EZmv EJStimv E)SImv E)SImv Emv
CeH12 1100 1240 —23250 1450 1 —216( 260 (Tara2) 640 (Taral) 11200
B,O 1240 2080 —22510 1400 2 —213¢ 250 (Tara2) 530 (Taral) 1100
MTBE 1210 2620 —21980 1400 3 —2150° 400 (Taral) 620 (Tara2)
1,4-dioxane 1100 2600 —21740 1400 4 —2160 240 (Tara3) 480 (Tara2) 680 (Taral) 103
EtO 1140 3670 —21790 1400 5 -—216(¢ 27C(Tara2) 630 (Taral) 1050
EtOAc 1170 3740 —21340 1400 6 —1730 690 (Taral) 1320
THF 1090 3650 —21080 1400 7 —2080 460 (Taral)
CH.Cl2 1440 3400 —19520 1400 8 —214¢ 290 (Taral) 1020

aBad signal-to-noise ratio.

To extract the reorganization energyassociated with any
low-frequency vibrations (such as solvent and low energy solute
motions) and the reorganization energyassociated with any
high energy vibrations (bond length and angle distortions) as
well as the free energy differena®Gyo between the relaxed
excited CT and the ground-state we applied the vibrational
coupling theor§?-54 based on a Golden rule expression where
uq is the fluorescence transition moment & the Huang-
Rhys factord,/v,.The fluorescence spectra were fitted by eq 2,
wherevy is an averaged high-frequency mode associated with
Av.

| 16 107 nn’+2)°  ©ey 1

v =

! 3¢, o J; it A 4zhcd kT
hc(, + A+ 7 + AGyy)°

ex

2
42 KT @)

The fitted reorganizational parameters are collected in Table 4

for 3 and the fits are displayed in Figure 6. An averaged
vibration?, = ca. 1400 cm® was used for the fits which roughly
correlates to a €N vibration. Although the partitioning of the
total reorganization energy infQ and/, is somewhat arbitrary,
the free energyAGyo is rather accurate and decreases with
increasing solvent polarity. However, the sum of both re-
organization energies compares well with those of tetraaryl-
tolandiamine radical cations in GEI, which is ca. 6000 cmit.°
Similar observations are true for all other derivativie®, and
4-8.

B. Redox Properties. To gain insight into the energy of
localized states with radical cation or radical anion character
we measured the redox potentialslef8 by cyclic voltammetry
(CV) in CH,CI,/0.2 M TBAH solution vs Fc/Ft. The corre-

sponding redox potentials are collected in Table 5 where they

are grouped according to their redox potential range. An
interpretation as to which triarylamine moiety the given
potentials refer is also given in parentheses. The relatively
narrow range in which the redox potential for a given type of

triarylamine groups occurs shows that the coupling between the

triarylamine groups is relatively small compared to the influence

of the substituents (Cl, Me, MeO). The redox processes at ca.

—2200 mV refer to chemically irreversible reductions of the

acridine acceptor, those above 1000 mV refer to the second

oxidation of the triarylamine that is most easily oxidized.

(52) Jortner, J.; Bixon, MJ. Chem. Phys1988 88, 167—170.

(53) Gould, I. R.; Noukakis, D.; Gomez-Jahn, L.; Young, R. H.; Goodman, J.
L.; Farid, S.Chem. Phys1993 176, 439-456.

(54) Marcus, R. AJ. Phys. Chem1989 93, 3078-3086.

a2 The assignments in parentheses refer to the triarylamine group that is
oxidized at the given potentidl.Irreversible process, peak potentiaTwo
electron transfer, not resolved.
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Figure 7. Rate constant of the radiative procéses fluorescence transition
energy; for 1-8 in different solvents.

The redox potentials fot, 2, 4, and5 show that the energy
cascade for an excited state with predominantly localized
triarylamine radical cation character is downhill for the migration
of a hole fromTaral to Tara2 andTara3. Much in contrast it
is uphill for 3 where the triarylamine substituents (Cl, MeO)
are exchanged in comparison with

C. Time-Resolved Fluorescence PropertieJime-resolved
fluorescence decaysfor 1—8 were measured in the nanosecond
regime in selected solvents that cover the range from totally
apolar (cyclohexane) to highly polar (DMSO). In all cases a
single-exponential decay was observed. In addition, we mea-
sured the fluorescence quantum yield in all solvents. The
guantum yields vary depending on the solvent from being low
in apolar solvents and in rather polar solvents with a maximum
of quantum yield in between up to 0.90 (see Table 2). From
both quantitiesz; and ®; we calculated the rate constant for
the radiative k;) and nonradiative decak4) according to eqgs
3 and 4.

