Control over Charge Transfer through
Molecular Wires by Temperature and
Chemical Structure Modifications

Mateusz Wielopolski," Gustavo de Miguel Rojas,” Cornelia van der Pol,* Linda Brinkhaus,*
Georgios Katsukis," Martin R. Bryce,** Timothy Clark,5* and Dirk M. Guldi**

*Department of Chemistry and Pharmacy & Interdisciplinary Center for Molecular Materials, Friedrich-Alexander-Universitt Erlangen-Niimberg, Egerlandstr. 3, 91058
Erlangen, Germany, "Department of Chemistry, Durham University, Durham DH1 3LE, United Kingdom, and *Department of Chemistry and Pharmacy & Interdisciplinary
Center for Molecular Materials (ICMM), Computer Chemistry Center (CCC), Friedrich-Alexander-Universitdt Elangen-Niimberg, Nagelsbacherstrasse 25, 91052 Erlangen, Germany

he reason for the growing popular-

ity of one-dimensional molecular

wires is their potential for applica-
tions in sensors, optoelectronics, photo-
voltaics, and emerging nanoscale
technologies.' 3 The latter may easily be un-
derstood regarding photoinduced charge-
transfer processes in electron
donor—acceptor conjugates.*® Many suc-
cessful strategies have been developed to as-
sess and control the magnitude of charge
transfer through such conjugates. The func-
tion of the linker is the mediation of charges
between two photo- and/or redox-active
components, namely, the donor and the ac-
ceptor. Linear m-conjugated oligomers with
well-defined chemical structures are best
suited as linking components in these
conjugates.® % Here, the systematic varia-
tion of parameters such as the redox poten-
tials of the end groups, intramolecular dis-
tances (ie., length of the linker), topology,
and relative orientations of the component
units enables charge separation and storage
characteristics to be probed in detail by elec-
trochemical and spectroscopic techniques.

To assess charge transfer over long dis-

tances,'" irradiation with light may cause
photoinduced transport of charges from
the donor to the acceptor. The rate of the
charge separation processes is governed by
parameters related to the properties of the
donor and the acceptor, such as the driving
force (—AG), the reorganization energy
(N\), and the electronic coupling (V), which
are determined by both the structure of the
bridge and the donor-bridge energy gap.
The efficiency of the electron transfer (ET)
decreases exponentially with increasing
length of the linker moiety according to
the electron-transfer rate constant, kgr

Www.acsnano.org

ABSTRACT A series of electron donor—acceptor arrays containing 7r-conjugated oligofluorenes (oFL) of
variable length between a zinc porphyrin (ZnP) as electron donor and fullerene (Cq) as electron acceptor have
been prepared by following a convergent synthesis. The electronic interactions between the electroactive species
were determined by cyclic voltammetry, UV—visible, fluorescence, and femto/nanosecond transient absorption
spectroscopy. Our studies clearly confirm that, although the Gy, units are connected to the ZnP donor through
7r-conjugated oFL frameworks, no significant electronic interactions prevail in the ground state. Theoretical
calculations predict that a long-range electron transfer occurs primarily due to a maximized 7r-conjugated
pathway from the donor to the acceptor. Photoexcitation of ZnP-oFL,-Cy, results in transient absorption maxima
at 715 and 1010 nm, which are unambiguously attributed to the photolytically generated radical ion pair state,
[ZnP**-0FL,-Cs°~], with lifetimes in the microsecond time regime. Temperature-dependent photophysical
experiments have shown that the charge-transfer mechanism is controllable by temperature. Both charge
separation and charge recombination processes give rise to a molecular wire behavior of the oFL moiety with an
attenuation factor (B) of 0.097 A=". The correlation 3 to the connection pattern between the ZnP donor and the
oFL linker revealed that even small alterations of the linker 7r-electron system break the homogeneous
Tr-conjugation pattern, leading to higher values of 3.

KEYWORDS: molecular wires - electron donor—acceptor conjugates -
cycloaddition reactions - charge transfer - transient absorption spectroscopy -
temperature dependence - excited-state calculations - oligofluorenes - zinc
porphyrins - fullerenes

ker = koe PFor (1)

where k is the kinetic prefactor, Rpp repre-
sents the donor—acceptor distance, and 3
is the attenuation factor, which depends on
the intrinsic electronic properties of the
linker.'?

The attenuation factor B is also used to
determine whether an electron
donor—acceptor system should be consid-
ered to display wire-like behavior at all.
Equation 1 predicts that a small  would al-
low charges to be transferred over larger
distances. Importantly, such a definition of
B applies only to exponentially decaying
processes. In addition, the limit of very small
B describes band transport, a so-called
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R = 4-t-butylphenyl

Figure 1. Structures of the ZnP-oFL,-Ce, conjugates and their reference compounds.

