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bstract

Intramolecular photoinduced electron transfer (PET) processes occurring in dyads with a free base porphyrin-tetraazaanthracene donor (P) and
ither a tetracyanonaphthoquinidodimethane (TCQ) or benzoquinone (BQ) acceptor linked by a rigid six �-bond polynorbornane bridge ([6]) have
een investigated. For P[6]BQ, PET in the polar solvent benzonitrile (εs = 25.9) occurs with a rate constant (kPET) of 1.6 × 108 s−1 but is not evident
n solvents less polar than tetrahydrofuran (ε = 7.52). For P[6]TCQ, highly efficient forward PET occurs in both polar and non-polar solvents
s

kPET > 2 × 1010 s−1). For P[6]TCQ the lifetime of the resulting charge-separated state decreases markedly with increasing solvent polarity. The
esults are discussed in the context of the likely mechanisms for electronic coupling and current theories for PET processes in such linked molecular
ystems.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Photoinduced electron transfer (PET) reactions are ubiqui-
ous in nature and are primary processes occurring in many
hotoexcited synthetic molecular and supramolecular systems.
he roles of the donor and acceptor structure, intermolecular
eparation, relative orientation and surrounding environment on
lectron transfer dynamics remain topics of intense experimen-
al and theoretical investigation [1–5]. Control of PET reactions
s an essential requirement for the efficient operation of many

olecular devices and light energy conversion and storage sys-
ems [6].
Of particular importance is acquiring an understanding of the
actors that can affect the electronic coupling and driving force
or electron transfer within a photoexcited donor–acceptor pair.
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n previous work we have demonstrated for a range of linked
lectron donor–acceptor molecular systems with interchro-
ophore separations exceeding orbital overlap, the importance

f through-bond interactions and the role of bridge structure on
lectronic coupling mechanisms [7–11]. In the present work we
nvestigate PET dynamics in a covalently linked dyad bearing

free base porphyrin-tetraazaanthracene (P) donor and either
benzoquinone (BQ) or tetracyanonaphthoquinidodimethane

TCQ) acceptor. Connecting the two chromophores by a rigid
olynorbornane bridge of six �-bonds in length (molecules
[6]BQ and P[6]TCQ, Scheme 1) allow the donor–acceptor
eparation and orientation to be completely fixed. The geom-
try of the two systems is illustrated by the AM1 optimized
eometry of P[6]TCQ, shown in Fig. 1. The different acceptors
rovide molecular systems with a large difference in PET driv-
ng force allowing the role of solvent on the PET dynamics to
e investigated.

. Experimental
Tetrakis(3′,5′-di-tert-butylphenyl)porphyrintetraazaanthra-
ene[6]benzoquinone (P[6]BQ) was prepared as described
reviously [12]. Tetrakis(3′,5′-di-tert-butylphenyl)porphyrint-
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Scheme 1.

traazaanthracene[6]tetracyanonaphthoquinidodimethane (P[6]
CQ) was prepared from P[6]BQ in 73% yield using a pre-
iously reported method for the conversion of norbornane
nd bicyclo[2.2.2]octane fused naphthoquinones to 5,12-
is(dicyanomethylidene)naphthalene systems (Scheme 1) [12].
.p. > 300 ◦C. 1H NMR (CDCl3, 300 MHz): δ −2.40 (2H, s,

nner NH); 1.17 (6H, s, CH3), 1.52 (36H, s, t-Bu), 1.53 (36H,

, t-Bu), 1.46–1.70 (1H, underlying), 1.94 (1H, d, J = 10 Hz,
H), 2.19 & 2.30 (2H, ABq, J = 10 Hz, CH2), 2.44 (2H, s, CH),
.53 (2H, s, CH), 3.72 (2H, s, CH), 4.20 (2H, s, CH), 7.70
m, 2H, BTCNQ-ArH), 7.80 (2H, t, J = 1.7 Hz, meso-ArH),

