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Introduction

Long-range electron transfer has been a field of intense re-
search for several decades. It plays a major role in many in-
teresting areas such as natural and artificial photosynthe-
sisl! and molecular electronic devices."™ Many aspects of
electron transfer have been covered over the years, for ex-
ample, its dependence on parameters such as temperature,
free energy, orientation, and distance. Electron transfer is
considered to be long-range if the electron travels more
than 10 A and the distances are often much longer. Over
these distances it is energetically more favorable for the
electron to tunnel through unoccupied orbitals of the inter-
vening medium than to travel through empty space. Such
tunneling is usually referred to as a superexchange or
through-bond mechanism. Linking a donor—acceptor couple
with a suitable bridge provides an electronic medium that
effectively facilitates superexchange mediation. Without any
bridge mediation, long-range electron transfer would be
very unlikely because such a process would have through-
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space character, which requires direct orbital overlap be-
tween the donor and the acceptor. The transition from su-
perexchange-mediated electron transfer to sequential or
“hopping” mechanisms has recently become the focus of
many researchers.”'”! In the superexchange case there is a
probability for electron transfer owing to a virtual inter-
mediate state, whereas for sequential electron transfer, the
electron is temporarily localized and a chemical intermedi-
ate is produced. A better understanding of the factors gov-
erning the competition between the two mechanisms would
be useful in many instances, for example, when discussing
electron-transfer processes in native reaction centers or mo-
lecular wire behavior."*2"

Much attention has been directed towards the influence
of the electronic structure of intervening bridge structures
on the effective electronic coupling in geometrically well-de-
fined donor-bridge-acceptor (DBA) systems.*?"*] Super-
exchange-mediated electron transfer in a DBA system di-
rectly results in a charge-separated state (D"tBA""), whereas
sequential electron transfer in the first step yields an inter-
mediate state, D'*B"A in which the anion radical of the
bridge is formed. By controlling the energy gaps between
the primary excited DBA system and the charge-separated
species (D**B"A and D**BA*"), physical mediation (super-
exchange) may gradually be turned into chemical mediation,
whereby genuine chemical intermediates are realized.

The DBA system studied in this work (Figure 1) consists
of a (5-aryl-2,8,12,18-tetraethyl-3,7,13,17-tetramethylpor-
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Figure 1. The molecules studied: the ZnP-AB-AuP* triad, the ZnP-AB dyad, the unsubstituted ZnP donor, and the ZnP-BB-AuP* triad.

phyrin-15-yl)zinc (ZnP) covalently linked by a 9,10-bis(phe-
nylethynyl)anthracene (AB) bridge to its corresponding
gold(m) porphyrin (AuP*). It is part of an ongoing project
concerned with the influence of the bridging chromophore
on photoinduced energy- and electron-transfer processes in
a series of DBA systems."**? The main interests of the
present study include the influences of temperature and sol-
vent polarity on the electron-transfer properties of ZnP-
AB-AuP?, and, in particular, the competition between se-
quential and superexchange mechanisms, which is schemati-
cally described in Figure 2. The intermediate created from a
sequential electron transfer in this system is ZnP-*-AB-
AuP?. This charge-separated species forms ZnP't-AB-AuP"
in a second step, the same species that is formed from direct
superexchange-mediated electron transfer. Comparisons
have been made with the triad ZnP-BB-AuP* (Figure 1), in
which the porphyrins are linked by 1,4-bis(phenylethynyl)-
benzene (BB). This system will form a charge-separated
state only by superexchange-mediated electron transfer
when excited" because it has no possibility of sequential
electron transfer, and it is therefore a useful reference sub-
stance.
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Figure 2. The proposed kinetic model: the excited ZnP donor is deacti-
vated by two competing parallel electron-transfer mechanisms, one of
which is sequential and one that is superexchange-mediated.

Results

The aim of the present work has been to determine the ef-
fects of solvent polarity and temperature on the electron-
transfer processes of ZnP-AB-AuP™, and to understand the
competition between sequential and superexchange-mediat-
ed electron transfer in this system. Three solvents of varying
polarity were used in the study: 2-methyltetrahydrofuran (2-
MTHEF), butyronitrile (BuCN), and N,N-dimethylformamide
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(DMF). The emission properties of the system, which have
been examined by steady-state fluorescence measurements
and time-correlated single-photon counting experiments,
will be presented foremost in this section. This is followed
by a discourse on the excited-state dynamics, which were
studied by means of femtosecond transient absorption. In
the discussion that follows, it will be deduced that donor
quenching is caused by two competing electron-transfer
pathways.

Ground-state absorption: ZnP-AB-AuP* consists of three

separate chromophores, as demonstrated in Figure 3, where
it is indicated that a linear combination of the monomer

DMF
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Figure 3. Ground-state absorption spectra of ZnP-AB-AuP* (—), ZnP

(-----), AB (s++++), and AuP* (---.) in DMF. The right-hand side of the
Figure is enlarged four times.

(ZnP, AB, and AuP*) absorption spectra is similar to the
triad spectrum.” In the Q-band region (A>500nm), ZnP
has its maximum absorption at 545 and 580 nm, whereas
AuP? has its maximum absorption at 510 and 560 nm. Fur-
thermore, in the Soret band (~400 nm), the ZnP maximum
absorption is at 415 nm, whereas AuP™ has its peak maxi-
mum at 400 nm. The absorption profiles are similar for all
three solvents used in this study (2-MTHF, BuCN, and
DMF), although the absorption maxima are shifted a few
nanometers (+5 nm).