“mr-electron pathway”, along which the electrons travel
coherently.” Shallow distance dependence may also re-
sult from a series of short-range tunneling events. This
is equivalent to incoherent hopping, which per se does
not follow an exponential decay with increasing
distance.™ "1

Interestingly, B values for identical linkers vary sig-
nificantly. The magnitude of  reflects, for example,
the sensitivity of the transport process to the surround-
ing environment. Distance dependence is one of these
parameters. Typical values for 8 range between 1.0 and
1.4 A" for proteins'” and between 0.001 and 0.06 A~'
for highly efficient w-conjugated linkers.'®'® Another
key aspect for achieving efficient molecular wire behav-
ior in electron donor—acceptor systems is the effective
matching of orbital energies between the donor and
the linker components and between the linker and ac-
ceptor components.®?° For example, for electron
donor—acceptor systems incorporating extended
tetrathiafulvalene donors (exTTF), oligo-para-
phenylenevinylene (oPPV) linkers, and fullerene accep-
tors (exTTF-oPPV-Cq), extremely small 8 values (0.01
A~") have been reported. Highly extended and homo-
geneous m-conjugation between exTTF, oPPV, and Cs
are responsible for an efficient electron transfer be-
tween donor and acceptor.?'?? Upon exchanging the
donor or the linker, an increase in the B value is ob-
served due to a lower effective conjugation between
the electroactive components. For oligo-para-
phenyleneethynylenes (oPPE) in exTTF-oPPE-Cg, conju-
gates, for instance, an increased attenuation factor of
0.20 A~" has been obtained.?*?* In photoinduced
charge-transfer studies, free base (H,P) or metalated
zinc porphyrin (ZnP), H,P-0PPE-Cgo/ZNP-0PPE-Cg, >
have shown B values of 0.11 A~" and exTTF-oFL-Cg26%

of 0.09 A~". Interestingly, tetraphenylporphyrin (TPP)
conjugates, TPP-oPPV-Cy, 2 exhibited values of 3 as low
as 0.03 A=, which are nonetheless larger than those of
the corresponding exTTF analogues (i.e., exTTF-oPPV-
Ce0).2' This trend has been explained by dihedral angles
of ca. 30° between the TPP phenyl ring and the first
ring of the oligomer linker. Such a deviation from pla-
narity breaks the highly effective para-conjugation pat-
tern along the oligomer unit. Numerous other examples
have been reported of molecular architectures formed
by porphyrins and fullerenes linked by various groups,
which exhibit efficient long-distance photoinduced
electron transfer from the porphyrin to the
fullerene. 34

We now report on a novel series of ZnP-oFL-Cg, conju-
gates that incorporate ZnP as the donor and C¢ as the ac-
ceptor covalently linked by oligofluorene (oFL) units of
variable length. In particular, this study focuses on modu-
lating the kinetics of electron-transfer processes—the at-
tenuation factor f—by distinctive temperature control®
and the structural modification of the connection pattern
between the linker and the donor. Specifically, the im-
pact of incorporating an additional phenyl ring between
the ZnP and the oFL moiety (Figure 1) on the charge
transport properties of the linker will be elaborated. Does
the additional phenyl ring help to extend the
m-conjugation or does it break it?

Furthermore, we have focused our attention on oFL
because they complement our previous studies on exTTF-
OFL-Cg, conjugates? and allow us to assess the influence
of another structural modification in oFL conjugates,
namely, changing the electron donor. Together with the
results on H,P-oPPE-C4y/ZnP-0PPE-Cy, conjugates,?® we
now gain thorough insights into the electron-donating
properties of porphyrins as incorporated into different
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TABLE 1. Redox Potential Values Determined by Cyclic Voltammetry of 1a, 1b, 3a, 3b, 4a, 4b, and Reference Compounds'

compound Fred' Ered? Eired’ Fred
Fl,-CHO (1) —2029°
Fl;-CHO (J) —2080
(R)4-ZnP (2) —1691° —2045°
(R);-ZnP-Fl, (K) —1684° —2042°
(R);-ZnP-Fl,-CHO (1a) —1698° —2158
(R)3-ZnP-Fl3-CHO (1b) —1693° —=2110
Coo —795° —1191° —1649 —2122°
L —912% —1310° —1849
Fl,-Co (M) —882° —1293 —1843 —2333
Fls-Ceo (N) —880° —1292°  —1839
(R);-ZnP-Ph-FI-Cy, (3a) —911° —1325° —1675 —1877°
(R);-ZnP-Ph-Fl,-Cy (3b) —917° —1333¢ —1674 —1881°
(R);-ZnP-Fl-C, (4a) —922° —1336° —1695 —1884°
(R)3-ZnP-Fl3-Cgo (4b) —91° —1338° —1696 —1893°

a

Evpred E, E,2 E.d E. E.2

1295 1608 1873

1114 1332 1800

503 (455)>¢ 884 (840)"¢

518 (459)>¢ 903 (847)>  1282(1217)> 1563 1803

519 (454)>¢ 908 (837)> 1394 (1323)> 1726

515 (454)>  933(837)%  1145(1098)* 1401

1094 1545

1170 1345 1623

1096 1394 1809
—2026  543(480)%¢ 914 (851)°¢ 1212 1480 1670
—2026  528(477)%  915(852)¢ 1131 1286 1597
—2042 503 (461)%  885(843) 1160 1492 1759
—2065 520 (463)>¢ 899 (843)¢ 1198 1557

%Potentials in mV; scan rate 100 mV s~ "; glassy carbon working electrode, Ag/AgNO; reference electrode, Pt counter electrode; 0.1 M BuNCIO, in oDCB/CH;CN (4:1 v/v).

