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Control of Electron Transfer in a Conjugated Porphyrin Dimer by Selective

Excitation of Planar and Perpendicular Conformers

Mikael U. Winters,'”! Joakim Kirnbratt,”” Holly E. Blades," Craig J. Wilson,™™
Michael J. Frampton,” Harry L. Anderson,*” and Bo Albinsson*!*!

Abstract: A donor—acceptor system is
presented in which the electron-trans-
fer rates can be sensitively controlled
by means of excitation wavelength and
temperature. The electron donor is a
butadiyne-linked zinc porphyrin dimer
that is connected to a Cg, electron ac-
ceptor. The broad distribution of con-

0.2 eV. This, as well as significant dif-
ferences in electronic coupling, leads to
distinctly different rate constants for
electron transfer, which in consequence
can be controlled by changing excita-
tion wavelength. By extending the
system with a secondary donor (ferro-
cene), a second, long-range charge-sep-

arated state can be formed. This
system has been used to test the influ-
ence of conformational heterogeneity
on electron transfer mediated by the
porphyrin dimer in the ground state. It
was found that if the dimer is forced to
a planar conformation by means of a
bidentate ligand, the charge recombi-

formations allowed by the butadiyne
linker makes it possible to selectively
excite perpendicular or planar donor
conformers and thereby prepare sepa-
rate initial states with driving forces for
electron transfer that differ by almost

conjugated

porphyrinoids

Introduction

Control of electron transfer is a requirement for the con-
struction of advanced molecular electronic devices, as well
as for realizing efficient artificial photosynthesis as a step to-
wards solar energy harvesting.'*! In order to build function-
al devices at the molecular level, versatile operational struc-
tures capable of meeting the presented demands must be
synthesized, and moreover, thorough knowledge of the
charge-transfer properties of these structures is required.
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nation rate increased by an order of
magnitude relative to the unconstrain-
ed system. This illustrates how control
of conformation of a molecular wire
can affect its behaviour.

Donor-acceptor systems are valuable models widely used
for studying photoinduced electron transfer, and are often
designed for the purpose of testing the influence of specific
parameters. For instance, the distance dependence of elec-
tron transfer and the influence of intervening structures
have been studied extensively in geometrically well-defined
donor-bridge-acceptor (D-B-A) systems."'?! Today, design
criteria for bridged donor-acceptor couples are well estab-
lished, by a combination of experimental and theoretical
work."¥ Bridges and linkers can be chosen appropriately
and the electronic coupling can thereby be sensitively tuned.
The intended application determines whether the resulting
systems should produce long-lived or short-lived charge-sep-
arated species."*"1 If the application lies in the field of solar
energy, it is reasonable to aim for a system resulting in a
charge-separated state for which the lifetime is long enough
for further charge transfer steps to take place, thereby
making it possible to move charges to an electrode inter-
face.'" If, on the other hand, a structure is intended to func-
tion as a molecular wire, efficient charge transport is the
goal and shallow distance dependence is therefore desirable,
which in effect makes exceptionally long-lived charge-sepa-
rated species less important.*%2
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Competition between conformational dynamics and elec-
tron- and energy-transfer processes in systems containing
flexible molecular bridges has been observed previously.
Wasielewski and co-workers have reported on the influence
of bridge dynamics in systems containing oligo-p-phenylene-
vinylenes, and found evidence for conformational gating of
the donor-to-acceptor electronic coupling due to rotational
dynamics.”) This group has moreover studied the competi-
tion between conformational relaxation and electron trans-
fer in a series of phenotiazine-(phenyl),-pyrene (n=0, 1)
donor-acceptor systems and found a strong influence on the
charge-separation rate.’!! The effect of conformation on
energy transfer in directly meso-meso linked zinc—porphyrin
arrays has been reported by Osuka, Kim, and co-workers.*!
They concluded that conformational heterogeneity may sig-
nificantly impede energy transmission through such arrays,
particularly when the number of porphyrins is large. Venka-
taram et al. measured the conductance of seven biphenyl
bridges with different ring substitutions in single-molecule
junctions.”! The substituents served to alter the dihedral
angle of the phenyl rings and it was found that the conduc-
tance was a strong function of the twist angle. Other related
examples have for example been presented by Sundstrom
and co-workers,?”! by Guldi, Martin, Durrant and co-work-
ers, 2 a5 well as by Kyrychenko and Albinsson. Kinetic
control by wavelength selectivity has also been reported, for
example, for electron transfer processes initiated from the
porphyrin S, state in competition with relaxation to the S,
state.[>