Emission properties: Figure 4 shows the temperature de-
pendence of the zinc porphyrin fluorescence quantum yield
(@) in 2-MTHF, BuCN, and DMF, for the unsubstituted
donor ZnP, the dyad ZnP-AB and the triad ZnP-AB-AuP™.
The quantum yield of ZnP is approximately 2.3 % at room
temperature in all solvents, but increases somewhat as the
temperature decreases. Interestingly, the donor emission of
ZnP-AB is considerably quenched in the polar solvents
(BuCN, DMF, Figure 4b,c) compared with ZnP, in contrast
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Figure 4. Fluorescence quantum yield for ZnP (squares), ZnP-AB (cir-
cles), and ZnP-AB-AuP™ (triangles) in a) 2-MTHF (filled symbols),
b) BuCN (crossed symbols), and ¢) DMF (open symbols).

tron transfer from ZnP to AuP* quenches the donor fluo-
rescence, whereas in the polar solvents (BuCN, DMF) two
competing quenching mechanisms are responsible for the
quenching (Figure 2), that is, sequential and direct electron
transfer.

The fluorescence lifetimes of the zinc porphyrin donor
(ZnP) in different systems and at different temperatures in
either of the solvents are given in Tables 1-3. Estimates of

Table 1. Fluorescence lifetimes for ZnP (zp), ZnP-AB (7p5), and ZnP-
AB-AuP™ (tpg,) in 2-MTHE, as well as the calculated quenching effi-
ciencies (E) and rates (k).

T Tp Tpp TDBA[B] EDBA[b] ks[C]

[K] [ns] [ns] [ps] (%] [

295 1.48 1.36 61+3.7 95.9 1.6x10"
255 1.54 1.41 57+1.3 96.3 1.7x10"°
215 1.63 1.45 60+0.78 96.3 1.6x 10"
175 1.74 1.37 89+2.3 94.9 1.1x10"
135 1.89 1.69 120+4.3 93.7 7.8x10°
100 2.02 —d 140+3.1 93.1 6.6x10°

[a] In general, the errors are very small and thus estimates are only given
where it is judged that they are relevant. [b] Equation (2b). [c] Equa-
tion (3¢).”*! [d] Not determined.

the lifetimes are given for both the unsubstituted donor (zp,)
and the donor in the presence of bridge and bridge—acceptor
(tpg and 7pg,, respectively). In Equations (1a)—(1c) the ob-
served lifetimes are expressed in the rate constants present-
ed in Figure 2.

to the less. polar sol.vept (2-MTHF, Figure é.la) where the t = (ke + kie + ki)' = (k) (1a)
quantum yields are similar to those of ZnP itself.”>! More-

over, the quantum yield of the donor in ZnP-AB-AuP™ is 4

lower than that for both ZnP and ZnP-AB in all solvents at e = (ke + k) (1b)
all temperatures. It will be demonstrated that in the less

polar solvent (2-MTHF) only superexchange-mediated elec- Topa = (ki + ki + k3)! (1c)
564 — © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 562—-573
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Table 2. Fluorescence lifetimes for ZnP (zp), ZnP-AB (tpg), and ZnP-AB-AuP* (1p5,) in BuCN, as well as
the calculated quenching efficiencies (E) and rates (k).

FULL PAPER

solvents (BuCN, DMF). This is
another indication that a tem-

T 4N Tpg Tppa Epg Epga ki ks ki + ks perature-dependent process
(K] [ns] [ps] [ps] [%] [%] [s '] [s 1" [s] occurs that is only active in
295 1.52 87 28 943 98.2 1.1><10:’ 2.4><10iz 3'5“02 polar solvents. Second, Tpgs is
2 e 15 4 97 g 60 1sa0v saqgw  considerably shorter than
220 1.61 204 59 87.3 96.4 43x10° 1.2x10% 16x10® and 7pp in all solvents at all
195 1.66 342 79 79.4 95.3 23%x10° 0.98x 10" 12x10°  temperatures. This shows that a
170 1.69 652 9% 61.4 94.3 9.4x10° 0.89x 10" 0.98x10"  second mechanism, that is, su-

[a] Equation (3b). See Table 1 for additional comments.

Table 3. Fluorescence lifetimes for ZnP (zp), ZnP-AB (7p), and ZnP-AB-AuP* (1p5,) in DMF, as well as
the calculated quenching efficiencies () and rates (k). k; is the rate constant for the sequential electron-trans-

fer process and k; for the superexchange-mediated electron-transfer process.

perexchange-mediated electron
transfer, is active in both polar
and nonpolar solvents.

Tables 4-6 present the corre-
sponding results from measure-
ments on ZnP-BB-AuP*, for

T ™ Ton Toma Epg Eppn k, ks k + k, which electron transfer only
K] [ns] [ps] [ps] [%] [%] [s7] [s71]t [s7] occurs by the superexchange
295 161 57 21 9.5 98.7 17x10" 3.0x10" 47x10° mechanism."!  The electron-
280 1.64 67 23 95.9 98.6 1.4x10" 2.8x10" 42x10"  transfer rate for this system is
225 1.27 80 2; 95.2 98.4 1.2><10;0 2.5><10]12 3.7x}01z one order of magnitude slower
250 .69 100 3 94.1 98.0 9.4x10 1.9%x10 2.8x10 +

235 1.72 130 44 9.4 97.4 7.1x10° 1.5x 10" 22x10" than for ZnP-AB-AuP™, fn,ld at
220 176 180 62 89.8 96.5 5.0%10° 1.0x10% 15x10 low temperatures additional

[a] Equation (3b). See Table 1 for additional comments.