%Half wave potential values (Ey,). €/, observed in partial scans.

multicomponent electron donor—acceptor conjugates.
Additionally, if one considers the properties of previously
published ZnP-oligo-thienylenevinylene (0TV)-Cg,*® H,P-
oPPE-Cg, and ZnP-oPPE-Cg, conjugates,?” the present
study provides a comprehensive picture of (i) ZnP as elec-
tron donors and (ii) the molecular wire properties of oP-
PVs, oPPEs, oFLs, and oTVs in combination with porphy-
rins and fullerenes.

RESULTS AND DISCUSSION

Synthesis. The synthetic route toward 1a, 1b, 4a, and
4b is shown in Scheme 1. The classical method>® of
tetramerizing pyrrole and aldehydes (in this case
4-tert-butylbenzaldehyde and 7-bromo-9,9-dihexyl-9H-
fluorene-2-carbaldehyde) was used to prepare A.
Suzuki—Miyaura reaction of A with B and C,*° respec-
tively, gave the bifluorenyl and trifluorenyl derivatives
D and E in 64 and 45% yields. Compounds D and E were
converted into their zinc complexes 1a and 1b. Cy-
cloadditions to Cg, of the azomethine ylides,***' formed
in situ by reaction of the formyl group of 1a and 1b
with sarcosine in refluxing chlorobenzene, led to the
target fulleropyrrolidines 4a and 4b in 70—73% yields.
Analogous synthetic protocols starting from porphyrin
derivative F afforded the products 3a and 3b with an
additional phenyl spacer group between the porphy-

O
A\,
L Tw

CeHig  CeHis

I n=2
Jn=3

K
Chart 1. Reference compounds for electrochemical studies.

www.acsnano.org

rin and fluorene unit(s) (Scheme 2). Experimental de-
tails of the synthetic routes are provided in the Support-
ing Information.

Solution Electrochemical Studies. The electrochemical
properties of 1a, 1b, 3a, 3b, 4a, and 4b were probed
by room temperature cyclic voltammetric measure-
ments in o-dichlorobenzene/acetonitrile solvent mix-
ture. The redox potentials are collated in Table 1 to-
gether with those of pristine Cgo and the reference
compounds |, J, K, L, M, and N shown in Chart 1. Com-
plexes 3a,b and 4a,b generate stable cation radicals
and anion radicals when the scan was repeated in the
region between —2300 and 1100 mV (Figure 2). First,
five consecutive one-electron reduction waves—all
quasi-reversible—have been observed during the re-
duction scan. A good correlation with reference com-
pounds M, N, and N-methylfulleropyrrolidine L allows
us to assign the first, second, and fourth reduction
waves to Cgo.***® The third and fifth reduction waves
can be assigned to the reduction of the ZnP core, due
to correspondence with reference compounds 2 and K.
The similarity of the reduction potentials with all of the
reference compounds confirms the lack of substantial
electronic interactions in the ground state. As ex-
pected,* shifts of the C4 reduction waves to more
negative values, relative to pristine Cqp, are observed
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Pd[PPh;],, K;COs,
PhMe, DMF, 105 °C

CeHi3

CeH1z
B

O\
B
c

OO ’
H
2
CeHig  CeHiz

Cc
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Zn complex 1b

Cgp, sarcosine
PhCI, reflux

Scheme 1. Synthesis of 1a, 1b, 4a, and 4b.

for 3a,b and 4a,b. This is due to the saturation of a
double bond on the fullerene core and the raised LUMO
energy in 3a,b and 4a,b.

The second reduction wave of 1a,b is irreversible,
while the second waves of all other compounds contain-
ing ZnP are quasi-reversible. For 1a,b, the reduction of the
aldehyde group overlaps with the second reduction wave
of the porphyrin moiety. On the reverse scan in the re-

) VOL.4 = NO.11 = WIELOPOLSKI ET AL.

Pd[PPh;],, KoCOs,
PhMe, DMF, 105 °C

l Zn(OAc),, CHClj,
62 °C
Zn complex 1a

Cgo, Sarcosine
PhCI, reflux

gion of —2300 to 0 mV, three instead of two one-electron
oxidation waves are observed. The oxidation waves of
the aldehyde functionality and the porphyrin moiety are
smaller (less current) than the overlapping reduction
waves and are observed separately at E,, —1870 and
—1982 mV for 1a and at E,, —1845 and —1988 mV for
1b. Therefore, the second reduction waves of 1a,b are ob-
served as an irreversible two-electron process. The quasi-
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Zn complex of H

Cgo, sarcosine
PhCI, reflux

3b
Scheme 2. Synthesis of 3a and 3b.

reversibility of 3a,b and 4a,b was investigated by per-
forming three consecutive scans of each of the reduction
waves. The CVs for 4b are shown in Figure S4 in the Sup-
porting Information.

On the oxidation scans, several quasi-reversible or ir-
reversible oxidation waves were observed during the
oxidation of 3a,b, 4a,b, and the relevant reference com-
pounds when scanning beyond ca. 1 V. Scanning in
the region of 0—1 V clearly indicates the quasi-

www.acsnano.org

Pd[PPh;3],Cl;, KoCO3,
PhMe, DMF, 105 °C

J Zn(OAc),, CHCls,
62°C

Zn complex of G

Cego, sarcosine
PhCI, reflux

reversibility of the first two waves observed in the com-
pounds containing a ZnP unit (Figure 3). These initial
oxidation waves of 3a,b and 4a,b can be assigned to
the porphyrin moiety because of good agreement with
reference compounds 2, K, and 1a,b. Similar to the re-
duction of the porphyrin moiety, no shifts in the oxida-
tion potential were observed for the first two waves.
The cation radical and dication formation are unaf-
fected by the covalent link to oFL. The additional phenyl

Nea
VOL.4 » NO. 11 = 6449-6462 = 2010 ACSNJANIC)

6453



6454

Current /
nA

Figure 2. Reductive CVs of bifluorene derivatives 3b, 4a, K, and M (for conditions, see

Table 1).