In the present work, we demonstrate how the driving
force for electron transfer can be tuned by selective excita-
tion of either planar or perpendicular conformations of a
conjugated porphyrin dimer (P,), appended to a C, accept-
or or bridging a ferrocene-Cy donor-acceptor couple
(Figure 1). The porphyrin moieties are linked by a butadiyne
spacer that allows a broad distribution of conformations,
and at room temperature all porphyrin—porphyrin dihedral
angles are populated. Previously we have shown that the
planar and perpendicular conformations of this type of por-
phyrin dimers are spectroscopically distinct and that it is
possible to selectively excite either conformer.*¥ Further,
the E,, transitions of the two conformers are spaced in
energy by 0.18 eV, and thus, two different initial states can
be prepared that have different driving forces for electron
transfer. This opens up the possibility to sensitively tune the
rate for electron transfer simply by changing excitation
wavelength. The formation of a long-range charge-separated
state in the triad system Fc-P,-Cy, (n=1, 2, 4) has been stud-
ied previously.'”” When the charge-separated state Fc*-P,-
Cq is formed, the charge recombination is mediated by P,
in the ground-state, which is heterogeneous with respect to
conformation. This can potentially hinder the recombination
by decreasing the electronic coupling or by creating electron
“traps”, particularly in longer systems. If the porphyrin
dimer is forced into a planar conformation by adding the bi-
dentate dipyridyl pyrrole ligand L (Figure 1), the conforma-
tional dependence of both the charge-separation and recom-
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Py X = Y= Si(CeHia)s
P2-Ceo: X =R"; Y=Si(CgHi3)s
Fc-Pp-Ceo: X = RT; Y= R2

Figure 1. Porphyrin dimer (P,) based donor-acceptor systems (P,-C4, and
Fc-P,-Cy) studied in this work and a dipyridyl pyrrole ligand (L) used to
force the dimer into a planar conformation by the formation of the com-
plex P,/L-Cy,. The aryl substituents, Ar, are 3,5-di(octyloxy)phenyl.

bination rate can be isolated and studied. Consequently, in
this work the influence of conformation on the electron
transfer properties has been studied with conformationally
constrained as well as un-constrained dimers, by use of
steady-state and time-resolved spectroscopy. Charge separa-
tion has been studied by using P,-C4, whereas charge re-
combination has been studied primarily by using Fc-P,-
Cy 1

Results

Ground-state absorption: When the dipyridyl pyrrole ligand
L is added to a solution of the donor-acceptor system P,-
Cep, a 1:1 complex (P,/L-Cg) is formed in which the porphy-
rin macrocycles of the dimer are essentially co-planar (K=
4x10"m! in CHCI;).*Y In Figure 2, the ground-state absorp-
tion spectrum of P,-C4, in CH,Cl, with 0.1 vol % pyridine
and in 2-methyl tetrahydrofuran (2-MTHF), as well as the
spectrum of the 1:1 complex P,-C4/L in neat CH,Cl,, are
shown. It is evident from Figure 2 that the spectral changes
are dramatic when P,-Cg is forced to a planar conformation
by the ligand L. The intensity of the absorption peaks at 460
and 670 nm decrease, whereas the intensity of the peaks at
495 and 735 nm increase. By analysis of fluorescence emis-
sion and excitation spectra, as well as by fluorescence life-
time studies and quantum mechanical calculations, previous
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Figure 2. Absorption spectra of P,-Cg, in 2-MTHF (s+-.+), in CH,Cl, with

0.1 vol % pyridine (—), and in CH,Cl, with the dipyridyl pyrrole ligand
L (----- ). The spectra of P,-Cg, and P,/L-Cg, in CH,Cl, are scaled by their
molar absorptivity, whereas the spectrum of P,-Cg, in 2-MTHF is normal-
ized to that in CH,Cl,. The inset shows the emission spectra of P,-Cy, in
2-MTHF obtained when exciting at 460 nm (—) or at 495 nm (-----).
The concentration of P,-C¢, and L is approximately 1 um and 2 um, re-
spectively.

work has assigned the peaks of the absorption spectrum of
P, such that the high energy peaks belong to the perpendic-
ular conformation, whereas the low energy peaks belong to
the planar conformation. The barrier to rotation around the
butadiyne axis is low and there is a broad continuous distri-
bution of conformations at ambient temperature. However,
the variation of the energy and intensity of the transition
moments with dihedral angle results in spectral features
mainly associated with the limiting cases, that is, with the
planar or perpendicular conformer.’" Thus, the dimer can
be addressed like a two-state system, and the planar and
perpendicular conformer can be selectively excited by an
appropriately chosen excitation wavelength (Scheme 1).

Kes.
‘ Koot kesir .
* 5 _
P2,"~ Ceo P2s™= Ceo Py'= Ceo
670 nm [/55 nm
P2 - Ceo

Scheme 1. Charge-separation processes and planarization of the perpen-
dicular conformer.

Steady-state fluorescence: The fluorescence of P,-Cq and
P,/L-Cq, are significantly quenched relative to P,, which pre-
vious work has shown is due to electron transfer. In this text
it will be shown that the electron-transfer kinetics of P,-Cy,
and P,/L-Cy, are different due to different electronic cou-
plings and driving forces for electron transfer. The inset in
Figure 2 shows two different fluorescence spectra obtained
by exciting P,-Cq, at 460 and 495 nm, respectively. Selective-
ly exciting the planar population (495 or 735 nm) yields the
fluorescence spectrum shown by the dashed line in Figure 2,
whereas exciting the perpendicular population (460 or
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670 nm) yields the spectrum shown by the solid line. The
two species have unique fluorescence spectra with emission
maxima at 740 (planar conformer) and 675 nm (perpendicu-
lar conformer). In the first excited singlet state, there is a
considerable energy difference between the two species and
the planar conformation is strongly preferred. Thus, when
the perpendicular population is excited, it will relax to more
planar conformations. As the two excited conformers stand
in a mother-daughter relationship to each other, a portion
of the initially perpendicular excited population emits at
longer wavelengths, as it relaxes to a planar form at the rate
k.o, =8.8x10°s7! in 2-MTHF at 295 K.*¥ This, then, explains
the appearance of the steady-state fluorescence spectrum
obtained when exciting at 460 nm: Fluorescence from the
perpendicular conformation takes place in competition with
rotation around the butadiyne axis. The implication of the
above, however, is that it is possible, by changing the excita-
tion wavelength, to prepare different initial states from
which an electron-transfer reaction can take place. The
energy of the 0-0 transition for the two conformers differ by
almost 0.2 eV, which further implies different driving forces
for electron transfer (AG®) from the two states. By combin-
ing spectral information, which gives the 0-0 transition ener-
gies for the two conformers, Ey,, and E,, with measured
redox potentials, it is possible to estimate the separate driv-
ing forces (see below).