In the present situation, fluorescence quenching is attrib-
uted to more than one process. It has been assumed that the
two quenching processes—sequential electron transfer (k;)
and superexchange-mediated electron transfer (k;)—are in-
dependent and additive. This is based on the reasonable first
approximation that the presence of AuP* does not appreci-
ably affect the rate of the first step of the sequential mecha-
nism. The rate constant k;, as measured in the correspond-
ing DB system, ZnP-AB, is thus unchanged in ZnP-AB-
AuP?" and the overall quenching rate of this system equals
the sum of the two rates involved (k; + k;). The quenching
efficiencies, Epg and Epg,, as well as the relevant rate con-
stants are then easily calculated from the fluorescence life-
times [Eq. (2) and (3)].

Epg = 1-Tpg/7p (2a)
Eppa = 1-Tppa/To (2b)
ki = (tos)" = (1) (3a)
ks = (topa) ™ —(To8)~" (3b)
ki + ks = (tppa)"' () (3¢)

The results from the lifetime measurements are in com-
plete agreement with the quantum yield measurements.
First, 7, and tpy are approximately equal in 2-MTHF?
(Table 1), whereas in the polar solvents (Table 2, Table 3)
Tpg 1S significantly shorter than tp. The lifetimes 7 and 7pg
in 2-MTHEF are relatively insensitive to temperature, where-
as Tpp increases with decreasing temperature in the polar

Chem. Eur. J. 2005, 11, 562—573 www.chemeurj.org

quenching attributed to excita-

Table 4. Fluorescence lifetimes (7pg,), quenching efficiencies (Epg,), and
rates for quenching (k;) of ZnP-BB-AuP* in 2-MTHF.

T[K] Tpga [PS] Eppal? [%] kst [s]
295 500 66.2 1.3x10°
255 560 63.6 1.1x10°
215 548 66.4 1.2x10°
175 560 67.8 1.2x10°
135 970 48.7 4.8x10%
100 1300 35.6 2.5%10%

[a] Equation (2b). [b] Equation (3b). The rate constant for excitation
energy transfer, calculated from the Forster equation, is 2x 108s7",

Table 5. Fluorescence lifetimes (7pgs ), quenching efficiencies (Epg,), and
rates for quenching (k;) of ZnP-BB-AuP* in BuCN.

T[K] Tppa [Ps] Eppa™[%] kP [s™
295 290 80.9 2.7x10°
270 410 74.0 1.7x10°
245 435 72.8 1.6x10°
220 510 68.3 1.3x10°
195 680 59.0 7.9%10%
170 840 50.3 52x10%

[a] Equation (2b). [b] Equation (3b). The rate constant for excitation
energy transfer, calculated from the Forster equation, is 0.8 x 10%s7!.

tion energy transfer cannot be neglected in this system. The
contribution from energy transfer has been calculated from
the Forster equation.

The temperature dependence of the rates of the two in-
volved electron-transfer processes are presented in Figure 5.
In this context, it is useful to compare the two triads ZnP-
BB-AuP™" and ZnP-AB-AuP™*. The fact that charge transfer

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 565
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Table 6. Fluorescence lifetimes (7pg, ), quenching efficiencies (Epg,), and
rates for quenching (k;) of ZnP-BB-AuP* in DMF.

T[K] Tppa [PS] Eppal” [%] ksl [s7']
295 320 80.1 2.4x10°
280 360 78.0 2.1x10°
265 410 75.4 1.8x10°
250 470 722 1.5x10°
235 560 67.4 1.1x10°
220 690 60.8 8.3x10°

[a] Equation (2b). [b] Equation (3b). The rate constant for excitation
energy transfer, calculated from the Forster equation, is 0.6 x 108 s7".

in ZnP-BB-AuP* proceeds only by superexchange allows a
specific comparison of the solvent and temperature depend-
ence of the superexchange-mediated electron transfer. Ini-
tially, however, consider the slopes of the lines in Figure 5

TIK
300 200 300 200 300 200 100
27 a)
®r \ T \
< 25 y
—~
x
23
2| 1

0.0lO4 0.006 0.004 0.006 0.0lO4 OAO‘OS 0.608 0.010
7K
Figure 5. Temperature dependence of the rate constants (k, (circles), ks
in ZnP-AB-AuP* (diamonds), and k; in ZnP-BB-AuP™* (triangles)) in
a) DMF, b) BuCN, and c) 2-MTHEF. k, is the rate constant for the sequen-
tial electron-transfer process and k; for the superexchange-mediated
process.

that represent the sequential mechanism in ZnP-AB-AuP*.
Changing the solvent slightly affects the magnitude of the
rate, but it does not affect its pronounced temperature de-
pendence. However, if the same comparison is made be-
tween the lines representing the superexchange-mediated
electron transfer in ZnP-AB-AuP* (Figure 5a—c), it can be
seen that changing the solvent does not only affect the mag-
nitude but surprisingly also the temperature dependence of
this mechanism. ZnP-BB-AuP* now offers a possibility to
determine whether this is in fact a property of this mecha-
nism in the investigated solvents or a result of the initial as-
sumption that the electron-transfer processes are independ-
ent. By changing the bridge moiety, the strength of the elec-
tronic coupling of the system is changed,'® and this should
affect the magnitude of the quenching rate but not the ef-
fects of temperature (i.e. the slopes of the lines in Figure 5).
An examination of Figure 5 shows that this is indeed true:
the slopes of the lines representing the quenching caused by
superexchange are the same for the two triads; however, the
strong solvent dependence remains in the ZnP-BB-AuP?*
system. The reasons for this behavior will be discussed
below.

566 — © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

In summary, the emission properties of the investigated
systems strongly suggest two competing mechanisms. The
first mechanism, which is sequential electron transfer, is in-
active in nonpolar solvents and displays strong temperature
dependence once active. The superexchange-mediated proc-
ess is active in both polar and nonpolar solvents and exhibits
a temperature dependence that differs between the solvents.
In the next section, experimental data is presented that
strengthens this hypothesis further.