Current /

uA

Figure 3. Oxidative CVs of compounds 1a, 2, 3b, 4a, and K. For conditions, see Table 1.
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gomers. In the monomer 3a, for instance,
the HOMO is strongly localized on the ZnP
donor moiety, whereas the HOMO of 4b ex-
hibits significant overlap of the electron
density into the oFL bridge (Figure 4). This
results in strong electronic coupling be-
tween the donor and the bridge in 4b and,
therefore, more facile electron injection
from ZnP into the bridge. Thus, the bridge
becomes more and more involved in the
electron-transfer process with increasing
oFL length, rather than being a passive
spacer that just mediates the electronic cou-
pling between donor and acceptor.?’

-1000
Potential / mV

-1500

unitin 3a,b leaves the strongest electron-donating moi-
ety unaffected.

Molecular Modeling. The geometries of 3a,b and 4a,b
(with methyl groups replacing hexyl) were optimized
using the AM1% semiempirical Hamiltonian (see Sup-
porting Information for details on the geometrical
analysis and rotational barriers).

It was found that the conformations of all systems
represent a structural compromise, which, on one hand,
minimizes steric hindrance and, on the other, maxi-
mizes the m-conjugation pathway. As a consequence,
the electronic communication between the donor and
acceptor moieties is diminished and, thus, smaller
charge recombination rates are expected.

Further insight into the charge-transfer properties
of 3a,b and 4a,b is provided by analysis of the frontier
orbitals. In particular, the highest occupied orbitals
(HOMOs) and the lowest unoccupied orbitals (LUMOs)
perfectly reflect the donor—acceptor character of ZnP
and Ce. Density functional theory (DFT) calculations re-
vealed important differences between the different oli-

-2000

Reference calculations on the oFL units
themselves (i.e., oFL;, oFL,, and oFLs)
strengthen these conclusions. The
HOMO—LUMO gap in oFL; is 1.10 eV lower
than in the corresponding oFL;. This is sim-
ply because the LUMO energies of oFL become lower
with increasing m-conjugation length. We may then
postulate that, in line with the photophysical outcome,
the charge-transfer mechanism may change with in-
creasing donor—acceptor separation distance from su-
perexchange tunneling to incoherent charge hopping.
The orbital schemes of 3a and 4b are consistent with
this hypothesis. Moreover, the energies of the lower-
lying HOMO-1 and the HOMO orbitals strongly depend
on oFL length (Figure 5). The HOMO-1 orbital in 3a and
4a, for instance, overlaps strongly with the oFL bridge
moiety, whereas the HOMO is strongly localized on ZnP.
On going from 3a to 4b, the separation between the
HOMO-1 and HOMO orbital energies progressively van-
ishes with increasing oFL length. Finally, in 3b, a switch
between the electronic distributions of HOMO and
HOMO-1 occurs. From this point on, the HOMO-1 or-
bital remains strongly localized on the ZnP donor and
the HOMO orbital involves significant overlap with the
linker. Hence, we may suggest that the superexchange
mechanism will dominate the charge-transfer
process in 3a and 4a, whereas in 3b and 4b,
charge hopping is probably the mechanism of
choice. As expected, the LUMOs in all systems
are strongly localized on the C4, moiety, cor-
roborating the function of Cg as electron ac-
ceptors. In addition, the LUMO energies of all
ZnP-oFL-Cg conjugates match the LUMO en-
ergy of the Cq reference.

Semiempirical (AM1) configuration interac-
tion (Cl) calculations including single and
double excitations (CISD) with an active win-
dow of five occupied and five unoccupied or-
bitals were performed to elucidate excited-
state properties. The computations predict the

Potential / mV

HOMO to LUMO transition to be the major
contribution to the charge-transfer processes
with a donor—acceptor distance-dependent

s L 3b
o —— 10
. —_K
6 |- — /
2 L
0
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1500
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Figure 4. HOMO (left) and LUMO (right) orbitals of 3a (top) and 4b (bottom) resulting from DFT calculations.

change of dipole moment: 71.7 D for 3a; 121.7 D for
4a; 160.8 D for 3b; 198.7 D for 4b (Table S1, Support-
ing Information). Visualizing the molecular electrostatic
potential of the charge-separated states confirms that
ZnP is the electron-donating moiety and Cq is the ac-
ceptor. In all conjugates, the positive charge was found
to be localized on ZnP and the negative one on Ce (Fig-
ure 6, top). In addition, we obtained charge-transfer
(CT) states, in which the positive charge is localized on
oFL (Figure 6, bottom). The excitation energies of these
bridge charge-transfer (BCT) states are well-separated
from the excitation energies of the major
HOMO—LUMO transitions in 3a and 4a. However, in
3b and 4b, the excitation energies of the BCT states ap-
proach those of the major CT states. From these find-

x 1 P
8

-3,3 1

AN
AX

eV

3a

eergy /| oy TRR g

ings, we deduce that with increasing temperature a
thermally induced mixing of the linker eigenstates and
the donor eigenstates can set in. As a consequence, ex-
citations of the linker may contribute to the overall
charge-transfer processes. Moreover, lengthening the
oFL linker will have an equivalent effect on the charge
transfer. In other words, the mixing of the BCTs and CTs
becomes progressively allowed in energy with increas-
ing length of the m-conjugated pathway. Lower bridge
LUMOs and a longer mw-conjugation pathway resulting
from a larger number of repeat units of the linker favor
incoherent charge hopping at higher temperatures. In
3a, the major CT transition arises from HOMO — LUMO
and HOMO-1 — LUMO excitations. This is because
strong frontier orbital interactions dominate at short