_ K
TS ©
s )

Both a plot ofk, and ofk; for compoundsl—8 in different
solvents vs the fluorescence energy shows a relatively narrow
scattering range of data points (see Figures 7 and 8), Therefore,
it is obvious that the photophysics @f-8 in the nanosecond
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o ] Table 6. Hole Transfer Rate from Taral to Tara2 in 1—5 from
1.6x10° N . Fluorescence Lifetime Measurements2
RS B v?2 K= kal) ~ Y107 571
1.2x10° 4 a o 4 xly
1 5 1/6 2/7 3/8 416 57
1.0x10° o o e 6
] o 7 CeH12 (=) (=) (=) (=) (=)
<, BOX10°] v 8 o MTBE -) 0.1 0.17 €) 0.6
-~ o] 1,4-dioxane €) (-)
& 6010 N EtOAC 1.6 0.55
sodic] v THF 1.7 1.0 €) 0.71 0.93
| o ev & CH.Cl, 12 14 ©) 2.0 9.6
2.0x10° o o N o e
00.] ”." N :‘Pfg .00 :é.@ °o a(—) indicates no hole transfeky{r is negative).
20¢10° uenching effect we employ the RehiWeller equation.
q g ploy q

—T 1 T T T T T T T
14000 15000 16000 17000 18000 19000 20000 21000 22000 23000 24000

5/ et Equation 5 can be used to estimate the free energy for the PET-
4

hole migration procesAG° by subtracting the redox potential
Figure 8. Rate constant of the nonradiative procégsvs fluorescence differenceAE of donor (Tara2) and acceptorX) from the free
transition energy for 1-8 in different solvents. energy difference of the ground and excited CT state potential
energy surface minimAGg,.%6 The redox potential difference
can be obtained from the values in Table 5 which refer to
CH,CI,/0.2 TBAH solution: AE=0.260 V (Tara2) — (—2.160

V (A)) = 2.420 V forl andAE = 0.620 V (Tara2) — (—2.150

time domain are energy controlled, that is, the energy of the
fluoresceniA-Taral located CT state dominates its deactivation
kinetics. The fluorescence energy can either be tuned by

substituents (Cl, Me, MeO, Tara2, etc.) or by the solvent (apolar V (A)) = 2.770 V for 3. The free energy\Goo in CHCly is

> polar). ) ; :
taken from the fits of eq 2 (Table 4) which can be estimated to

As one can see in Figurel@, is practically constant beMeen be ca. 20 000 crtt for 1 (the AGqo value for CHCI, could not
16 000 and 20 000 cm while above 20 000 crt ky rises be determined fol because of the bad signal-to-noise ratio of

strongly. This increase with increasing fluorescence energy was,q fluorescence spectrum in @&i,) and 19 520 cm? for 3.
also found by HK in carbazole derivativand was interpreted

by a dominating intersystem crossing (ISC) from the fluorescent AG® = 8065.5F° (Tara2) — E° (A)] — AGy,  (5)
CT state to a lower lying triplet state. However, as we will see

below we did not find any evidence in the transient absorption Eq 5 yieldsAG® = —500 cnt? for 1 but +2820 cnt for 3.
(TA) spectra for the population of a long-lived triplet state. The Although the RehmWeller equation only allows a very rough

. ~ l H
reason of theky increase fory > 20 000 cnT™ thus remains estimate of the free energy of a PET the exergonic valud for

g””ﬁbe.r SOSTE'sFolr. th.e energies belgwhle OC?O.JC thg set gf suggests that a hole migration from tAeTaral CT state to
erivative splits into two groups: those derivatives Whose a5 i energetically favorable while the endergonic value for

nonradiativg rate constant remains essenltially constgnt ory explains why we cannot observe hole migration, and,
Increases slightly@~8 and3) and those of Wh'cm”'_ dramati- consequently no additional fluorescence quenching pathway. The
cally increases by roughly one order of magnitude2).  gyme hods true fa for which AG® = ca.—200 cn. Because
Obviously, the above-mentioned energy control of deactivation the cascadet and the dendrimes possess very similar