The fluorescence spectra of P, and P,-C4 are strongly
temperature dependent, as demonstrated by Figure 3. In
Figure 3a, the fluorescence spectrum of P,, following excita-
tion of the perpendicular population, is shown at several
temperatures. As the temperature decrease, the rate for ro-
tation from the perpendicular conformation to more planar
conformations becomes slower. More and more of the emis-
sion thus appear at shorter wavelengths. However, the fluo-
rescence spectra of P,-Cq seem to vary in an unexpected
way (Figure 3b). Initially, the fluorescence intensity at
740 nm decreases as temperature is lowered, but when the
temperature is sufficiently low, the intensity increases dra-
matically. On the contrary, the emission intensity near
675 nm first increases but then decreases when the tempera-
ture is low. Moreover, the wavelengths of the peak maxima
shift. This somewhat counterintuitive trend in the spectra is
explained by the fact that the steady-state fluorescence spec-
trum of excited P,-Cy, initially prepared in the perpendicu-
lar conformation, is the result of combined effects of
quenching by electron transfer and planarization. The rate
for rotation is more strongly temperature dependent than
the rate for electron transfer from the perpendicular species.
As the rotation slows down, there is a larger steady-state
population of perpendicular conformers at lower tempera-
tures, which is efficiently quenched by electron transfer and
thus the emission decreases. The increase in emission at
longer wavelengths is due to less efficient electron transfer
from the planar species at lower temperatures. The up-
down behaviour can be qualitatively reproduced by simula-
tions using a kinetic model for the charge-transfer processes.
Further, at temperatures closer to the glass temperature, the
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fluorescence intensity increase at the main emission peak
(740 nm) is even higher. This indicates the possibility that
the quenching efficiency for a fully planar species may in
fact be very low at these temperatures, and that temperature
can be used to turn the electron transfer form the planar
conformer off, while electron transfer from the perpendicu-
lar conformer is still efficient.
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Figure 3. Emission spectra recorded at several temperatures obtained by
exciting a) P, (2-MTHF) and b) P,-Cy, (2-MTHF) at 460 nm. The spectra
were measured at 295 K (black), 255K (red), 215K (green), 175K
(blue), 135K (cyan), 115 K (purple, P,-Cq, only), and 95 K (magenta, P,
only). The inset shows the temperature variation of the integrated con-
centration of the planar and perpendicular species of P,-C4 (top and
bottom, respectively), estimated from the extracted rate constants
(Tables 5 and S1, Supporting Information).

Time-resolved fluorescence: The fact that the two conform-
ers stand in a mother—daughter relationship, makes steady-
state fluorescence a less useful tool for quantitative analysis
of the electron transfer kinetics that take place in P,-Cy.
However, the electron-transfer rate can be studied by exam-
ining the fluorescence quenching efficiency of P,-Cg, relative
to P,, by way of fluorescence lifetime measurements, since
electron transfer is the only additional deactivation pathway
introduced by attaching the Cy, electron acceptor, as shown
previously.™ If this is the case, the charge-separation rate
from the planar (kcs;) and perpendicular (kcs, ) conformer
can be determined by Equation (1b) and (1a), respectively.
In these equations, 7, is the measured emission lifetime, 7 is
the intrinsic lifetime of unquenched P,, and k. is the rate
constant for rotational relaxation of the excited perpendicu-
lar conformation.l**!

- (TfLO)_l (la)
kes) = (me) ™" — (7)™ (1b)

In Table 1, the fluorescence lifetimes of P,-Cy, and P,/L-C,
measured at room temperature by time-correlated single
photon counting (TCSPC), are listed. The samples were ex-
cited at 460 nm, and for P,-C,, the emission was collected at
670 nm (perpendicular conformer) and 740 nm (planar con-
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Table 1. Fluorescence lifetimes of P,-Cg4, at room temperature, in CH,Cl,
with pyridine or L. The samples were excited at 460 nm. « is the normal-
ized amplitude and fis the fractional intensity.