.
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Figure 5. B3LYP/6-31G(d,p) energies of lower-lying HOMO (blue) and LUMO (red) orbitals of the different triads with the
corresponding representations of the HOMO and HOMO-1 resulting from DFT calculations.
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Figure 6. Representative visualization of the electrostatic potentials of the first charge-transfer state (CS, top) and the bridge

charge-transfer state (BCT, bottom) of 4b.

donor—acceptor distances. Hence, a charge transfer
via the superexchange mechanism is favored.

In short, our calculations suggest that the charge-
transfer mechanism changes as a function of tempera-
ture and chemical structure of the linker. Switching be-
tween coherent superexchange tunneling and
incoherent charge hopping is expected to occur when
the temperature is increased or the length of the
w-conjugated electron-transfer pathway changes.

Photophysics. To shed light on the electronic interac-
tions between the photo- and redox-active compo-
nents (i.e., ZnP, oFL, and Cg), the ground-state absorp-
tion spectra of the different ZnP-oFL-Cg, conjugates
were compared with those of the individual compo-
nents. In essence, the absorption spectra of the conju-
gates are best described as simple superimpositions of
the component spectra, lacking significant perturba-
tions or additional charge-transfer transitions. A de-
tailed description of the absorption features is found
in the Supporting Information. Important in this con-
text is that the insertion of additional phenyl rings be-
tween ZnP and oFL in 3a,b alters the w-system of the
different ZnP-oFL-C¢, conjugates without, however, in-
terrupting the conjugation between the donor and the
linker. Support for this notion is derived from the lin-
ear dependence of the red-shifted absorption maxima
on the length of the linker (Figure S3).

To study the electronic interactions between the
photo- and redox-active components (i.e., ZnP, oFL,
and Cg) in the excited state, emission measurements
were carried out in solvents of different polarity (i.e.,
toluene, THF, and benzonitrile). The data are always set
in relation to the individual building blocks.

ACINAN() voL. 4 = NO.11 = WIELOPOLSKI ET AL

The weakest chromophore among the photoactive
constituents is Cg (1.76 eV). Excitation of it, for example,
at 355 nm generates a rather broad emission in the
650 to 850 nm range. The short wavelength maximum
at 710 nm is an excellent match of the long wavelength
absorption maximum at 695 nm. Noteworthy are the
low quantum yields of the Cq fluorescence with values
of around 6 X 107%, inferring that the major deactiva-
tion pathway is, in fact, intersystem crossing (vide su-
pra).* From complementary fluorescence lifetime meas-
urements, we derived a lifetime of 1.4 ns, by which the
singlet excited state of C¢ decays directly to the singlet
ground state. With a quantum yield of 0.04, ZnP is an
appreciably stronger fluorophore (2.1 eV). A typical fluo-
rescence spectrum includes peaks at 600 and 650 nm.
Following the fluorescence at both of these maxima as
a function of time enabled a determination of the ZnP
fluorescence lifetime as 2.3 ns in several solvents. Far
more intense emissions were recorded for oFL (2.82 eV).
In light of the strong ground-state absorption, 345 nm
was chosen for photoexcitation. The broad fluorescence
maximizes around 460 nm and has a quantum yield of
0.68.

As Figure 7 demonstrates, the ZnP fluorescence
dominates the spectral range between 550 and 750
nm in 1a,b. In particular, linking oFL to ZnP has a sub-
stantial impact on the fluorescence quantum yields of
the former (8.3 X 107%), while it exerts almost no appre-
ciable impact on the fluorescence quantum yields of
the latter (0.04).3 This implies an oFL excited-state de-
activation via photosensitization of ZnP. Evidence that
this energy transfer indeed takes place comes from a set
of excitation measurements. The excitation spectrum
of the ZnP fluorescence in 1a,b is virtually identical with

www.acsnano.org



1107 ~

I —
I —_—
810° —
610° |-
Emission -
/a.u. -
4108 |
210° )/ﬂ\\
450 500 550 600 650 700 750

Wavelength / nm

Figure 7. Room temperature fluorescence spectra of 2, I, 1a, and 4a in toluene upon 345 nm excitation.

the ground-state absorption and the excitation spectra
of the reference compounds |, J, and 2.