Z'?ﬁt'cs,fa'ls gortthe I,attt?r group ofhc.ompound.s. Fodr cotmgou.r:jd fluorescence energy properties and redox potential values we
ere s no data point fow enougn In energy in order to decide expect hole migration also to be possible in polar solvents. In

to which group it _be!ongs, however, we will present evidence fact, for5 the rather high nonradiative rate constant suggests a
below that4 also is likely to belong to the latter group. similar process. For the cascadleve were unable to measure
The increase ifky for 1, 2, 4, and5 is due to an additional  the rate constant in a solvent more polar thanClifor which
deactivation pathway. Though superficially very similar, the he hole transfer is distinctly favorable. In any case, the free
contrastingk,r behavior of3 vs 1 and2 shows that the lack of energy values derived by the Rekiweller equation for and
an additional deactivation pathway #is due to the fact that 7 are rather small so that small changes in the medium polarity
3 displays an uphill gradient for hole migration whileand2 can switch the system in a way that hole migratioff&wal or
possess a downhill gradient. Therefore, we assume that thergra2 is favorable or unfavorable while fo8 it is an
additional nonradiative deactivation pathway is a hole transfer nfavorable uphill process independent of the solvent. From
(HT) from Taral to Tara2 in 1 and2. This hole migration is  the fluorescence lifetime data (see Table 2) we can estimate
only downhill in rather polar solvents, because, in contrast to the hole transfer ratkyr from Taral to Tara2 in 1—5 by the
the oxidation processes observed in CV, hole migration from Gitference betweelk, of these compounds and the reference
an excitedA-Taral CT state involves a charge separation which compound$—8 as given in Table 6. The reference compounds
is unfavorable in apolar solvents. Much in contrast, the hole \yere chosen as to match theTaral moiety in1—5 as close
migration is uphill for3 in all solvents and, thus, no additional 55 possible. A negative sign & indicates that no hole
nonradiative deactivation is observed. To assess whether 3migration is possible either because it is against the redox

photoexcitation process followed by a hole migration can be gradient as ir3 or it is because less polar solvents disfavor
responsible for the above-mentioned additional fluorescence charge separation.

(55) Kapturkiewicz, A.; Herbich, J.; Karpiuk, J.; Nowacki,JJ.Phys. Chem. A (56) Kavarnos, G. JFundamentals of Photoinduced Electron TransféCH:
1997 101, 2332-2344. Weilheim (Germany), 1993.
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Figure 9. Temporal evolution of the pumiprobe spectra d in different
solvents; (a) acetontrile, (b) benzonitrile, (c) MTBE, within the first 20 ps
after excitation (step size: 60 fs). Early spectra are shown in blue/green
and late spectra are shown in orange/red colors.

D. Femtosecond Pump-Probe Spectra. Excited-State
Dynamics of 8.To elucidate the photophysical mechanisms in
the model redox cascades it is crucial to investigate first the
dynamics after photoexcitation in the acridine-triarylamine/A
systems without the tolandiamine “antenna”. Figure 9 shows
the temporal evolution of the pumyprobe-spectra 08 mea-
sured in three different solvents after excitation at 360 nm
(27 800 cn1Y). Immediately after excitation there is a broad
transient absorption band showing a weak bifurcation with
weakly pronounced maxima centered around 610 and 690 nm.
Note that this initial spectral distributierwhich rises within
the pulse duration of our experimental set80 fs)—is almost
solvent independent (Figure 9a, blue spectra). After several

100 fs, however, the evolution becomes strongly solvent
dependent. In acetonitrile (Figure 9a) the initial two peak
distribution becomes more pronounced while the band at 690
nm undergoes a shift to 725 nm. Reference measurements on
dianisylphenylamine have shown that the lowest excited singlet
state of these compounds absorb-&00 nm. At the same time
dianisylarylamine radical cations absorb at around 730° nm.
Hence, upon charge transfer8mone would expect to observe

a dynamical shift in this spectral region. Acridine radical anions
are known to have an absorption band-@10 nm®’ Thus, the
temporal evolution of8 in acetonitrile reflects an ultrafast
photoinduced(as opposed tmptical) charge transfer from
triarylamine to the acridine unit in less than 2 ps.