Emission wavelength 7 a ol e
[nm] [ps] [%]

P-Cq CH,CI, + pyridine

670 <100 1.00 100 2.0
740 31 0.89t 30 1.6
P,/L-Cq, CH,Cl,

7400 28 0.91¢ 40 1.5

[a] fi=(a;7)/Z0;z;. [b] Resolving this lifetime is limited by the IRF. See
Experimental Section. [c] Bi-exponential fit (I() =Za;exp(t/t;)) was used
as there were minute traces of free P, (¢p=20.6%) in the samples. 7,
was locked to the fluorescence lifetime of P, (1.2 ns). [d] No fluorescence
is detected at 670 nm for P,/L-Cy,. See Figure 1 (inset).

former), whereas for P,/L-C4, the emission was collected at
740 nm (planar conformation only). Pyridine was added to
the sample not containing the ligand L, in order to reduce
the possibility for effects exclusively due to complexation.
As shown in Table 1, the fluorescence lifetime measured at
the main emission of P,-C4 agree with that of P,/L-Cq,
demonstrating that it is the planar conformer that emits.
The fluorescence lifetime of the perpendicular conformer of
P,-Cy is too short at room temperature for the time resolu-
tion of the instrument, but it is less than half of the lifetime
for the planar conformer. By using Equation (1), the data in
Table 1 yield that kes =3.4x10"s™" and ke, > 1x10" s,
at room temperature.

The rate for electron transfer is related to several parame-
ters, such as the electronic coupling (V), the inner and outer
reorganization energy accompanying the redistribution of
charge (4; and 4,), and the thermodynamic driving force for
the electron-transfer process (AG®). Importantly, the rate
for electron transfer is temperature dependent. The Marcus
model is often used to describe diabatic electron transfer in
the high temperature limit [Eq. (2)],°*” and by measuring
the rate for electron transfer as a function of temperature,
the unknown parameters of this expression can be experi-
mentally estimated. To this end, the fluorescence lifetimes
of P,-C¢, were measured in 2-MTHF at low temperatures.
The temperature range for this measurement was selected
so that the short fluorescence lifetime of the perpendicular
conformer could be properly resolved and therefore 2-
MTHF was a suitable solvent. Moreover, the temperature
was kept well above the glass temperature of the solvent (T,
~90 K). Table 2 summarizes the lifetimes obtained by fitting
the fluorescence decay traces measured between 180 and
100 K. The data fits were checked by support plane analy-
sis,®®! which confirmed that the least-squares minimizations
had converged to global minima despite the relatively high
«* values (See Experimental Section). In Figure 4, the loga-
rithms of the electron-transfer rates kcs and kcs , multi-
plied by /T [see Eq.(2)], are plotted against the inverse
temperature. By linear regression of these data, the elec-
tronic coupling and reorganization energy could be extract-
ed (Table 3), assuming they were approximately constant in
the temperature range used.

Chem. Eur. J. 2007, 13, 7385-7394
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Table 2. Fluorescence lifetimes of P,-Cy, in 2-MTHF measured at 670 nm
(7; . ) and 740 nm (z; ). The samples were excited at 460 nm.

2[a] 2[a]

T Ti o X Ty X
(K] [ps] [ps]

180 11 1.5 29 1.7
160 12 3.0 32 1.8
140 15 24 37 14
130 16 1.3 42 1.1
120 20 1.6 44 2.1
110 22.5 24 54 2.6
100 27 2.4 bl _bl

[a] The measurements in a cryostat lead to unusually high 4. See Experi-
mental Section. [b] The quality of this data point was poor and it was
therefore excluded.

TIK
C2)00 180 160 140 120 100
Perpendicular conformer
275
g 270F
T~
!{3
4
— 265}
£
260 -
6.0 Planar conformer

0.005 0.006 0.007 0.008 0.009 0.010
TYK! ———

Figure 4. Rate constants for electron transfer from the perpendicular
(kcs 1> @) and planar (ks |, ¢) conformer plotted against the inverse tem-
perature. The sample was excited at 460 nm and the fluorescence life-
times were measured at 670 and 740 nm, respectively. The lines are fits to
a linear form of Equation (2).

Table 3. Driving forces for electron transfer (AG®), total reorganisation
energies (4,,), and the electronic couplings (V) for the process P,-Cy—
P,*-Cy .

Conformer AG°H L yil
[eV] [eV] [em™]

perpendicular —0.54 0.78 32

planar —0.36 0.54 16

[a] Calculated from redox potentials (assuming that the oxidation poten-
tial of the perpendicular species is similar to that of the monomer P;)
and excitation energies (Equation 3). [b] Estimated by linear regression
of experimental data (see Figure 4).

T AG° + 1)?
kes = WW\ZGXP [* %} (2)
AG® = —Ey + E(P,/P,")—E(C/Cq~)—e - (431:808SRDA)71
(3)

The driving forces presented in the first column of Table 3
were calculated using Equation (3),%**! where the energies
of the 0-0 transitions were estimated from the intersection
of the absorption and emission spectra (normalized to the
Q-band peak of either the perpendicular or the planar con-
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former). The oxidation potentials of the perpendicular and
planar conformation can not be distinguished by electro-
chemical measurements and must be estimated. Therefore,
oxidation potentials were taken from previous cyclic and
square-wave voltammetry measurements on P, and P, in
THF (erpr=7.52, &vmur=06.97)."") Since the difference in
oxidation potential between P, and P, is only about 0.02-
0.04 V, it is understood that the dominant effect on the elec-
tron transfer driving forces comes from the different 0-0
transition energies, and that the difference in oxidation po-
tentials can be neglected. The reorganisation energies A,
can be determined from the slopes of the lines in Figure 4
by using the estimated driving forces. As the driving forces
can be assessed with reasonable accuracy, and as the slopes
of the lines are similar, indicating comparable activation en-
ergies for charge separation, the parameter 1, basically bal-
ances the difference in driving force between the planar and
the perpendicular species. The physical interpretation of 1,
is not trivial, but as rotational relaxation occur also in P,, it
is reasonable to assume that this process is not part of the
reorganization accompanying the charge separation. The
total reorganisation energies found are small, which is often
the case for porphyrin-fullerene couples, and they compare
reasonably well to values found for similar systems.*"*?! The
inner sphere reorganisation energies for Cg, and single por-
phyrins are approximately ~0.06 and ~0.12 eV, respective-
ly.[** As Table 3 demonstrates, there is a significant differ-
ence in electronic coupling V between the planar and per-
pendicular species and the origin of this will be discussed
below.