Femtosecond transient absorption measurements: Transient
absorption measurements were performed in all three sol-
vents to verify the existence of the radicals in the proposed
reaction scheme (Figure 2) and to make conclusions regard-
ing charge separation and recombination kinetics. Presented
in this section are the experiments performed in DMF; how-
ever, control experiments performed in BuCN confirmed
that the system exhibits the same kind of kinetics in these
two solvents at room temperature. In contrast, experiments
in 2-MTHF were different, signaling the absence of a se-
quential electron-transfer mechanism. The transient differ-
ential absorption spectra in Figure 6 and Figure 7 show char-
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Figure 6. Transient absorption spectra of ZnP-AB in DMF: 5 ps (—),
15 ps (===), 55 ps (s++++), 95 ps (=+—+), 150 ps (--—), and 250 ps (-----) after
the excitation pulse (4,, = 549 nm).
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Figure 7. Transient absorption spectra of ZnP-AB-AuP* in DMF: 5 ps
(—), 15ps (——=), 150 ps (s++++), 250 ps (-+-+), and 1400 ps (--—) after
the excitation pulse (4,, = 549 nm).

acteristic spectral features of the excited states of ZnP-AB
and ZnP-AB-AuP?*, respectively. The zinc porphyrin excit-
ed states absorb strongly (S,—S, and T,—T,) in the 430-
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530 nm region with a tail extending above 600 nm.”! There
are two visible contributions from bleach bands in the spec-
tra that are assigned to ground-state absorption, one at
549 nm, which is the wavelength used to excite the sample
(Q(1,0) transition), and one at about 580 nm, which is the
Q(0,0) transition. Furthermore, there is an expected bleach
component at 510 nm assigned to gold porphyrin ground-
state absorption, which is not as obvious, and also two nega-
tive bands assigned to stimulated emission at 580 and
640 nm. The gold porphyrin moiety absorbs approximately
20-25% of the excitation light at the wavelength used
(Figure 3) and thus there are also gold porphyrin excited
states in the spectra. 'AuP” undergoes intersystem crossing
very rapidly (~240 fs) and with unity yield forms the first
excited triplet state *AuP”, which has strong absorption at
about 600 nm.B

The zinc porphyrin radical cation, which is produced by
intramolecular electron transfer, has an absorption band
centered at 680 nm.”>" The presence of a strong signal in
this region is a clear indication that deactivation of the ex-
cited state is caused by electron transfer. Another important
key to the electron transfer kinetics would be the detection
of the AB radical anion that is produced by a sequential
mechanism and thus spectroelectrochemical experiments
were made to determine the spectral signature of this spe-
cies. The experiment shows that the AB anion has a fairly
broad band centered at 630nm (¢ ~4x10*m'cm™) and
also a weaker band at 820 nm (Figure S1, Supporting Infor-
mation).

Figure 6 shows that the differential transient absorption of
ZnP-AB disappears almost completely in about 250 ps. The
absorption in the 500 nm region decays single exponentially,
whereas above 590 nm it exhibits a rise-time as well as a
single exponential decay. The interpretation is that the
charge-separated species ZnPt-AB*~ is being built up by
electron transfer from the excited zinc porphyrin. Compar-
ing Figures 6 and 7, it is clear that the absorption in the
region around 600 nm relative to that above 640 nm is stron-
ger for ZnP-AB-AuP* than for ZnP-AB. This is attributed
to the presence of excited states of the gold porphyrin.
Therefore, it is no longer possible to say whether there is
any build-up resulting from the formation of the AB anion
or the ZnP cation radical because the *AuP” absorption is
quite strong and builds up immediately. Above 640 nm it is
possible to see a clear rise-time that also corresponds to the
decay of the S;—S, absorption of the zinc porphyrin, and at
long delay times there remains an absorption attributed to
the fully charge-separated state ZnP-*-AB-AuP".

The dynamics of ZnP-AB and ZnP-AB-AuP* at 690 nm,
a wavelength where absorption is expected from the ZnP
radical cation as well as the AB radical anion with little in-
terference from other species, are illustrated in Figure 8a
and b, respectively. The kinetic trace of ZnP-AB displays a
rise-time of about 20 ps and decays single exponentially in
approximately 55 ps. It is already known from single-photon
counting measurements that the donor fluorescence lifetime
in DMF is 57 ps at room temperature (Table 3). The consis-

Chem. Eur. J. 2005, 11, 562—573 www.chemeurj.org
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Figure 8. Kinetic traces of a) ZnP-AB and b) ZnP-AB-AuP™* recorded in
DMF at 690 nm. The sample was excited at 549 nm.

tency of the data therefore demand that what at first glance
seems to be a decay, must be identified as the building up of
the ZnP radical cation, and this is thus a case of “inverted
kinetics” (ks> k,;, Figure 2). This result indicates that the
concentration of the radicals (AB~ and ZnP-") will be quite
low at all times. It should also be noted that there are no
long-lived states present in the ZnP-AB case. The corre-
sponding measurement on the triad (Figure 8b), on the
other hand, also shows a long lifetime, indicative of the
charge-separated state ZnP'*-AB-AuP". In this case, it is ex-
pected that the concentration of ZnP'* is higher than that
of the AB radical anion at all times and, thus, it may be dif-
ficult to experimentally detect AB*~ in the triad. However,
since the transient trace at this wavelength (Figure 8b) is the
sum of the absorption of the two transient species ZnP:t
and AB™, the presence of ZnP*-AB -AuP* can be de-
duced from the shape of the decay. If the absorption in this
region was attributable to only one long-lived species (e.g.
ZnP") the decay profile would be flat. On the other hand,
if the bridge anion radical, which also absorbs at this wave-
length (Figure S1, Supporting Information), is formed and
its transient absorption kinetics has a profile similar to the
one in Figure 8a and that profile is added to a flat one, the
result is a decay trace similar to that observed (Figure 8b).
It can thus be concluded that the anion radical is indeed
present. This result indicates that the sequential and super-
exchange-mediated electron transfer act in parallel in this
system (vide infra). The rise-time of the trace is 14 ps, which
is in reasonable agreement with the donor fluorescence life-
time. The rate of recombination cannot be determined ex-
actly on the timescale used in this experiment, but it may be
concluded that it is longer than 5 ns; earlier results indicate
that it is most probably shorter than 15 ns.!