In benzonitrile (Figure 9b) the initial spectral bifurcation is
merging into a pronounced band at 700 nm which reaches its
maximum intensity after 500 fs. The onset of charge transfer is
marked by a spectral shift of the amine radical cation band
(accompanied by a drop in intensity) as well as by the rise of
the band of the acridine radical anion (610 nm). In contrast to
acetonitrile, where the charge-transfer process leads to a
continuous spectral shift the results in benzonitrile reveal
characteristic “two-level” kinetics with a well pronounced
isosbestic point at 660 nm.

Finally, in MTBE we observe the rise of the triarylamine
excited-state absorption band at 710 nm. However, the rise is
not followed by a spectral shift toward 730 nm (triarylamine
radical cation) and the acridine radical anion band around 610
remains absent as well. Consequently, there is no evidence for
the population of a strongly dipolar CT state in MTBE.

From the results shown in Figure 9 the following mechanistic
picture emerges. Excitation &fleads to a largely delocalized
excited state with similar electronic (and geometrical) structure
in acetonitrile, benzontrile and MTBE. Immediately after
excitation, coupling to various nuclear modes (both internal and
solvent modes) leads to energy localization on the time scale
of 100 fs to 1 ps. The spectroscopic signatures found in the
transient absorption spectra suggest-ttiaall three solvents
a locally excited (LE) triarylamine state is formed shortly after
excitation. Reference measurements on dianisylphenylamine
have shown that the lowest excited singlet state of these
compounds absorb at700 nm. In the polar acetonitrile, ultrafast
energy localization competes with charge transfer which occurs
on the same time scale. In benzonitrile, the thermodynamic
driving force for CT is much smaller which leads to a reduced
CT rate. Hence, energy localization and CT are clearly separable
processes. Finally, in MTBE the thermodynamics for CT are
highly unfavorable and thus the triarylamine excited-state cannot
undergo efficient CT.

CT and Effect of Driving Force in Tolandiamine-Bridged
SystemsPhotoexcitation ol—5 at the pump wavelength (360
nm= 27 800 cnt?) initially populates a tolandiamine state (see
Figure 10) because this unit has the highest absorptivity at this
energy (see Figures 4 and 5). Hence, the tolandiamine units
serve as antenna system. These tolandiamine states are expected
to be the precursor states for ultrafast intramolecular energy
transfer to the corresponding charge transfer states. Immediately
after photoexcitation of and3 we observe a broad, structureless
absorption between 500 and 700 nm (see Figure 10a). This band