In sharp contrast, attaching Ceo causes a dramatic
decrease in the ZnP fluorescence intensity of 3a,b and
4a,b (Figure 7—independent of the excitation wave-
lengths, that is, 345 nm for oFL and 420 nm for ZnP. In
toluene, the quantum yield is only 1.0 X 1073 upon 345
nm excitation. Important is that, although the yield
drops, the emission patterns of ZnP are not affected
by the presence of the electron-accepting Cq. Implicit
is a strongly exothermic charge-transfer deactivation,
during which the ZnP singlet excited state is readily
transformed into a radical ion pair with high energy
(1.82 eV). A closer inspection reveals that the quench-
ing strongly depends on the length of the oFL linker.
Strongest quenching with a quantum yield of 8.0 X
10~ in toluene was found in 3a. Compound 4b, on the
other hand, with a quantum yield in toluene of 2.0 X
1072 quenches the reference fluorescence only by a fac-
tor of 2. Contrasting 420 nm excitation (i.e., ZnP) with
345 nm excitation (i.e., oFL) leads to a 10-fold difference
in quantum yields, 1072 versus 103, However, instead
of correlating these values with different deactivation
dynamics of the ZnP singlet excited state (i.e., the sin-
glet excited-state lifetimes would depend on the excita-
tion wavelength), it is more likely that the ZnP singlet
is formed in different yields. In fact, the presence of Cq
leads to a competitive deactivation scenario, that is, en-
ergy transfer to ZnP versus energy transfer to Ceo.

Upon modifying the solvent polarity from toluene
(e = 2.38) via THF (¢ = 7.6) to benzonitrile (¢ = 24.8),
a gradual intensification of the ZnP fluorescence
quenching is discernible for 3a,b and 4a,b. In THF, the
quantum yields are, for example, 2.4 X 10~ for 3a and
1.2 X 1072 for 4b. In particular, a better solvation of
charged species in the more polar media results in (i)
lower energies of the radical ion pair states and (ii)
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larger energy gaps relative to the excited singlet state.
Thus, the trend in solvent polarity is attributed to in-
tramolecular charge-transfer interactions, which are fa-
cilitated by larger driving forces.

Relating the fluorescence quantum yields in the
donor—acceptor ensemble, ®gy,q, to that of ZnP, Pefer-
ence, and their lifetime, Treference, helps to determine the
rate constants for fluorescence deactivation:*

k= [(I)reference - q)dyad]/[rreferenceq)dyad] m

The rate constants are listed in Table 2. Noteworthy,
the fast charge-transfer rates (i.e,, up to 1072 s77), as they
were determined via this relation, infer a reasonable elec-
tronic coupling between ZnP as electron donor and Cg
as electron acceptor.

An independent probe for the magnitude of charge-
transfer quenching is fluorescence lifetime experi-
ments. For this, we recorded the 600 nm maximum of
the fluorescence in ZnP. Importantly, fluorescence life-
time experiments allow the contributions of ZnP to be
segregated from those of oFL and Cg. In general, the
fluorescence decay curves of ZnP were best fitted by a
single exponential decay law. For ZnP, the lifetimes
were 2.14 ns (toluene), 2.2 ns (THF), and 2.08 ns (ben-
zonitrile). As Table 2 indicates, for most ZnP-oFL-Cg,
conjugates, the fluorescence lifetimes fall between 0.69
and 2.06 ns in THF. Important is the solvent depen-

TABLE 2. Singlet Excited-State Lifetimes (7s), Fluorescence
Lifetimes (7¢), Charge Separation (k.), and Charge
Recombination (k) Rates

75 [ns] 7¢ [ns] ke[s™1 kels™]
THE  THE PhCN  THE PhCN THF PheN
33 096 069 025 15X10° 36X 10° 22X 10° 29X 10°
4a 108 125 065 77X10° 11X10° 15X 10° 23X 108
3b 121 152 094 60X 10° 65X 100 1.1X10° 13X 10°
4 160 206 127 45x10° 37x10° 50X10° 6.1X10°
. . _ . ACINTANITS
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Figure 8. Differential absorption spectra (visible and near-infrared) obtained upon
femtosecond flash photolysis (420 nm to 150 nJ) of 3a (top) and 4b (bottom) in
argon-saturated THF with several identical time delays between 0 and 3000 ps at
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nm, are clear attributes of the ZnP
singlet—singlet absorption. The rise time of,
for example, the 630 nm absorption, repre-
senting the actual energy-transfer event, is,
however, masked by the instrument response
time and, therefore, prevents a meaningful ki-
netic analysis of the intramolecular reaction.
On a longer time scale (0—3 ns), the fate of the
ZnP singlet excited state is identical to that,
which has already been described, namely, in-
tersystem crossing, driven by a strong
spin—orbit coupling, governs the transforma-
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tion (108 s7") of the singlet into the triplet ex-
q cited state. The latter was identified by a long-
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1200 lived and strongly absorbing triplet—triplet
transition at 840 nm.

Regarding the femtosecond transient ab-
sorption measurements of 3a,b and 4a,b, im-
mediately after the laser excitation, the strong
singlet—singlet absorptions of ZnP start to
emerge with about 1 X 10" s7'. This con-
firms the successful formation of the ZnP sin-
glet excited states. However, instead of seeing
the slow intersystem crossing (ISC) process,
the singlet—singlet absorptions decay in the
presence of the electron-accepting Cg with
accelerated dynamics. The singlet excited-
state lifetimes, as they were determined from
an average of first-order fits of the time ab-
sorption profiles at various wavelengths, are
listed in Table 2, and some representative ex-
! amples are given in Figures 8 and 9. An impor-

400 500 600 700 800 900 1000 1100

Wavelength / nm

1200 tant aspect is that the singlet excited-state
lifetimes match quantitatively those values
derived in the fluorescence
experiments—both steady-state and time-
resolved.

room temperature. These spectra illustrate the instantaneous formation of the

mr-radical cation of ZnP (ZnP®*, 480—700 nm) and the one-electron reduced anion

of Cgo (Cs0°~, 1010 nm).

dence, leading to an acceleration of the fluorescence
deactivation. Taking the aforementioned in context, it
suggests indeed a rapid charge-transfer deactivation of
the photoexcited ZnP with rates that are between 10°
and 10% s,

Transient absorption measurements were deemed
necessary to confirm the photoproducts of 3a,b and
4a,b. Due to overlapping absorptions of ZnP, oFL, and
Ceo, Wwe have focused first on the selective excitation of
ZnP.