Figure 9 shows the ZnP-AB-AuP*' Kkinetic trace at
500 nm, where, at short times, primarily the excited state ab-
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Figure 9. Transient absorption kinetics of ZnP-AB-AuP* in DMF at

500 nm. The inset shows the corresponding trace for ZnP-AB. Both sam-
ples were excited at 549 nm.

sorption of 'ZnP* is probed and the inset at the low right of
the figure shows ZnP-AB transient absorption at the same
wavelength. The differential absorption of ZnP-AB decays
in approximately 50 ps, which is in good agreement with the
previous experiments. It also confirms that charge separa-
tion of ZnP-AB is in fact slower than charge recombination,
giving rise to inverted kinetics. The transient absorption of
the ZnP-AB-AuP* system shows a more complex behavior.
The curve has a prompt rise, as expected, and there is an ini-
tial fast decay of 15 ps in accord with the rise-time of the
690 nm absorption and the fluorescence decay. The curve
then displays a slow absorption build-up (in approximately
1 ns) followed by the decay associated with recombination.
The build-up is probably attributable to ground-state recov-
ery of the gold porphyrin moiety, which takes place on this
timescale,”* or possibly attributable to the formation of
*AB".

Discussion

The aim of this work has been to identify and quantify two
competing electron-transfer mechanisms in a DBA system,
schematically outlined in Figure 2. This has been carried out
by varying the solvent temperature and polarity in a number
of fluorescence studies, as well as by transient absorption
measurements. The two competing processes are superex-
change-mediated electron transfer and a sequential elec-
tron-transfer mechanism, which generates an anthryl radical
anion intermediate. Previous work has identified that a step-
wise electron-transfer mechanism is responsible for the addi-
tional donor quenching observed in ZnP-AB and ZnP-AB-
FeP and investigated its dependence upon solvent polarity
and coordination.’™* Also, a switching behavior based on
coordination effects was demonstrated.

It is informative to construct the energy-level diagram of
the system as it provides some insight into the activity of the
various pathways in a thermodynamic framework. The ener-
gies of the involved charge-separated states have been cal-
culated in the three solvents used, of which DMF has been
given a more detailed presentation (Figure 10). The energy

E/ev
4
JznpAB-AuP _Z"P'T"A“P“
~1.4ns (57 ps)”’ (240 fs)™
20 SZnP*-AB-AuP* / ZnP~-AB-AUP*  70p Apsaupr
— (23 ps)*!
1 v / 0 ps)” A
ZnPAB*-AUP
ZnF’*-AB AuP
10 - (20 ps)! (470 ps)™!
(~10 ns)™
3 v
0.0 ZnP-AB-AuP*

Figure 10. Energy diagram and rates (at room temperature in DMF) for
the species that may be involved in the post-excitation processes.

of the 0-0 transitions (E,,) were determined from ground-
state absorption (Figure 3) and emission spectra, whereas
the energy gaps between the ZnP first excited state and the
charge-separated states were calculated from redox poten-
tials with the Weller equation [Eq. (4)].*”)

AG? = e(on_Ered)_EU—U

& 11 1 L - e 4)
ey \ es(T) & J\ 2Ry " 2Rx )~ dmes(T)ensRon

E, and E, 4 are the donor and acceptor oxidation and re-
duction potentials, respectively, determined by cyclic vol-
tammetry,*! ¢ is the dielectric constant of the solvent and
&, the dielectric constant of the solvent in which the elec-
trochemical measurements were performed. R, and R, are
the average radii of the donor and acceptor, which are set to
4.8 A for the porphyrin moieties'*!! and 8 A for the AB unit.
The ZnP/AuP* center-to-center distance (Rp,) is approxi-
mately 25.3 A and the ZnP/AB center-to-center distance in
the ZnP-AB system is approximately 132 A (estimated
from MM*-and PM3-optimized structures, respective-
1y).?73% The last term of Equation (4) represents a correc-
tion for the Coulombic stabilization between the charge-sep-
arated species. This term has been neglected for the super-
exchange-mediated electron transfer, because this process
has the nature of a charge shift, and furthermore, this term
is quite small (0.1 eV or less) for the large donor-acceptor
distance in this case.

Figure 10 shows that two electron-transfer pathways are
thermodynamically possible from 'ZnP"-AB-AuP™. First,
the ZnP*-AB" state is energetically close to the 'ZnP"
state and secondly, there is a large driving force to produce
the charge-shifted state ZnP'*-AB-AuP-. Figure 10 also
raises interesting questions about other processes that may
or may not be active. It was previously mentioned that
AuP?* excited states are necessarily involved in the relaxa-
tion dynamics and that *AuP” is produced very rapidly with
100 % yield. It has been shown that this state is capable of
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hole-transfer in similar systems.”! Another pathway that
might be of interest is the formation of the excited triplet
state of the bridging chromophore, *AB". However, hole
transfer from the *AuP” state is slow compared to the short-
lived states of primary importance and thus the processes
originating from this state should be secondary to those of
particular interest for this study. Other deactivation mecha-
nisms that might be present, for example, energy transfer,
are two orders of magnitude slower" and cannot compete
with relaxation processes that proceed on the picosecond
timescale. In the ZnP-BB-AuP™ system, however, part of
the donor fluorescence quenching will be caused by excita-
tion energy transfer.!'

