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(Abstract: In donor-acceptor dyads undergoing photoin-
duced electron transfer (PET), a direction or pathway for
electron movement is usually dictated by the redox proper-
ties and the separation distance between the donor and ac-
ceptor subunits, while the effect of symmetry is less recog-
nized. We have designed and synthesized two isomeric
donor-acceptor assemblies in which electronic coupling be-
tween donor and acceptor is altered by the orbital symmetry
control with the reorganization energy and charge transfer

exothermicity being kept unchanged. Analysis of the optical
absorption and luminescence spectra, supported by the DFT
and TD-DFT calculations, showed that PET in these assem-
blies corresponds to the Marcus inverted region (MIR) and
has larger rate for isomer with weaker electronic coupling.
This surprising observation provides the first experimental
evidence for theoretically predicted adiabatic suppression of
PET in MIR, which unambiguously controlled solely by sym-

metry.
4

Introduction

Numerous dyads consisting of covalently linked porphyrinoid
donors and quinone or fullerene acceptor moieties were inves-
tigated as model systems to understand light induced electron
transfer of photosynthesis and to design efficient artificial pho-
tosynthesis systems."" The studies showed that the redox
properties of the donor and acceptor units and their relative
separation and orientation dictate the efficiency of light in-
duced charge separation in these model systems."?2” Less no-
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ticeable, but recognizable in some cases, is the effect of sym-
metry,?"?¥! that is the effect of the parity correlation of the
donor/acceptor frontier orbitals,?"**2523% a5 well as appropri-
ate spacer (bridge) orientation.””” %

According to the Marcus theory of nonadiabatic electron
transfer,”' > the rate constant of charge transfer from a donor,
D, to an acceptor, A, can be calculated by Equation (1):

Knep = (2/h?) |Tpo|* FC (1

where FC is the sum of thermally weighted Franck-Condon
factors for nuclear coordinates of the reactants and the sur-
rounding medium. The distance and the orientation depend-
encies of the rate constant are primarily described in the cou-
pling matrix element, T,y which is approximately proportional
to the overlap integral between the wave functions of the
donor, 1, and the acceptor, 1\, [Eq. (2)1:727

Tap < Spp =< PalPp > (2)

One can therefore relate the overlap between the donor-ac-
ceptor LUMOs as being responsible for the photoinduced elec-
tron transfer (PET) when the electron donor is excited.

In this paper, we use two types of chlorin (donor)-naphtho-
quinone (acceptor) dyads, shown in Figure 1, to demonstrate
the importance of the parity correlation in the donor/acceptor
LUMOs to PET. Quite a few examples of dyads with chlorophyll
donors have been reported, while the predominant number of
investigated dyads make use of porphyrin donors.*** The
high symmetry (D,,) of the porphyrin system A in Figure 1
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Figure 1. Top: LUMOs of chlorin (Chl), 1,4-naphthoquinone (Q) and 1,4-di-
methoxynaphthalene (MN). LUMOs of ZnChl have similar shape (not shown).
Middle and bottom: Chl-Q isomeric assemblies with norbornadiene bridge
Chl-Q-C 8 (middle) and Chl-Q-D 5 (bottom) and their Zn-chlorin analogues.

coins its absorption properties and does not allow for a con-
venient observation of the symmetry effect on PET (Figure 2).

In contrast to porphyrin (Figure 2A), chlorin type chromo-
phores (Figure 2C), present in naturally occurring chlorophylls
of plant photosynthesis show a lower G, symmetry (Fig-
ure 2B). The reduced symmetry of chlorin gives rise to different
light absorbance most noticeable by the green color of chloro-
phylls compared to the red of porphyrins for example, red
blood pigment heme. The different absorption properties of
both systems, porphyrin and chlorin, can be interpreted in
terms of MO theory™*” While porphyrin has degenerate
LUMO orbitals of e, symmetry,“¥ the chlorin molecule has the
degeneracy of LUMO lifted due to the aliphatic saturation of
one pyrrole ring (Figure 1). The saturated pyrrole lacks the two
7 electrons necessary for exciting a corresponding e; MO (say

AN / /
— — o
s | ~ 7
MeO,C’
PhythylO,C
Porphyrin Chlorophyll a Chlorin
D4h CZh
A B C

Figure 2. Symmetry of porphyrin versus chlorin the chromophore of chloro-
phyll a.
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eg,), thus raising its energy and leaving a transition to another
MO, e,, almost exclusively responsible for the lowest energy
excited state. Such induced geometrical disproportion can be
used for funneling electron transfer along one preferential di-
rection, which would be different in the two isomers that have
the same acceptor molecule attached to different pyrrole
rings. Due to the reduced symmetry in the case of chlorin, its
effect on PET should become observable. In order to investi-
gate this influence of symmetry we designed and synthesized
appropriate chlorin naphthoquinone dyads 5 and 8 of different
symmetry. Naphthoquinone has the parity of its LUMO appro-
priate for the maximum overlap with the LUMO of chlorin
when linked to the pyrrole D (i.e. Chl-Q-D 5, Figure 1), and
minimum overlap when linked to the pyrrole C. Therefore, Chl-
Q-D (5) is expected to have an improved coupling as com-
pared with Chl-Q-C (8). Marcus theory [Eq. (1)] suggests that
the two isomers, like in our case, with “identical” energies of
the involved states but different T,, should have the rates of
charge transfer differ proportional to T,,%. Our system offers a
good opportunity to test such prediction.