Transient absorption: In order to further characterize the in-
fluence of conformation on the electron-transfer properties
of the investigated systems, transient absorption measure-
ments using femtosecond pump-probe experiments were
performed. The transient absorption spectra in Figure 5
show that the excited state absorption of the perpendicular
species is different from that of the planar species. Shortly
after the excitation pulse, the excited state absorption of the
perpendicular species exhibits a moderately strong peak at
650 nm (Figure 5a) which is completely absent in the spec-
trum of the planar species (Figure 5b). The spectrum
evolves, however, and approximately 100 ps after the excita-
tion pulse, the excited-state spectrum obtained when primar-
ily exciting the perpendicular population is more similar to
that of the planar conformer, suggesting that the remaining
excited population (P,*-Cy) is on average more planar. The
same spectral evolution was observed when the dimer, P,,
was studied (Figure S1, Supporting Information) and it was
found that the transient absorption decay at 650 nm agreed
with the rate for rotation determined previously by
TCSPC.P A similar evolution in the transient absorption
spectra have been obtained for an ethyne-linked porphyrin
dimer studied by the groups of Therien and Hochstrasser.*’!
The decay of the excited state absorption occurs at the rate
expected from fluorescence lifetime measurements, both for
measurements on a sample initially prepared in a predomi-
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a) are primarily interested in
seeing how constraining the
dimer to a planar conformation
affects the charge recombina-
tion rate from this state, as the
dimer itself is then in ground-
state and therefore, in the ab-
sence of L, rotates almost
freely. The ensuing conforma-
tional heterogeneity should
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have a dramatic effect on this
rate as compared to a donor—
acceptor triad in which the
dimer is forced into a planar
conformation. The competition
between conformational dy-
namics and the charge recombi-
nation process is described
below.

500 550 600 650

Alnm

Figure 5. Transient differential absorption spectra obtained by exciting a) P,-Cy4 (CH,Cl, + 1vol% pyridine)  for
at 675 nm (predominantly perpendicular conformer), and b) P,/L-C4, in CH,Cl, at 495 nm (planar conformer).
The samples were probed at 1 ps (—) and 25 ps (-----). The inset shows the decay of the S;,—S, absorption

for the two samples, probed at 615 nm.

nantly perpendicular conformation and a sample containing
the rotationally constrained P,/L-Cg.

The formation of the radical species P,*-C,~ gives rise to
broad unstructured absorption in the visible and intense ab-
sorption in the NIR from the porphyrin dimer radical
cation. Moreover, a weaker absorption band from the fuller-
ene radical anion is formed in the NIR. The absorption of
P,* (eges ~#1.2x10°M ' cm™) is much stronger than that of
Cso~ (£1970 ®1.2x10°m'ecm™") and as the spectra partially
overlap it is difficult to see a distinct peak from the fullerene
anion radical in the wavelength region accessible by the ex-
perimental set-up used (450-1050 nm). However, the forma-
tion of P,* is sufficient proof that the quenching of the
dimer fluorescence is due to the anticipated electron-trans-
fer process. In Figure 6a and 6b, transient absorption decay
traces measured at 980 nm for P,-Cg, and at 1020 nm for Fc-
P,-C4, are shown for measurements performed in CH,Cl,
with pyridine (Figure 6a) and in CH,Cl, with the ligand L
(Figure 6b). From the former system (P,-Cg,), the charge-
separation rates for the process P,-Cq—P,*-Cq~ with un-
constrained (pyridine) and constrained (L) rotation were de-
termined, and moreover, the recombination rate from P,*-
Cq for the two cases. This is a relatively uncomplicated
system and this information is readily available. For the
latter system (Fc-P,-Cy), the rate for the charge shift Fc-P,*
-C4y~—Fct-P,-Cy,~ and the rate for charge recombination
from the resulting fully charge-separated state Fc*-P,-Cg,~
could be determined with and without the ligand L. We
have previously reported in detail how the fully charge-sepa-
rated state Fc'-P,-Cq,~ is realized,"™ but for this study we

www.chemeurj.org
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For all four systems, transient
absorption data were collected
at wavelengths characteristic
S,—S, absorption and
ground-state recovery, in addi-
tion to those characteristic for

800 1000 1200

0 25 50 75100 200 400 600
t/ps

06
0.4

02H

400 600 800 1000 1200

tips

0 25 50 75100 200

Figure 6. a) Transient absorption decays measured at 980 nm for P,-Cg,
(triangles) and 1020 nm for Fc-P,-Cy, (light grey circles) in CH,Cl, + 1
vol % pyridine. The samples were excited at 676 nm. b) Transient absorp-
tion decays measured at 980 nm for P,-Cg, (diamonds) and 1020 nm for
Fc-P,-Cy, (dark grey circles) in CH,Cl, + L. The samples were excited at
495 nm. In both a) and b), the differential absorption is normalized by
the transient radical concentration, estimated by kinetic simulations.
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radical absorption. For each individual system, the traces
were fitted in a global fashion with the time constants as
common parameters, using two or three exponentials with
reference to the model presented in Figure 7. For P,-Cy,, the