Steady-state fluorescence measurements established that
ZnP-AB behaves like an electron donor-acceptor couple in
polar solvents, whereas in nonpolar solvents the donor is
only significantly quenched in the presence of AuP*. The
quenching efficiency of ZnP-AB relative to ZnP is as high
as 96.5% in DMF and 943% in BuCN. On energetic
grounds it seems likely that the observed quenching is at-
tributable to an electron-transfer mechanism in view of the
fact that the charge-separated species is stabilized to a large
extent in polar solvents. This picture was also confirmed by
transient absorption measurements in which the zinc por-
phyrin radical cation was observed. This is strong evidence
that donor quenching is indeed attributable to electron
transfer. When the gold porphyrin moiety is added to the
system, the quantum yield is lowered even more, and the
quenching efficiency rises to 98.7% in DMF and 98.2% in
BuCN, whereas in 2-MTHF the quenching efficiency is
95.9% (Tables 1-3).

Competition between superexchange-mediated and sequen-
tial electron transfer: In the present study, a system has
been presented in which, under certain circumstances, a se-
quential electron-transfer mechanism competes with super-
exchange-mediated electron transfer. The prerequisite for
this is that the solvent is polar enough to stabilize the inter-
mediate radical of the bridge sufficiently for it to act as an
electron acceptor. The term sequential electron transfer is
not valid, however, if the rate constant of the second step,
AB -AuP* —AB-AuP, is not comparable to that of charge
recombination. Although the presence of the AB radical
anion is indirectly indicated by the observed parallel action
of the sequential and direct electron-transfer processes (Fig-
ure 8b), the lifetime of this species could not be measured
directly. Therefore, simulations of the kinetics were made in
order to establish that the observed behavior was consistent
with a sequential electron transfer. The approach used was
based on solving the master equation for the concentrations
of the involved species in the proposed model (Figure 2)
and comparing the simulated kinetics to those observed ex-
perimentally (in DMF). From the simulations, it was found
that the concentration of the AB radical anion will be low
at all times as a consequence of the fast charge recombina-
tion (ks> ky, vide supra). In the ZnP-AB case, its concentra-
tion is equal to that of the ZnP* species, and the concentra-
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tion will only be approximately 15% of the initial concen-
tration of singlet-excited zinc porphyrin. From kinetic simu-
lations on the triad ZnP-AB-AuP*t, it was found that the
rate for the second electron-transfer step AB-AuP*—AB-
AuP" (k,) was of the order (10 ps)™" to correctly fit the ob-
served transient (Figure 8b). Because the recombination re-
action (ks) for the ZnP-AB dyad was found to occur in
20 ps (formation in 57 ps) the process is to be considered a
sequential mechanism rather than parallel quenching of the
singlet-excited ZnP. The concentration of ZnP-*-AB™-
AuP? is expected to be very low, about 10% of the initial
concentration of the ZnP excited state, and a direct detec-
tion is therefore fairly difficult. Since ZnP* and AB*~ have
comparable extinction coefficients, this corresponds to a dif-
ferential absorption signal of approximately 0.01 (Figure 7),
and thus there will be no clear peak from the anion radical
in the spectra.

When comparing the values of the rate constants for elec-
tron transfer, calculated from single-photon counting data, it
is found that the long-range electron transfer is faster than
the sequential transfer at all temperatures, although the
transfer distance is twice as large. This is attributed to the
small driving force for the sequential electron transfer, even
in a highly polar solvent, such as DMF, together with the
large electronic coupling for superexchange-mediated trans-
fer. It is interesting to compare the ratio between k; and k;
in the two polar solvents. In BuCN, the ratio increases with
decreasing temperature. At room temperature, the superex-
change-mediated electron transfer is two times faster than
the sequential mechanism, whereas it is ten times faster at
low temperatures. This is not surprising, since the superex-
change-mediated electron transfer in this DBA system is a
virtually activation-less process in BuCN, whereas sequential
electron transfer, creating a radical intermediate, is a ther-
mally activated process and is thus strongly temperature de-
pendent. In DMF however, this ratio is constant, the direct
electron transfer being approximately 2 times faster at all
temperatures, which implies that both mechanisms exhibit a
strong temperature dependence in this solvent (vide infra).

Temperature dependence of the electron-transfer processes:
According to the Marcus—Hush theory of diabatic electron
transfer, the rate constant for electron transfer in the high
temperature limit is given by Equation (5).1>+!

T

— 2 _
kET - hZA,kBT|V| eXp|:

(AG° + /1)2} 5)

ks T

where kg is the Boltzmann constant, 7 the temperature, V'
the electronic coupling, AG® the driving force [Eq. (4)], and
A the total reorganization energy. Since AG® can be deter-
mined experimentally, a fitting of the experimental rate con-
stants to the Marcus equation yields V and A. The reorgani-
zation energies estimated from the experiments can then be
compared with theoretical values calculated with the Born
dielectric continuum model [Eq. (6)].#
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A, is the outer reorganization energy, which is estimated
by the second term in Equation (6), whereas the inner reor-
ganization energy /; is estimated separately for each case.
The linear fit of the data in Figure 5 to Equation (5) yielded
reasonable results for the ZnP-AB system; however, the
corresponding fits to the data for the triads gave unrealistic
values of the electronic coupling and reorganization energies
(not shown). To overcome this difficulty, the temperature
dependence of the parameters in the Marcus—Hush theory
was considered explicitly.