(57) Shida, T Electronic Absorption Spectra of Radical Iorislsevier: Am-
sterdam, 1988.
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represents the absorption of the unrelaxed Franck Condon state A comparison of the 740 and 700 nm transientd @fnd 3
populations. After several 100 fs, there are three main transient(insets of Figure 10) reveals a significantly longer lifetime of
absorption bands, the 610 nm (acridine radical anion), the-700 the CT state 08. However, in addition to these differences the
740 nm band (triarylamine radical cation), and a very intense intensity ratio reveals also interesting information about the
band at 490 nm which must be assigned to excited-state excited-state relaxation ihand3. Most obvious is the difference
absorption of the tolandiamine system. A similar transient in the relevant contribution of the 610 nm band which is
absorption band at 480 nm is also visible in the spectra of significantly stronger ir8 than in1, suggesting a more localized,
tolandiamine9 in MeCN. The fact that the tolandiamine band twisted acridine radical anion i3 than in 1. In fact, this
at 490 nm is present throughout the lifetime of the excited statesinterpretation is in agreement with the rest of our data:3In
of 1—-5 must be viewed as a clear indication that the transient the charge is only being transferred between the acridine and
absorption spectra cannot be reconstructed by (diabatic) mixingthe adjacenfTaral amine unit. To establish a large dipole
of spectral reference components obtained from separatemoment the acridine has to twist to electronically decouple from
measurements. Hence, the electronic coupling between thethe rest of the aromatic system. This will result in a fairly pure
chromophores is significant. acridine radical anion band. The CT state dipole momerit of
Figure 10 also displays the time-dependent transient absorp-is somewhat larger than that 8f(see the larger slope dfvs
tion signal of the 740 nm band. In contrast&dacetonitrile) 3 in the Lippert-Mataga plot, Table 3), however one has to
where this band rises within the time resolution of our bearin mind that the positive charge is delocalized much farther
experimental setup the rise of this band Inis strongly over the second amine unit. Hence, the negative charge on the
biexponential, i.e., it shows a rise time of 4 ps (40%). This rise acridine will also be delocalized. As a result, the radical anion
time must be interpreted as the hole transfer time from the character is “diluted” which is manifested in the reduced 610
triarylamine {Taral) which is adjacent to the acridine to the nm band.
terminal amine Tara2). Effect of the Redox Cascade Extensiorfigure 11 shows
Because of the substitution scheme&inole transfer between  the temporal evolution of the pumfprobe spectra of and5
the central and the terminal amine unit is thermodynamically in acetonitrile. The insets display the time-dependent transient
unfavorable. Hence, a long-lived charge transfer state of the absorption at 740 nm (triarylamine radical cation band). From
type A~—(Taral)*—Tara2 is formed. Entirely consistent with a comparison of the symmetrical “doubly branched” system
this proposal is the fact, that the rise of the 700 nm ban8 in  with its single-branch analogug it becomes clear that the
is not showing a ps component (see Figure 10 inset). spectral properties are very similar (both in time evolution and
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Table 7. Rise Time zy7 of the TA Peak at Ca. 740 nm and kyt as
35 Well as Life Time zcr of the Final Charge Separated State and
kcr of the Charge Recombination.

o

o 30 — —

3 acetonitrile (TA) benzonitrile(TA) CH,Cl,

2 25 Tirlps TcrlPS Tyt Ips TerlPS (fluoresc.)

@ 20 (kar/10957Y)  (ker/10°57Y)  (kur /10°s7Y) (ker10° 572) (/10 s71)

8 1 3.2(310) 22 (45) 30 (33) 180 (5.5) (1.2)

® 15 4 20(50) 410(2.5) 250(4) >2000(<0.5)  (0.20)

£ 5 2.3(440) 23 (44) 28 (36) 480 (2.1) (0.96)

2 10

£ 5

qé) is—dependent on the conformation of the moleetaa initial

g 0 extent of charge separation which will immediately undergo

e J , , , relaxation toward the final extended charge transfer state within
%00 500 600 700 800 200-300 fs.

wavelength / nm The rate constants for HT and charge recombination resulting
Figure 11. Temporal evolution of the pumpprobe spectra of (g and from spectra dec_onVOIUtlo,n _Of the pumprob.e .measurements
(b) 4 in acetonitrile, 3 ps to 150 ps after excitation (various step sizes). for 1, 2,4, and5 in acetonitrile and benzonitrile are collected
Early spectra are shown in blue/green and late spectra are shown in orangein Table 7. From these data it is apparent that the extension of
red colors. The insets show the time-dependent absorption at 740 nm (seqhga cascadei(vs 1) slows down bottkyr andkcg by one order
text for details). .
of magnitude. In the same way, replacement of the polar
in spectral distribution) suggesting that the two tolandiamine acetonitrile by the less polar benzonitrile slows down both rate
branches are acting as independent substituents. constants by one order of magnitude because back electron
Figure 11b shows the pumjprobe spectra of the extended transfer occurs in the Marcus inverted region. For comparison,
redox systemt. Most noticeable is the kinetic behavior (inset the rate constant&,r from fluorescence measurements in
11b) which differs qualitatively and quantitatively from all other CH,CI, are also given in Table 7. The values are still smaller

systems. The instant rise of the 740 nm signal is followed by than those obtained in benzonitrile because@lkis somewhat
an ultrafast decay (266300 fs) and then another slow rise with  |ess polar than benzonitrile.