In 1a,b, despite the unequivocal excitation of oFL,
no spectral evidence for the oFL singlet—singlet ab-
sorption around 725 nm was found after the laser exci-
tation. Instead, the spectral features are identical with
the spectral fingerprints of the ZnP singlet excited
state.*®° Specifically, characteristic maxima at 460,
580, and 630 nm, as well as minima at 565 and 605

ACANT AN ] .
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Spectroscopically, the transient absorp-
tion changes, taken after the completion of
the decay, bear no resemblance with any trip-
let excited state (i.e., ZnP, oFL, and Ce). In particular, in
THF, the broad absorption in the 600—700 nm region
corresponds to the one-electron oxidized ZnP®*,° while
in the near-infrared region, the 1000 nm maximum re-
sembles the signature of the one-electron reduced
Ceo” % The acceleration of the charge transfer upon in-
creasing the solvent polarity should also be mentioned
(see Table 2), a finding that suggests charge-transfer dy-
namics in the normal region of the Marcus parabola.”’

The ZnP**-oFL-Ce,®~ radical ion pair states are per-
sistent on the picosecond time scale and start to decay
only in the nanosecond time regime. The charge recom-
bination rates were easily determined from comple-
mentary nanosecond experiments upon excitation with
a 6 ns laser pulse. The spectral signatures of the one-
electron oxidized ZnP** radical cation and the one-
electron reduced C¢,*~ radical anion, as detected imme-

www.acsnano.org
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Figure 9. Time profiles at 630 nm (top) and 1010 nm (bottom) of the differential ab-
sorption spectra of 3a (black) and 4b (red) reflecting the dependence of the charge

separation dynamics on the length of the oFL linker.

diately after the laser pulse, decay synchronously and
give rise to kinetics that obey a clean unimolecular rate
law. Lifetimes of 445 and 654 ns were obtained in THF
for 3a and 4a, respectively, where the electron transfer
is assumed to follow the superexchange tunneling
mechanism. Our molecular modeling suggests that
with increasing bridge length (3b versus 4b) the HOMO
orbital involves significant overlap with oFL and BCT
states of lower energy. Hence, incoherent charge hop-
ping leads to longer lifetimes of 952 and 1990 ns for 3b
and 4b, respectively. In close agreement with this hy-
pothesis is the temperature dependence (vide supra).
The analysis of the charge-transfer rates (i.e., charge
separation and charge recombination) enabled a deter-
mination of the B factors for the different ZnP-oFL-Cg
conjugates. Plotting the rates as a function of
donor—acceptor distance, Rpa results in linear relation-
ships from which B = 0.097 A~ emerged, a value in
close agreement with a recent investigation of oFL that

www.acsnano.org

oFL length. At longer
donor—acceptor separation
distances, namely, in 3b and
4b, the quantum yields vary sig-
nificantly with temperature. On
the contrary, short donor—acceptor separations, as
present in 3a, lead to very minor temperature depend-
ences. A likely rationale for this observation involves the
oFL LUMOs as the HOMO—LUMO gap is reduced upon
increasing the linker length. As a direct consequence,
the linker LUMOs may be accessed from the ZnP HO-
MOs due to comparable orbital energies. Likewise, an
increase in temperature lowers the oFL LUMOs. Accord-
ingly, in 3b and 4b, the incoherent hopping mecha-
nism is the most probable operative mode for the
charge-transfer process, thus changing the tempera-
ture strongly impacts the rate of charge transfer. In 3a
and 4a, on the other hand, the shorter donor—acceptor
distance leads to a superexchange mechanism with
charge separation rates that are almost independent
of temperature (Figure 10). In sound agreement with
the theoretical studies, which propose a mixing of BCT
states of lower energies with the CT states in 3b and 4b,
we may assume that increasing the temperature helps

. . - . AN
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Figure 10. Temperature dependence of the charge separation for 3a,b and 4a,b in the 273 to 353 K temperature regime
based on the temperature-dependent fluorescence experiments in benzonitrile.

to overcome the thermodynamic barrier to form Cgo-
oFL®*~-ZnP**. Molecular modeling suggests that this
barrier is much easier to overcome at large
donor—acceptor separation distances due to the in-
creasing mw-conjugation and lower charge injection en-
ergies. Hence, the strong temperature dependence ob-
served for 3b and 4b suggests a thermally activated
charge hopping.