The redox potentials of the three components have been
measured in CH,CL' and from Equation (4) values for
AG® in the solvents used for spectroscopy have been deter-
mined. For these calculations, as well as for the calculations
of reorganization energies, the dielectric properties of the
solvents are very important. Because the dielectric constant
for some solvents, and in this case particularly that of BuCN
and DMF, has pronounced temperature dependence, tem-
perature-dependent functions &(7T) have been used.*”! The
electronic coupling also exhibits a certain dependence on
temperature, owing to the rotational freedom of the D-B
and D-B-A linkages, which is expected to lower the coupling
with decreasing temperature.”? Viscous effects make this ro-
tation solvent-dependent, which has been considered in
order to fully understand the variation found in the elec-
tronic coupling.

The experimental data for ZnP-AB was fitted by means
of three different approaches. The first method was a simple
linear regression based on a constant driving force for each
solvent [Eq. (4)] and a solvent-independent electronic cou-
pling (treated as a common parameter), which gives an ef-
fective electronic coupling between the zinc porphyrin and
the bridge moiety of about 50 cm~'. The second method
took the temperature dependence of the dielectric proper-
ties of the solvents into account (the driving force used was
a function of (7)),*l and a better fit was found. This fit for
the rate constants &, (Figure 11) resulted in a different set of
parameters (Table 7), and the electronic coupling was now
estimated to be 13 cm™'. Lastly, the third method introduced
linear temperature dependence in the electronic coupling;
however, this approach failed to improve the fit despite the
increased flexibility introduced by a fourth parameter and
was therefore considered irrelevant. Table 7 also presents
the reorganization energies calculated from Equation (6),
assuming the inner reorganization energy to be zero in this
case.

The same three approaches were applied to the rate con-
stant k;, representing the superexchange-mediated electron
transfer. Simply fitting the data from the two systems (ZnP-
AB-AuP* and ZnP-BB-AuP?) in the three solvents sepa-
rately with no common parameters or added solvent proper-
ties result either in large variations in the couplings or in un-
reasonable reorganization energies (cf. Figure 5), and this
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Figure 11. The rate constant for sequential electron transfer, ky, is fitted
to the Marcus equation [Eq. (5)]. The BuCN data is represented with
crossed over circles and the fit with a dashed line. The DMF data is rep-
resented with empty circles and the fit with a solid line. In the calcula-
tions, the electronic coupling is treated as a common parameter, namely,
it is equal in both solvents, and the driving force is temperature-depen-
dent.[*"

Table 7. The calculated driving force (AG®°) and reorganization energies
(Agom), and the reorganization energy (1) and electronic coupling (V) as
determined from experimental data for ZnP-AB.

Sequential electron transfer (k;)

Solvent AG(T) Dot A vt
[eV] [eV] [eV] [em™]
BuCN AG°(295K) = —0.25 0.63 0.56
AG°(170K) = —0.18 13
DMF AG°(295K) = —0.38 0.61 0.56

AG°(220K) = —0.29

[a] AG® is a function of temperature!*”). [b] For the calculated reorganiza-
tion energy, see Equation (6). [c] V is a common parameter.

method was therefore rejected. By the use of the reorgani-
zation energy as a solvent-specific and common parameter
of the two systems and making the driving force a function
of temperature, the fit was improved and the variation in
the electronic coupling was also partly moderated. Good re-
sults were also obtained by doing a similar fit (Figure 12) in
which the electronic coupling was also treated as a common
parameter (Table 8). By requiring the electronic coupling
for the two triads to be independent of solvent and at the
same time requiring the reorganization energies to be
bridge-independent, the best fit in the mathematical sense is
not found because the flexibility of the mathematical func-
tion is severely limited. However, the fitting parameters (V
and 1) extracted from such a global fit are potentially more
physically reliable.

An even stronger moderation occurred when the coupling
was allowed to vary with temperature and the fitted curves
agreed reasonably well with the experimental data. This is a
strong indication that solvent/temperature effects are an im-
portant factor when discussing the effective electronic cou-
pling of these systems. In the present study, however, the
amount of data does not allow detailed mathematical analy-
sis, and furthermore, the systems used are not ideal for such
a study. Accordingly, the data summarized in Table 8 are
those obtained by the use of a temperature-dependent driv-
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Figure 12. The temperature-dependent rate constant for the superex-
change-mediated electron transfer (k;) fitted to the Marcus equation
[Eqg. (5)]. The 2-MTHF data is represented with filled diamonds (ZnP-
AB-AuP*)/triangles (ZnP-BB-AuP™) and the fit with a dotted line. The
BuCN data is represented with crossed over diamonds (ZnP-AB-AuP*)/
triangles (ZnP-BB-AuP*) and the fit with a dashed line. The DMF data
is represented with empty diamonds (ZnP-AB-AuP*)/triangles (ZnP-
BB-AuP™) and the fit with a solid line.

Table 8. The calculated driving force (AG®) and reorganization energy (Ag,,), and the reorganization energy
(1) and electronic coupling (V) as determined from experimental data for ZnP-AB-AuP™* and ZnP-BB-AuP™.
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time) in BuCN and DMF are on the same timescale as the
electron transfer in the presented system™>! and, more im-
portantly, the 7; for these solvents increases quite quickly
with decreasing temperature, particularly in DMFE! This
will probably have a pronounced effect on the electron
transfer dynamics in ZnP-AB-AuP™*. Effects of this kind are
probably underestimated in many cases and may actually
mean that fast electron-transfer processes in DMF, such as
the ones studied in this work, can no longer be modeled in
the diabatic limit at low temperatures, but rather should be
examined theoretically in a solvent-controlled limit. A sys-
tematic study of these phenomena would be very interest-
ing, particularly the transition from diabatic to adiabatic
conditions.