Fig. 1. AM1 optimized geometry of P[6]TCQ.
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.97 (4H, d, J = 1.7 Hz, meso-ArH), 8.02 (2H, t, J = 1.7 Hz,
eso-ArH), 8.09 (4H, d, J = 1.7 Hz, meso-ArH), 8.44 (m, 2H,
TCNQ-ArH), 8.55 (2H, s, TAA-ArH), 8.77 (2H, s, �-pyrrolic
), 8.98 & 9.03 (4H, ABq, J = 4.7 Hz, �-pyrrolic H). 13C NMR

CDCl3, 300 MHz): δ 8.4, 30.7, 30.9, 31.0, 34.1, 38.9, 43.4,
3.5, 44.9, 47.0, 47.2, 78.7, 112.9, 113.1, 116.9, 119.8, 120.1,
22.0, 127.0, 127.4, 128.0, 131.5, 133.2, 137.1, 138.4, 138.7,
39.2, 139.7, 140.1, 144.6, 147.8, 148.1, 149.7, 152.1, 152.8,
54.0, 162.4, 164.1. ESIMS (50 V, +ive): m/z 1654.8 [M + H]+,
27.6 [M + 2H]2+.

Solvents used for photophysical measurements were spec-
roscopic grade. Solutions in the appropriate solvent were
egassed by multiple freeze-pump-thaw cycles before measure-
ent. Absorption and fluorescence spectra were recorded on a
ary 50 spectrophotometer and Varian Cary Eclipse spectroflu-
rimeter, respectively. Fluorescence decay times were measured
y the time-correlated single photon counting technique using a
avity-dumped, mode-locked Spectra Physics dye laser (3500)
perating at 570 nm as the excitation source and detection
nd data analysis procedures as described elsewhere [9,10].
or transient absorption measurements, samples were excited
y a Nd:YAG (Continuum NY-61) and OPO (Cassix BBO-
B) combination and transient absorption determined using a
ofin 150 W xenon lamp monitoring light source combined
ith a spectrograph (Acton Research Corporation SpectraPro-
00i) and either a Princeton Instruments ICCD-MAX camera
or recording transient spectra or photomultiplier tube/digital
scilloscope (Hamamatsu R928/Tektronix TDS-520) for decay
easurements [9,10].

. Results

An estimate of the driving force for photoinduced charge
eparation (�GCS) in P[6]BQ and P[6]TCQ in various solvents
an be determined from the Weller equation [13],

GCS = e(Eox(D) − Ered(A)) − E00 − X (1)

here the term X accounts for the finite donor–acceptor sepa-
ation (Rc), ionic radii (r+, r−) and solvent dielectric constant
εs),

= e2

4πε0εsRc
+ e2

8πε0

(
1

r+ + 1

r−

) (
1

εref
− 1

εs

)
(2)

The oxidation potential of the porphyrin donor (Eox(D))
etermined by cyclic voltametry is 1.1 V (vs. SCE in MeCN)
hile the reduction potentials for the TCQ and BQ species

Ered(A)) are −0.07 V and −0.64 V (vs. SCE in MeCN),
espectively [14]. The radii of the molecular ions used were
+ = 4.8 Å [15] and r− = 4.06 Å from calculation [3]. The excita-
ion energy (E00) was determined from the onset of the porphyrin
bsorption spectrum. However, a key parameter in determin-
ng the driving force for electron transfer is the appropriate

onor–acceptor separation (Rc). Rather than the centre-to-centre
hromophore distance it is often considered more correct to
se the chromophore edge-to-edge separation that defines the
losest interaction for the molecular orbitals of the interact-
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Fig. 2. Two views of the B3LYP/6-31G(d)//AM1 LUMO molecular orbital for
the porphyrin-tetraazaanthracene component of the dyads illustrating extensive
penetration of the LUMO into the tetraazaanthracene component of the bridge.
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ecause of the N–H· · ·H–N interactions across the porphyrin ring, the AM1
ptimized geometry turned out to possess C1 symmetry, which explains the
light deviation of the LUMO from the expected A′ (Cs) symmetry.