K,
2+ FeP, *Cy iy
%) 1.5
Py Fc-Py*-Cgy
Kesn
For-P,-Cop
1 -
<, ket Koy Key* Koc s Kegi Kera

Fc-P,-Cyg

Figure 7. Relative energies of the states, electron transfer pathways and
their respective rate constants.

time constants defined by Equation (4a—c) were used. Be-
cause a fraction of the planar species is initially excited in
this case, a three exponential fit was necessary, whereas for
P,/L-Cq, a two exponential fit, using the time-constants de-
fined by Equation (4b—c), was adequate. For Fc-P,-Cq,
Equation (5a-d) were used and the small fraction of initially
planar species was neglected for the unconstrained system
[Eq. (5a)], as the four-exponential expression resulting from
including this population does not significantly benefit the
analysis. In Table 4, the lifetimes that resulted from the fit-
ting procedure are presented.

T = (kpy + Koot + Kes o + ko) ™! (4a)
72 = (ke + Kury + kes)) ™! (4b)
7 = (keri) ™ (4c)
T = (ks + Koot + Koo + ks + ko) ™! (5a)
7y = (ke + Koy + ks + ko)™ (5b)
73 = (kcrt + kesy) ™! (5¢)

Table 4. Lifetimes obtained by fitting transient absorption data (S;—S§,
absorption, ground state recovery, and radical absorption) to sums of ex-
ponential decay functions.

7l 7l 7! 7!
[ps] [ps] [ps] [ps]

P,-Cy, 25 26 140

P,/L-Cq 12 80

Fc-P,-Cy, 430 45 7100

Fc-P,/L-C, 3.8 40 700300

[a] Negative pre-exponential factor at wavelengths characteristic for radi-
cal absorption (rise). [b] Positive pre-exponential factor at wavelengths
characteristic for radical absorption (decay). [c] Planarization effects are
neglected.
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Ty = (kCR2)7l (5d)

Figure 6a shows kinetic traces for the dyad and triad systems
without constrained rotation and for both there are a rise in
the differential absorption due to the formation of the radi-
cal cation and anion. The rise time appears shorter for the
Fc-P,*-Cq,~ absorption than for that of P,-Cy, due to a pre-
viously reported parallel energy transfer quenching process
related to the ferrocene moiety,"”! which proceeds at the
rate kg [Egs. (5a) and (5b)]. Further, the radical cation ab-
sorption decays faster for Fc-P,*-Cy,~ than for P,*-Cg~ due
to the charge-shift reaction forming the fully charge-shifted
state (Fc*-P,-Cg,7). In the latter case, the transient absorp-
tion at longer delay times is exclusively from Cq,~. The rate
constant for charge recombination from Fc*t-P,-C4~ has
previously been determined to approximately 1.4x10%s™".
The rate for the initial charge separation determined from
these measurements are in agreement with fluorescence life-
time measurements as well as with the decay of the P,*-Cy,
absorption (Table 4). The kinetic traces shown in Figure 6b
represent the same measurements for rotationally constrain-
ed systems and are clearly different from those in Figure 6a.
The dyad shows a simple bi-exponential kinetics as expect-
ed. For the triad, it was found that the charge shift takes
place in the constrained system as well, but remarkably, the
rate for charge recombination has increased dramatically to
approximately 1.4x10°s™!. This implies that the planar con-
former mediate the charge recombination in an extremely
efficient manner at 25 A donor-acceptor separation.

Discussion

In Figure 7, the relative energies of the states are shown, to-
gether with a model describing the processes taking place
after photo excitation of P,, in either P,-C4, or Fc-P,-Cy,. In
the scheme, the rate constants for the processes are defined.
Further, in Tables 5 and S1 (Supporting Information) values
for these rate constants, extracted from the experimental
data in Tables 1, 2, and 4, by reference to the presented
model, are listed for each experimental technique used. Spe-
cifically, Table 5 lists the rate constants obtained from transi-
ent absorption measurements on P,-C4, which yielded the
rates for the primary charge separation (kcg) and the subse-
quent recombination (kcg;), and on Fc-P,-Cy, which further
yielded the rates for the charge-shift reaction (kcg, Table
S1, Supporting Information) and the charge recombination
of the fully charge-separated state (kcgs).

The agreement between the methods used is generally
good and an average value for the charge-separation rate
from the perpendicular and planar conformation based on
these numbers can be calculated. For charge separation
from the perpendicular species, the rate is approximately
2.5x10" 57!, whereas the rate for charge separation from
the planar species is approximately 5.8x10s™!. That is,
charge separation is roughly four times faster from the per-
pendicular conformation than from the planar conformation.
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Table 5. First-order rate constants (k) for the excited state reactions de-
fined in Figure 7.

P,-Cy Fe-P,-Cyy P,/L-Cg,™ Fc-P,/L-Cg,”
[s7] [s7] [s7'] [s7]
kes 1 3.9x 10" 2.0x10" - -
kes) 3.8x10" - 8.3x10% 83x10"
ker 7.1x10° - 1.3x10" -
kero - 1.4x108 - 1.4%x10°

[a] Transient adsorption data (CH,Cl, + pyridine). The samples were
excited at 676 nm. [b] Transient adsorption data (CH,Cl, + L). The sam-
ples were excited at 495 nm.