a time constant of 20 ps. These characteristics can be explained )

by assuming that the signal is a composite of two overlapping Conclusions

spectral contributions. Given the structure 4fit seems From the fluorescence data in Table 6 it is obvious that the
reasonable to propose the following model: Photoexcitation at hole transfer fronTaral to TaraZ2 is rapid and is the same for
360 nm of the tolandiamine units leads to two parallel 1,2and5in CH,Cl, within experimental error. The hole transfer
processes: a direct charge separation from the tolandiaminecan compete very efficiently with the deactivation pathways in
excited-state yieldind —-Taral-Tara2-(Tara3)* (which occurs the reference chromophores as can be seen from the fluorescence
in 200300 fs) and a slowendirecthole transfer from the CT ~ quantum yields which are very low fdr, 2, 4, and5 (0.01—
stateA-(Taral)™-Tara2-Tara3 to A~-Taral-Tara2-(Tara3)" 0.02 in CHCIy) but high for the reference compoun@snd?7

in 20 ps (see Figure 12). The latter process is analogous to the(0.90 and 0.58, respectively, in GEl,). Interestingly, there is
ones observed in the shorter cascades! there are actually  no significant difference for the hole transfer rate in the branched
two similar but distinctly different tolandiamine groups which molecule5 compared to the linear array However, the hole
should result in (partially) overlapping absorption transitions. transfer fromTaral to Tara2 in 4 is significantly slower
Nevertheless, these two tolandiamine units are likely to exhibit because of the lower free energy difference betwiesa?2 and
different reactivity with respect to hole transfer. The direct Taral in 4 compared to that in e.gl due to the methyl
charge separation process can be rationalized based on the facdubstitution inTara2 of 4. This conclusion is fully supported
that the tetraaryl tolandiamine adjacent to the acridine is actually by the pump-probe measurements in acetonitrile and benzo-
an electron D/A moiety which can form biradical intermediates. nitrile. The hole transfer id, 2, 4, and5 should lead to a charge
Hence, upon excitation of the tolandiamine systerd ithere separation, i.e., a negative charge on acridije &nd a positive
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charge onTara2. In the case oft one can expect that the smaller The quantum yields are corrected for the index of refraction of the
redox potential offara3 compared tdrara2 leads to a second solvent. Fluorescence decays were measured with a PTI TimeMaster
hole transfer step in which the hole migrates to the terminal Model TM-_2/2003 strobos_copic boxc_ar _spectrometer and a flash lamp
Tara3. If less polar solvents than GBI, are used, hole transfer charged with a BN 1:1 mixture. Excitation wavelength was 381 nm

in 1 2 4 and5is either too slow or even unfavorable because for all compounds. The instrument response function was obtained by
the ,fre,e ;-:‘nergy difference of charge separation is very sensitivetSing @ dilute coffee creamer as a scatterer. The decay fits were single

. exponential in all cases as checked by;thealue, the Durbir-Watson
to the polarity of the solvent. In the case3fthe hole transfer parameter and the final residuals.

is unfavorable irrespective of the solvent due to the wrong = remitosecond Broadband Pump-Probe Setup.A detailed descrip-
direction of the redox gradient. tion of the setup has been been given elsewbfefriefly, the

The temporal evolution of the fs-broadband purmpobe compounds were exited by pump pulses at 360 nmatl® 4 — 5 x
spectra provides detailed insight into the photophysical proper- 10¢ M sample concentration. The changes in optical density were
ties of 1-8, e.g., the data show that the extent of charge probed by a femtosecond white-light continuum (WLC) generated by
separation in the CT state 8fstrongly depends on the solvent.  tight focusing of a small fraction of the output of a commercial
While in acetonitrile rapid energy localization competes with Ti:Sapphire based pump laser (CPA-2001, Clark-MXRpiat3 mm
photoinduced charge transfer in benzonitrile these processes ar&a Plate. The obtained WLC provided a usable probe source between
distinctly separated on the time scale, the latter process being370 and 720 nm. The WLC was split into two beams (probe and
absent in MTBE‘ passing through the sample both probe and reference were spectrally