ng species. The extent of distribution of the molecular orbitals
f the porphyrin into the tetraazaanthracene three aromatic
ix membered rings that make up part of the linking bridge
s particularly relevant in this regard. If the chromophore
UMO extends to encompass this aromatic section of the
ridge then the donor–acceptor separation should correctly take
his in to account. The molecular orbitals for the porphyrin-
etraazaanthracene were calculated at the B3LYP/6-31G(d) level

ith the geometry optimized at the AM1 level of theory. The

esults of the calculation (see Fig. 2) show that the LUMO does
ndeed extend into the conjugated bridge and has significant
mplitude right to the extremity of the aromatic section. Inter-

r
q
i
f

able 1
ree energy change for photoinduced charge separation (�GCS) and charge recombi
16] and at various donor–acceptor (D–A) separations calculated using the Weller eq

olvent εs E00 (eV) �GCS (eV)

18.05 Å 13.

[6]TCQ
Acetonitrile 36.6 1.87 −0.72 −0.
Benzonitrile 25.9 1.87 −0.69 −0.
THF 7.52 1.88 −0.47 −0.
Toluene 2.39 1.88 +0.24 +0.
n-Hexane 1.89 1.88 +0.51 +0.

[6]BQ
Acetonitrile 36.6 1.87 −0.15 −0.
Benzonitrile 25.9 1.87 −0.12 −0.
THF 7.52 1.88 +0.01 +0.
Toluene 2.39 1.88 +0.81 +0.
n-Hexane 1.89 1.88 +1.08 +0.
hotobiology A: Chemistry 197 (2008) 220–225

stingly it was found that neither the HOMO nor the HOMO-1
xtends into the conjugated section of the bridge.

For comparison purposes the driving force calculations
eported in Table 1 were performed using three different
onor–acceptor separations—18.05 Å, 13.24 Å and 7.32 Å.
hese separations correspond, respectively to the distances
etermined from the optimized structures for centre-to-centre
porphyrin-to-acceptor), edge-to-edge (porphyrin-to-acceptor)
nd edge-to-edge (porphyrin-tetraazaanthracene-to-acceptor).
t is apparent from Table 1 that for these molecules the
onor–acceptor separation used has a strong influence on pre-
icting whether charge separation will occur in particular
olvents. In Table 1 the free energy for charge recombination
�GCR) is also reported and has been calculated using the fol-
owing equation:

GCR = −(E00 + �GCS) (3)

With increasing solvent polarity the driving force for charge
eparation increases while that for charge recombination shows
he opposite trend as expected. Of particular note is the
rediction that, at the donor–acceptor separation of 7.32 Å,
orresponding to the distance from the edge of the teraaza-
nthracene aromatic rings to the nearest edge of the acceptor,
harge separation is possible in all solvents for P[6]TCQ but
hould only occur in those solvents in Table 1 more polar than
oluene (εs = 2.39) when BQ is the acceptor.

Absorption spectra recorded in the porphyrin region of the
yads were identical to the model porphyrin compound without
cceptor (P[6]) indicating that there are no strong ground state
onor–acceptor interactions perturbing the electronic spectra.
he absorption spectra for the P[6]TCQ dyad and the model
orphyrin compound in hexane are provided in Fig. 3(a) as
n example. Steady-state and time-resolved fluorescence mea-
urements of the porphyrin dyads and the model porphyrin
uorophore showed strong quenching of the porphyrin fluo-

escence in P[6]TCQ in all solvents investigated (e.g. >90%
uenched, see Fig. 3(b)) while for P[6]BQ significant quench-
ng was observed only in acetonitrile and benzonitrile. The rates
or PET (kPET) can be calculated using Eq. (4) where τfm is the

nation (�GCR) for P[6]TCQ and P[6]BQ in solvents of different polarity (εs)
uation (see text)

�GCR (eV)

24 Å 7.32 Å 18.05 Å 13.24 Å 7.32 Å

73 −0.75 −1.15 −1.14 −1.12
70 −0.74 −1.18 −1.17 −1.14
51 −0.63 −1.41 −1.37 −1.26
12 −0.25 −2.12 −2.00 −1.63
36 −0.11 −2.39 −2.24 −1.77