The activation energies for charge separation (AG ™) of the
perpendicular and planar species are both very small, and in
the solvent used for these experiments they are approxi-
mately equal. This indicates that the electron transfer pro-
cesses take place near the top of the so-called Marcus pa-
rabola. As demonstrated in Table 3, the higher rate for
charge separation from the perpendicular conformer is
mainly due to a greater electronic coupling in combination
with the higher driving force for electron transfer. This anal-
ysis was done by using the classical Marcus equation. The
more advanced semiclassical formulation of Jortner and co-
workers gave very similar results, and the conclusion is that
the most important parameter for the different electron-
transfer rates is the electronic coupling.“**"! It is important
to realize that only the limiting cases, a perpendicular and a
fully planar conformation, are considered explicitly in this
discussion. However, by changing the excitation wavelength,
a conformer with an arbitrary porphyrin—porphyrin dihedral
angle ¢ + A¢ can be addressed and possibly a rate for elec-
tron transfer can thereby be chosen. Because of the continu-
ous distribution of conformations, the selectivity will be lim-
ited to a region A¢ determined by the width of the absorp-
tion bands and the monochromaticity of the excitation light
source. The driving force and electronic coupling will proba-
bly not change abruptly, but vary smoothly as an on average
more and more planar population will be addressed when
the excitation wavelength is changed from shorter to longer
Q-band wavelengths. The extreme cases are uniquely select-
ed to a high degree by choosing energies matching the far
edges of the Q-band absorption.

It is interesting that charge recombination (P,*-Cg4~ —Py-
Cq) is faster for the dyad constrained to a planar conforma-
tion than it is for the unconstrained dyad. The majority of
the perpendicular population should undergo charge separa-
tion (ks | =2.5x 10" s7!) before having a chance to rotate
to a more planar conformation (k,,, =8.8x10° s7!). However,
after the charge separation, twisting to a more planar con-
formation is still advantageous as it leads to an energy gain
related to the delocalization of the positive charge.! The
perpendicular species P, | T-Cg,~ will thus twist to smaller di-
hedral angles and may undergo charge recombination any-
where between 0-90°, whereas the constrained system is
always nearly planar. This implies that planarity somehow
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favours the charge recombination, since this process is faster
for the constrained system.

The charge-shift reaction (Fc-P,"-Cq~—Fc*-P,-Cy, ") pro-
ceeds at approximately the same rate for the constrained
(Fc-P,/L-Cg) and unconstrained systems (Fc-P,-Cy), which
means that the quantum yields for this process are 48 and
68 %, respectively, mainly due to the faster recombination
of P,*/L-Cgy~ (Pesn=kesn/(keri + kesy))- Further, the slower
primary charge separation from the planar conformation,
means that the overall quantum yield for the fully charge-
separated state is only 35% for Fc-P,/L-Cg,, but 58% for
Fc-P,-Cq, based on transient absorption data (@ =kc¢/(kr +
ko + kcs + ko) x Pcgp). The low quantum yield for the fully
charge-separated state Fc*-P,/L.-Cg,~, in addition to the low
molar absorptivity of Cg,~ at the probed wavelength, ex-
plains the weak transient signal detected (Figure 6b). More-
over, the recombination is faster by an order of magnitude
for this system relative to the conformationally heterogene-
ous system (Fc*-P,-Cg, 7). The rate for this recombination is
approximately 1-2.5x10°s™!, but the poor signal makes it
difficult to determine this rate with high accuracy. The faster
recombination of the planar system can be explained by the
higher degree of conjugation in the planar system. Charge is
mediated more efficiently by a delocalized system, and this
is shown by the larger electronic coupling obtained for the
planar system if the charge-recombination process is treated
with a simple Marcus approach. Using a reorganization
energy typical for ferrocene—fullerene couples (1.2 eV),1%%]
the electronic coupling for the planar system was estimated
to 2.5-3.9 cm™!, which is significantly higher than the cou-
pling in the conformationally heterogeneous system
(0.92 cm™). This result points to the importance of control-
ling the structure and possible conformational distributions
of molecular wires.

Conclusion

Photoinduced electron transfer in a donor—acceptor dyad,
P,-C¢, has been studied by time-resolved and steady-state
spectroscopic methods. The electron-transfer rate was signif-
icantly faster from the conformationally distorted singlet ex-
cited donor (P,,) than from the planar conformer (P, ).
This was expected, as more energy (approximately 0.2 eV)
is “stored” in excited P, |, making the driving force for elec-
tron transfer larger from the perpendicular species. Howev-
er, analysis of the temperature dependence of the fluores-
cence quenching showed that both processes had similar ac-
tivation energies (i.e., the same slopes in Figure 4), but sig-
nificantly different pre-exponential factors. In terms of the
Marcus theory of electron transfer this means that the dif-
ferent rates for electron transfer reactions from P, , and P,
must be ascribed to the significant difference in the elec-
tronic coupling. It is interesting to consider the reasons to
why the perpendicular conformer has a larger electronic
coupling to the appended Cy, than the planar conformer. In
the excited state of the perpendicular conformation of the
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dimer it is likely that the excitation is localized on one por-
phyrin unit, and that such localization quickly places the ex-
cited state on the porphyrin fragment that is closest to the
Cg, acceptor and thereby makes the average donor—-acceptor
distance shorter. A similar localization is not favourable for
the fully planar system where the inter-porphyrin conjuga-
tion is larger, which may explain the lower electronic cou-

pling.