The analysis of the TA spectra df and 3 prove the HT  jispersed and simultaneously detected on a CCD sensor. The pump
process ofl in polar solvents along the redox gradient while pyise (340 nm, 108200 nJ) was generated by frequency doubling of
this process is Uphl” i3. The TA spectra also reveal the close the compressed output of a commercial NOPA system (Clark-MXR,
analogy of the branchefl to the single cascad&. For the 680 nm, 8uJ, 30 fs). To compensate for group velocity dispersion in
extended cascadéthe TA spectra suggest that two different the UV-pulse we used an additional prism compressor. Independent
processes lead to the final charge separated state, a direct charggeasurements of the chirp of the WLC were carried out to correct the
separation which follows the excitation of the tolandiamine Pump-probe spectra for time-zero differences. The overall time
antenna moieties and a much slower process which involvesEezo'““(’;sgf the) S‘Zt“p Was Obtzned from t:e rise time of thlet_5|gnal

: above nm). Assuming a Gaussian shape cross-correlation we

the gene.ratlon of a CT state followed by a HT step an.alogous obtained a width of 106120 ?s (fwhm). A spectrapl resolution of-710
to those inl and>5. In the compound4, 2 and5 but especially

in 4 th landiami . | h d nm was obtained. Measurements were performed with magic angle
In 4 the tolandiamine moieties not only serve as the casca egeometry (54.7) for the polarization of pump and probe pulses to avoid

backbone but also possess a distinct antenna effect whichqgntributions from orientational relaxation. Pump energy and pump spot
collects all primary excitation energy. size (~200-400 zm) were adjusted to minimize contributions from

In conclusion, we were able to show that acridine-triarylamine the solvent to the signal. Steady-state absorption and fluorescence
redox cascades can be used in efficient photoinduced electronspectra of the samples measured before and after the time-resolved
transfer processes. This PET can be governed by fine-tuningexperiments were compared with each other and no indications for
of the local redox potentials of the triarylamine redox centers, degradation were found. A sample cell with 1.25 mm fused silica
i.e., the redox gradient along the cascade molecules. Cbseyvin_dov_vs and a light path of 1 mm was used for_all measurements. No
analogy to triarylamine compounds used in optoelectronic indications for aggregation could be observed in the measurements.
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applications in, e.g., solar cells or photoconductors. der Chemischen Industrie, the Deutsche Forschungsgemein-
schaft, the Volkswagenstiftung, and the Bayerisches Staatsmin-
isterium fUr Wissenschaft, Forschung und Kunst (FORMAT

Cyclic Voltammetry. The electrochemical experiments have been project). We thank JASCO GmbH Deutschland as well as
performed using a conventional three-electrode setup with a platinum Heraeus GmbH for kind support.

disk working electrode in dry, argon-saturated CH with 0.2 M
tetrabutylammonium hexafluorophosphate (TBAH) as supporting elec- ~ Note Added after ASAP Publication. After this article was
trolyte and 0.001 M substrate. The potentials are referenced againstpublished ASAP on July 7, 2005, a production error in the redox
ferrocene (Fc/Fo). The reversibility or irreversibility, respectively, of  potential difference equation fdrin the text just above eq 5
all redox processes were checked by measurements at different scawvas discovered. The corrected version was published ASAP
rates. on July 11, 2005.

UV —vis/NIR and Fluorescence Spectroscopylhe UV—vis/NIR ) ) ] . .
spectra were recorded with a JASCO V570 spectrometer in transmis- Supporting Information Available: ~ Synthetic details and
sion. Steady-state fluorescence spectra were recorded with a PTICharacterization for all compounds. X-ray crystallographic
QuantaMaster Model QM-2000-4 spectrometer using degassed, argoranalysis data fo8. This material is available free of charge via
saturated solvents in theM concentration range. The spectra are the Internet at http://pubs.acs.org.
corrected for the wavelength sensitivity of the detector. Spectra are
converted to wavenumber scale by multiplication of the intensity with JA0511570
A2, Fluorescence guantum yields were determined relative to rhodamine(ss) Raytchev, M.; Pandurski, E.; Buchvarov, I.; Modrakowski, C.: Fiebig, T.
101 in EtOH (conc= ca. 1uM) which has a quantum yield of 1.00. J. Phys. Chem. R003 107, 4592-4600.

reference) and focused into the sample using reflective optics. After
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