16 −0.18 −1.72 −1.71 −1.69
13 −0.17 −1.75 −1.74 −1.71
06 −0.06 −1.98 −1.94 −1.83
69 +0.32 −2.69 −2.57 −2.20
93 +0.46 −2.96 −2.81 −2.34
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Fig. 3. (a) Absorption spectra of the model porphyrin P[6] (grey line) and
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state depletion of the porphyrin, and a transient with maxi-
mum observed at 570 nm that was identified as TCQ•− by
comparison with the absorption spectrum of the chemically
reduced (with NaBH4) TCQ model compound. No radical ion
[6]TCQ (black line) in n-hexane. (b) Fluorescence spectra for the model
orphyrin P[6] (grey line) and P[6]TCQ (black line) in n-hexane, excitation
avelength 607 nm.

ifetime of the model porphyrin compound without the acceptor
nd τf the lifetime of the relevant dyad,

PET =
(

1

τf

)
−

(
1

τfm

)
(4)

The data are summarized in Table 2. The fluorescence decay
rofiles of the model compound in each solvent were single
xponential but where quenched emission was observed from

he dyads a double exponential fit was required with the major
omponent (>93%) associated with a short decay time and a
inor long-lived (ns) contribution attributed to residual emis-

able 2
luorescence lifetime (τF) data and calculated rates for photoinduced electron

ransfer (kPET) for P[6]BQ and P[6]TCQ in different solvents

P[6]TCQ P[6]BQ

τF (ns)a kPET (s−1)b τF (ns)a kPET (s−1)b

hCN 0.024 3.3 × 1010 3.5 1.6 × 108

HF 0.030 4.2 × 1010 – –
oluene <0.020 >5 × 1010 – –
-Hexane 0.020 5.0 × 1010 – –

a There was a small (<7%) contribution of a longer-lived (nanosecond) com-
onent attributed to residual unlinked porphyrin chromophores.
b kPET rates were calculated using Eq. (4) where the fluorescence lifetime of

he model porphyrin chromophore P[6] was 7.8 ns, 11.2 ns, 10.3 ns and 12.1 ns
n PhCN, THF, toluene, and hexane, respectively.

F
e
r
5
l
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ion from the presence of a small concentration of unlinked
orphyrin chromophores. For the case of P[6]TCQ in the polar
nd non-polar solvents studied, the major component of the flu-
rescence decays had a lifetime of less than 50 ps associated
ith a very efficient quenching process with rates greater than
× 1010 s−1. The lifetimes reported in Table 2 for P[6]TCQ
btained from reconvolution analysis of the fluorescence decay
rofiles are at the resolution limits of time-correlated single pho-
on counting and have an estimated uncertainty of 20 ps so no
articular significance can be attributed to the small differences
n the very short lifetimes extracted. Energy transfer from the
orphyrin donor to the acceptors is energetically not feasible for
hese molecules and thus the results are consistent with a PET
rocess being responsible for the quenching process

Nanosecond flash photolysis studies were also carried out
n a range of solvents to investigate the charge-separated state
ecombination kinetics. With the time resolution of the instru-
ent (approximately 8 ns) a transient associated with TCQ

adical anion (TCQ•−) could only be observed in non-polar
olvents following excitation of the porphyrin chromophore in
[6]TCQ at 534 nm. The transient absorption spectrum (Fig. 4)
hows minima at 610 nm and 540 nm, associated with ground
ig. 4. (a) Transient absorption spectrum of P[6]TCQ in iso-pentane, 70 ns after
xcitation at 534 nm. The absorption band at 570 nm is associated with the TCQ
adical anion. (b) Transient decay of P[6]TCQ in iso-pentane after excitation at
34 nm (black line), included is the fit to a single exponential decay with a 57 ns
ifetime and a small (2%) offset (grey line).
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Fig. 5. Schematic of the suggested potential energy surfaces for P[6]TCQ
showing the origin of the energy barrier for charge recombination in non-polar
solvents. The ground (G) state, locally excited (LE) state and charge-separated
(CS) state in a polar solvent (PhCN) and a non-polar solvent (hexane) are shown.
Region A indicates that the forward CS reaction occurs in the “barrierless” region
for both polar and non-polar solvents. For the polar solvent CR is also ‘barrier-
less’ (region B). Increasing the driving force for CR by using a non-polar solvent
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ransients could be detected for P[6]BQ although the presence
f considerable porphyrin triplet state formation for the par-
ially quenched compound could have masked some radical
on formation. The results suggest that charge recombination