Clearly, the temperature dependence infers an ap-
preciable acceleration of the charge separation dynam-
ics for the longer bridged C¢p-0oFL-ZnP. In sound agree-
ment with the theoretical studies, which imply mixing
of BCT of lower energy states with CT states in 3b and
4b, increasing the temperature facilitates overcoming
the thermodynamic barriers to form Ceo-0FL®~-ZnP®*.
From the slopes of the corresponding Arrhenius plots
(log(kesT?) vs T'), we have derived the following acti-
vation barriers: 0.055 eV for 3b; 0.059 eV for 4b. These
values are slightly lower than the HOMO (ZnP)—HOMO
(oFL) energy gap due to solvent stabilization.>?

Moreover, the B values at different temperatures dis-
close an eminent increase with temperature with val-
ues that range from 0.097 A=" at 273 Kt0 0.160 A~" at
353 K. This agrees with the fact that at lower tempera-
tures electron tunneling via superexchange is the op-
erative mode with an overall weak distance depen-
dence. Further support for this notion comes from the
fact that the electronic levels of the bridge couple only
weakly to the donor and acceptor and are separated by
a reasonably high energy gap from the donor and ac-
ceptor frontier orbital levels. At higher temperatures,
the linker eigenstates become accessible and we ob-
serve localized hopping due to strong vibronic coupling
between donors, linkers, and acceptors. Here, a ther-

>\\ VOL. 4 = NO. 11 = WIELOPOLSKI ET AL.

d

mally activated charge hopping with stronger distance
dependence sets in.

Plotting the charge-transfer rates versus the
donor—acceptor distances of 3a,b and 4a,b provides
an average picture of the systems, namely, with and
without an additional phenyl ring (Figure 11). However,
the phenyl rings of 3a and 3b are not simple exten-
sions of the oFL bridge, but should instead be treated
as separate building blocks inserted into ZnP-oFL-Cy.
Consequently, two attenuation factors have to be con-
sidered: one for 3a,b and one for 4a,b (see Figure 11).In
this regard, the slopes give rise to 3 values of 0.11 and
0.07 A="in 3a,b and 4a,b, respectively. In 4a,b, the oFL
guarantees a homogeneous distribution of mr-electrons
and an extension of the conjugated orbitals into the
electronic system of the donor. In other words, oFL pro-
vides an excellent w-electron pathway to transfer
charges between donor and acceptor, affording a low
attenuation factor. On the other hand, in 3a,b, the addi-
tional phenyl ring perturbs the homogeneous oFL
m-conjugation, creating a bottleneck for the electrons
to pass. For that reason, charge separation is slower and
charge recombination is faster, which is reflected in
the increased values of B. Similar findings have already
been revealed in the investigation of oPPE linking Cso
and exTTF." The high polarizability and the shorter
bond lengths of the triple bonds in the oPPE wires pre-
vent an extension of the homogeneous mr-electron
pathway from donor to acceptor, and no charge sepa-
ration could be observed beyond 22 A.

CONCLUSIONS

A series of new ZnP-wire-C4o conjugates, in which
oFL bridges are covalently bound to electron-donating
ZnP and electron-accepting Cq, have been synthesized
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oFL building blocks provide a
homogeneous distribution of the
m-electrons and an extension of
the conjugated orbitals onto the
electronic system of the donor,
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@ charge recombination 4a,b

which gives an excellent
m-electron pathway for the elec-
trons and low attenuation factors.

Acknowledgment. This work was
supported by the Deutsche Fors-
chungsgemeinschaft (SFB and Clusters
of Excellence Engineering of Advanced

Materials) and the EC FP7 ITN “FUN-
MOLS” Project No. 212942.

28
Distance / Angstrom

Figure 11. Dependence of center-to-center distances (Rcc) of the charge separation
(In k¢s) and charge recombination (In kcg) rate constants in nitrogen-saturated THF at
room temperature, in relation to the structural differences between 3a,b and 4a,b.

The slopes represent the different 3 values.

and characterized. Photoexcitation of either ZnP or
oFL results in charge-transfer reactions over distances
beyond 30 A from the electron-donating ZnP to the
electron-accepting Cgo moiety in toluene, THF, and ben-
zonitrile. Long-lived radical ion pair states with life-
times in the microsecond time regime have been ob-
tained. Furthermore, the lifetimes of the radical ion
pairs depend on the length of the oFL linker. Most im-
portantly, the quantum chemical and photophysical
studies evidently propose that the rate of charge sepa-
ration and also the operating charge-transfer mecha-
nism are strongly dependent on the length of the linker
between donor and acceptor as well as by the temper-
ature and may be tuned by these variables. Calculations
have shown that in systems with large donor—acceptor
distances charge separation is expected to occur on
the basis of incoherent charge hopping due to decreas-
ing LUMO energies. On the other hand, decreasing the
oFL length leads to superexchange tunneling due to
closer donor—acceptor spacing. Further, at short
donor—acceptor distances, the energies of the bridge
charge-transfer (BCT) states are well-separated from the
major HOMO — LUMO transitions. With increasing
donor—acceptor distance, the excitation energies of
the BCT states approach the excitation energies of the
major charge-transfer states. Temperature-dependent
photophysical experiments have shown that increasing
the temperature facilitates the mixing of the BCTs and
CTs and incoherent charge hopping becomes more and
more probable. An analysis of the charge separation
and charge recombination rate constants gives a
temperature-dependent attenuation factor of B =
0.097 A-1.

Finally, the correlation of the attenuation factor B
to the connection pattern between the ZnP donor and
the oFL bridge revealed that linkers that consist of equal

www.acsnano.org
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