Conclusion

This work has discussed the competition between superex-
change-mediated and sequential electron transfer in a por-
phyrin-based donor-bridge—acceptor system. By studying
how the involved processes depend on solvent polarity and
temperature it could be deduced that the electron-transfer
processes can be effectively controlled by the choice of
medium. Low solvent polarity completely turns off the se-
quential mechanism. When the two processes are in compe-
tition, that is, in polar solvents, the superexchange-mediated
electron transfer is about two times as fast as the sequential
mechanism, even though the
distance for this transfer is
twice as long. The temperature-

Superexchange-mediated electron transfer (k)

dependent data demonstrated
that solvent control of the eclec-

Solvent Bridge AG°(T)1 Dport”) A 1% : 5
[eV] [eV] [eV] [em Y tron transfer is extremely im-
2-MTHF ZnP-BB-AuP* AG°(295K) = —0.61 1.08 1.02 438 portant and has to be consid-
ZnP-AB-AuP* 16 ered explicitly in order for the
BuCN ZnP-BB-AuP* AG°(295K) = —091 1.37 1.25 438 theoretical models to yield rea-
ZnP-AB-AuP* AG°(170K) = —0.79 16 sonable results. Tentatively, it
DMF ZnP-BB-AuP* AG°(295K) = —0.96 1.32 1.29 4.8 can also be concluded that
ZnP-AB-AuP* AG°(220K) = —0.88 16

[a] AG® for BuCN and DMF are functions of &(7).*"! AG°(295 K) was used for 2-MTHF because the tempera-
ture range of the available data on this solvent was limited. [b] The calculated reorganization energy [Eq. (6)].

[c] V is common for the respective triad, that is, independent of the solvent.

ing force, but with no assumptions made regarding the sol-
vent control of the effective electronic coupling. Elegant
studies have been made with this specific problem in
focus."®*! For the porphyrin-porphyrin electron-transfer
step, the inner reorganization energy is set to 0.2 eV, a value
that has been used previously for similar systems,”” and the
Born calculations are in good agreement with the experi-
ments.

For solvents with slow dielectric relaxation, it has been
suggested®! that the electron transfer is governed only by
the solvent dynamics, in which case the rate becomes pro-
portional to the inverse solvent relaxation time. The dielec-
tric relaxation times (7, longitudinal dielectric relaxation
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since the distribution of possi-
ble rotational conformations of
the systems narrows with de-
creasing temperature, the elec-
tronic coupling is in fact also
temperature-dependent. From the present experiments,
however, the magnitude of this effect is not clear. Further-
more, a switching effect based on temperature was demon-
strated in BuCN. By lowering the temperature of this sol-
vent, the sequential process is slowed down relative to the
superexchange-mediated electron transfer, and eventually it
is “turned off”.

Experimental Section

Materials: The synthesis of the examined systems as well as the reference
compounds have been described in previous publications."” All solvents
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(2-methyltetrahydrofuran (2-MTHF, ¢ = 6.97 and n = 1.405 at room-
temperature) from Acros, butyronitrile (BuCN, ¢ = 24.83 and n = 1.382
at room-temperature) from Merck and N,N-dimethyl formamide (DMEF,
¢ = 3825 and n = 1.430 at room-temperature) from LabScan) were
used as delivered.

Spectroscopic measurements: All measurements were made at room tem-
perature or in a temperature-regulated nitrogen-cooled cryostat (Oxford
instruments). Absorption measurements were performed on a Cary4 Bio
spectrophotometer at a 300 nmmin~' scan rate and 1nm bandwidth.
Fully corrected steady-state emission spectra were recorded on a SPEX
Fluorolog3 spectrofluorimeter equipped with a xenon lamp. All fluores-
cence quantum yields were determined relative to ZnP in 2-MTHF (¢; =
0.023 at room temperature).?” In order to avoid intermolecular interac-
tions as well as inner filter effects, the absorbance at the excitation wave-
length (~545 nm) was kept at 0.05.

Fluorescence lifetimes were determined by means of time-correlated
single-photon counting. The sample was excited in the Soret band
(~415 nm) by the frequency-doubled output from a mode-locked Ti:sap-
phire laser (Tsunami, Spectra Physics). A pulse selector (Model3980,
Spectra Physics) was used to achieve a 4 MHz repetition rate. The pho-
tons were collected by a microchannel plate photomultiplier tube (MCP-
PMT R3809U-50, Hamamatsu) and fed into a multichannel analyzer with
4096 channels yielding a time resolution of ~10ps (FWHM). A mini-
mum of 10000 counts were recorded in the top channel. The intensity
data was fitted by iteratively reconvoluting a three-exponential expres-
sion with the instrument response signal with the software package F900
(Edinburgh Instruments). More than one exponential had to be used as
the data contained systematic errors caused by reflexes in the cryostat as
well as from minute traces of impurities (<0.5%). The artifact disap-
peared when a regular sample-holder was used and it did not affect the
lifetimes of interest. The impurities had lifetimes characteristic of zinc
porphyrin, and in the fittings their time constants were therefore set to
the lifetimes determined from the corresponding measurements on ZnP.

Transient absorption spectra on the femtosecond timescale were recorded
by means of the pump-probe technique. The sample was excited at
549 nm with a 1 kHz repetition rate with the sum frequency of the pump
and idler from an OPA (TOPAS, Light Conversion Ltd.) pumped by a
Ti:sapphire regenerative amplifier (Spitfire, Spectra Physics) producing
110 fs pulses. The amplifier was pumped by a frequency-doubled diode-
pumped Nd:YLF laser (Evolution-X, Spectra Physics) and seeded by a
Tsunami. A more detailed description of this system is found else-
where.’ The kinetic traces were recorded with step sizes between 0.05
and 2 ps, whereas the spectra were recorded with a 2 nm step size. The
sample was held in a 1 mm path length cuvette and the optical density
was ~1. The recorded traces were fitted individually and globally to a
sum of exponentials with the software package MATLAB.
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