ust be very fast (>108 s−1) for solvents more polar than
oluene for P[6]TCQ. The lifetime of the TCQ•− transient of
[6]TCQ exhibits a marked solvent dependence. The transient
bserved in iso-pentane (dielectric constant [16], εs = 1.85), n-
exane (εs = 1.89), methyl cyclohexane (εs = 2.02) and toluene
εs = 2.39) decayed with a single exponential lifetime of 56 ns,
9 ns, 27 ns and <8 ns, respectively, showing a remarkable sensi-
ivity to solvent. Ultrafast transient absorption measurements on
ub-nanosecond timescales that are able to probe the CR reaction
n polar solvents will be the subject of a separate investigation.

. Discussion

The results demonstrate the high efficiency of the PET pro-
ess for the TCQ acceptor compared to BQ. The fluorescence
uenching data are also generally consistent with the predic-
ions of the Weller calculations reported in Table 1 (using the
ppropriate 7.32 Å donor–acceptor separation), that PET is ther-
odynamically feasible for P[6]TCQ in all solvents under

nvestigation while only in the more polar solvents should charge
eparation occur with BQ as an acceptor. It is interesting to note
hat the PET process with TCQ as acceptor is extremely efficient
ver a wide range of solvent polarities. The Marcus [17,18]
escription for electron transfer reactions predicts a parabolic
ependency of the kinetic barrier to ET, �G#

CS, on the driv-
ng force and solvent reorganisation energy, λ, given by the
ollowing equation:

G#
CS = (�GCS + λ)2

4λ
(5)

The reorganisation energy can be broken into two compo-
ents, one arising from the molecule’s response to ET, λi, and
ne from the solvent’s response, λs. λi is largely independent
f solvent polarity and is typically of the order of 0.1–0.4 eV
or donor–acceptor molecules such as those investigated here
nd a value of 0.3 eV has been assumed for both the systems
tudied herein [19]. λs for the transfer of one electron has been
stimated using a simple model assuming point charges in a
ielectric continuum given by the following equation:

s = 1

4πε0

[
1

2rD
+ 1

2rA
− 1

Rc

] [
1

n2 − 1

εs

]
(6)

The total reorganisation energy in PhCN is calculated to be
.88 eV while in n-hexane it is 0.3 eV (λs = 0). Eq. (5) predicts
significant value of 0.15 eV for �G#

CS for PET from P to
Q for P[6]BQ in PhCN consistent with the observation that

he PET process only partially quenches the fluorescence emis-
ion of the porphyrin for this system. For TCQ as acceptor in
[6]TCQ, however, �G#

CS is calculated to be much smaller at

.006 eV placing the PET reaction in the “barrierless” region
ompared to BQ which occurs in the “normal” region. Further-
ore, even though the driving force is reduced at low polarity,
G#

CS for P[6]TCQ remains very small due to the much lower

t
�

t
e

eads to a substantial barrier (region C) and much slower CR indicating that for
on-polar solvents CR occurs in the “inverted” region.

eorganisation energy and the PET reaction is predicted to be
barrierless” for all solvent polarities from MeCN through to
so-pentane. This is in agreement with experimental observa-
ions that kPET for P[6]TCQ is greater than 2 × 1010 s−1 in all
olvents investigated. This situation is schematically illustrated
t “A” in Fig. 5 where the parabolic potential energy surfaces
or the charge-separated (CS) state in both hexane and PhCN
ntersect the locally excited (LE) state near its minimum.