The fact that simply changing the excitation energy
changes the dynamics of the system will be an important
handle for directing electrons in a charge-separation reac-
tion. This property can be optimized by the molecular com-
ponents or possibly by just changing the solvent polarity. Ul-
timately, an “on/off” situation would be highly desirable, be-
cause this would constitute a simple charge-separation
switch.

Experimental Section

Materials: The solvents used for this study was dichloromethane
(CH,Cl,, ACROS) and 2-methyl tetrahydrofuran (2-MTHF, ACROS).
The solvents were always freshly distilled when used. When dichlorome-
thane was used, approximately 0.1 vol % pyridine was added in order to
make the measurements comparable to those performed using the dipyr-
idyl pyrrole ligand (Figure 1). The synthesis of these compounds have
been reported previously."*!

Spectroscopy: Absorption spectra were measured on a Cary 4B UV/Vis
spectrophotometer. The spectra were recorded between 300 and 850 nm
at 300 nm per min with 0.5 nm spectral bandwidth. The sample was con-
tained in a 10 mm quartz cuvette and a new baseline was recorded for
each sample. Fully corrected emission spectra were recorded on a Spex
Fluorolog 3 equipped with a xenon lamp. To avoid aggregation and
inner-filter effects, the concentrations of the samples were low in the
fluorescence measurements, approximately 0.1-4 um in most cases. The
spectral bandwidth for the emission and excitation monochromators was
between 1-4 nm and was chosen in order to get a good signal-to-noise
ratio. Time-resolved fluorescence measurements were done by time-cor-
related single photon counting (TCSPC). The excitation pulse was pro-
vided by a Tsunami Ti/sapphire laser (Spectra-Physics) which was
pumped by a Millennia Pro X (Spectra-Physics). The Tsunami output
was tuned to either 920 or 990 nm and subsequently frequency doubled
to 460 or 495 nm. A pulse selector (Model 3980, Spectra Physics) was
used to achieve a 4 MHz repetition rate, when necessary. The emission
photons were collected by a thermoelectrically cooled micro-channel
plate photomultiplier tube (R3809U-50, Hamamatsu), yielding a time-
resolution of 10-20 ps. The signal was digitalized using a multi-channel
analyzer with 4096 channels (SPC-300, Edinburgh Analytical Instru-
ments) and in order to get a good statistics at least 10000 counts (top
channel) were recorded for each decay. The fluorescence decay curves
were fitted to two-exponential expressions by the program FluoFit Pro
v.4 (PicoQuant GMBH), individually as well as with global parameters.

Temperature studies: For the temperature dependent absorption and
emission studies, a cryostat (Oxford Instruments) cooled by liquid nitro-
gen was used. The samples were degassed by repeated freeze-pump-thaw
cycles (final pressure <107 Torr) prior to measurements to exclude any
effects due to quenching reactions caused by oxygen. Using a cryostat for
TCSPC measurements introduce difficulties when the fluorescence life-
times are short, since the instrument response function contains more
scattered light in this case. y* thus become larger than normal. In particu-
lar, this is a problem when the emission intensity is weak.

Transient absorption: A pump-probe set up was used to record transient
absorption spectra and transient absorption decays. A Ti/sapphire oscilla-
tor (Tsunami, Spectra Physics) generating pulses approximately 90 fs
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broad (FWHM) was used to seed a Ti/sapphire regenerative amplifier
(Spitfire, Spectra Physics) that was pumped by a frequency-doubled
diode-pumped Nd/YLF laser (Evolution-X, Spectra Physics) and pro-
duced pulses approximately 110 fs long (FWHM). The amplified laser
beam (790 nm) was divided by a 70:30 beam-splitter and the two beams
were subsequently used as pump and probe. The pump beam was manip-
ulated by an OPA (TOPAS, Light Conversion Ltd) to yield 495 or
660 nm and was delayed relative to the probe pulse by either one of two
available optical delay lines (1.6 or 10 ns). The probe beam was obtained
by focusing the remaining IR on a 1 mm sapphire plate, which generated
a continuum from 450-1050 nm. The probe was subsequently divided
into a reference beam and a probe beam, and the latter of these was
overlapped by the pump at the sample. When spectra and decays were
measured in the near-infrared, a combination of long-wave pass filters
were used in order to completely block out visible light, otherwise the
detected signal was dominated by secondary diffraction maxima from the
monochromator used (TRIAX 180, ISA Instruments). All porphyrins
have strong triplet absorption at approximately 500 nm, which without
appropriate filters give strong, long-lived transient absorption signals at
1000 nm. The samples were dissolved in freshly distilled solvent deoxy-
genated by argon bubbling, and the optical density was approximately 1
at the excitation wavelength. The samples were contained in a moving
1 mm cuvette and excited at a 500 Hz repetition rate. The recorded
traces were fitted individually and globally to a sum of exponentials con-
voluted with the cross-correlated pump and probe pulse (simulated by
Gaussian pulse profiles) with home-made routines (MATLAB, Math-
works Inc.).
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