The Marcus equation (Eq. (5)) also helps to explain the
trong solvent dependence of the charge-separated state life-
ime of P[6]TCQ. The driving force (−�GCR) for charge
ecombination in polar solvents (acetonitrile and PhCN) is only
bout 1.1 eV and assuming that |λ| is the same for the CS and
R processes, the barrier for CR, �G#

CR, is estimated to be
nly 0.019 eV in PhCN and MeCN. This shows that the CR
eaction lies close to the barrierless region for these solvents
esulting in ultrafast charge recombination rates consistent with
here being no CS transient species detected in the nanosec-
nd flash photolysis experiments. As solvent polarity decreases,
�GCR increases (Table 1) and in non-polar solvents is >1.5 eV.
nder these conditions, �G#

CR is predicted to increase substan-
ially indicating that charge recombination lies in the ‘inverted’
egion in these solvents. The two situations of barrierless CR
n polar solvents and inverted region CR in non-polar solvents
re schematically represented in Fig. 5 at “B” and “C”, respec-
ively. The actual values returned by the Marcus equation for

G#

CR in iso-pentane, n-hexane and methylcyclohexane are of
he order of 1.7–1.9 eV which are likely to be considerable over-
stimates due to the difficulties of using the solvation model of
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[

[
[
[19] M.N. Paddon-Row, Acc. Chem. Res. 27 (1994) 18–25.
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oint charges in a dielectric continuum for highly non-polar con-
itions. However, the prediction of there being a considerable
inetic barrier to CR in the non-polar alkane solvents is con-
istent with the relatively long CS lifetimes observed and the
S lifetimes demonstrate the predicted relationship for inverted

egion ET remarkably well: as �GCR decreases with increasing
olvent polarity, kCR increases and the CS lifetime decreases.

There should be no direct overlap of the molecular orbitals
f the donor and acceptor even at the closest edge-to-
dge (porphyrin-tetraazaanthracene-to-acceptor) separation of
.32 Å, suggesting that the electronic coupling, V, required for
lectron transfer to occur is mediated by the �-orbitals of the
inking polynorbornane bridge. Rigid bridges of this type have
een shown previously to be extremely effective in promoting
uch ‘through-bond’ coupling in PET reactions, even over inter-
hromophore separations exceeding 12 Å [1,2,7,8,11,19,20].
ndeed, the electronic coupling through a six-bond polynorbor-
ane bridge has been measured to be as high as 112 cm−1 [21].
he coupling in the systems studied here can be extracted from

he non-adiabatic rate equation (in its high temperature limit)
or weakly coupled ET reactions [17,18],

ET = 4π2

h
√

4πλskBT
|V |2exp

[
−(�GCS + λ)2

4λkBT

]
(7)

Substitution of the experimentally determined values for
[6]BQ in PhCN (where they are most reliable both in terms
f calculated driving force (polar conditions) and measured
ET rate constant) yields a coupling of 14 cm−1. This is typ-

cal of many polynorbornane linked systems. For a kPET value
f 5 × 1010 s−1 and using the �GCS values at 7.32 Å separa-
ion (Table 1), the calculated coupling is also in the range of
5–20 cm−1 for all solvents for P[6]TCQ. As discussed above,
ue to the limitations of the solvation model used, a quanti-
ative estimation of the coupling for charge recombination in
he non-polar solvents cannot be made. However it might be
xpected that VCR would be considerably less than VCS since
ecombination is to the ground state and involves the HOMO
rbital of the porphyrin moiety which the calculations show does
ot extend into the linking bridge in the manner of the LUMO
rbital. Thus both the reduced coupling and the presence of a
ignificant kinetic barrier may contribute to the observed CS
ifetimes.

. Conclusion

The P[6]TCQ molecular dyad studied in this work represents
molecular system where very efficient forward PET mediated

y through-bond coupling occurs in both polar and non-polar
olvents. Charge recombination exhibits a strong solvent depen-
ence with the extended lifetimes observed in non-polar solvents
haracteristic of Marcus inverted region behaviour. The ratio of

[

[

hotobiology A: Chemistry 197 (2008) 220–225 225

orward to back electron transfer rates (kPET/kCR = 2500) for
[6]TCQ in the non-polar solvent iso-pentane is substantial for
simple dyad suggesting it may be a useful structural component

n molecular photovoltaic devices.
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