Accordingly, this work focuses on synthesis and photochemi-
cal studies of donor-acceptor assemblies Chl-Q-D (5) and Chl-
Q-C (8). Opposite to a simplistic prediction, we found that PET
transfer was dampened in the isomer with higher electronic
coupling between donor and acceptor. This counterintuitive
observation was connected to the realization that PET be-
tween Chl-Q-D and ChI-Q-C corresponds to the Marcus invert-
ed region. Interestingly, several earlier theoretical works pre-
dicted such an effect of adiabatic suppression of PET arising
due to the increased electronic coupling. To our knowledge,
this report is the first experimental evidence to the nontrivial
phenomenon of adiabatic suppression of PET. The details of
this combined synthetic, spectroscopic, and computational
work are described below.

Results and Discussion

For construction of chlorin target structures Chl-Q-D (5) and
Chl-Q-C (8) a general synthesis concept from the Bremen labo-
ratory successfully applied for syntheses of several porphyri-
noid and corrinoid macrotetracycles was applied here.*** The
concept employs different monocyclic building blocks for each
of the target chlorins 5 and 8 of different symmetry (Figure 3).

Pyrrolic building blocks 1-4 should be assembled together
to form macrotetracycle 5. Constitutionally isomeric chlorin 8
should be obtained from pyrrole precursors 1, 2, 6 and 7
(Figure 3). Both target chlorins 5 and 8 exhibit C; symmetry
due to methyl substituents at saturated pyrrole rings A. But
considering only the chromophores including naphthoquinone
moieties the envisaged different (pseudo)symmetries of C; for
5 and G,, for 8 can be recognized. Key building blocks for di-
vergent constructions of isomeric chlorins 5 and 8 are pyrroles
3 and 7 bearing required naphthoquinone moieties and appro-
priate functionalities in a-positions. These functionalities allow
linkage with adjacent ring units. Starting point for preparation
of the different C and D pyrroles for chlorins 5 and 8 is pyrrole
9 which was achieved according a general synthetic procedure

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. General synthesis concepts for construction of naphthoquinone
chlorin dyads 5 and 8 of different symmetry.
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Scheme 1. (a) POCl;, DMF, CICH,CH,Cl, 5°C to reflux, 2 h, then NaOAc, reflux,
15 min (71%). (b) LiOH, H,O, THF, 102°C, 1.5 h (100%). (c) (i) NaHCO,, H,0,
15 min, 73°C; (i) I, KI, H,O, ultrasonic bath, 73°C, 45 min (72.2%).

previously developed.®”*® Vilsmeier formylation of 9 directly

afforded aldehyde 10 as ring C building block for chlorin 8.
Subsequent hydrolysis of ethyl ester in 10 followed by iodina-
tion of intermediate carboxylic acid 11 yielded pyrrole ring D
precursor for chlorin 5 (Scheme 1). Hydronaphthoquinone di-
methyl ether moiety of starting pyrrole 9 instead of the final
quinone structure is a consequence of requirements in the
course of preparation of pyrrole 9.°® The hydronaphthoqui-
none ether moieties can be transformed in later stages of
chlorin syntheses into required quinone parts.

Synthesis of naphthoquinone chlorin 8

Base-induced condensation of ring B pyrrolinone 2 and ring C
aldehyde 10 yielded BC dipyrromethenone intermediate 13 in
almost quantitative yield (Scheme 2). Very strong Schwesing-
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Scheme 2. (a) 2-tertButylimino-2-diethylamino-1.3-dimethyl-1.3-diaza-2).>-
phosphacyclohexane (BEMP), benzene, reflux, 14 h (93.7%). (b) P,S,o,
NaHCO,, THF, Ar, room temp., 50 min, then add. of 13, reflux, 3 h (78.3%).
() () 15, NBS, CH,Cl,, room temp., 20 min; (i 15-Br, + 14, DBU, MeCN, room
temp., Ar, 40 min, alox chromatography; (i) TFA, benzene, P(CH,CH,CN)s,
alox chromatography. (d) Ni(OAc),x4H,0, NaOAc, CH,Cl,, MeOH, Ar, room
temp., 20 min (71.3% rel 14).

er's base (BEMP) and azeotropic removal of water with ben-
zene as solvent is crucial for success of the reaction.®® Dipyrro-
methenone 13 was transformed into its thiolactam derivative
14 for preparing its linkage with ring A building block 15 by
sulfide contraction.®®*"*3%9°" The reaction sequence is initiat-
ed by bromination of enaminoide double bond of 15 and pro-
ceeded with high yield. Nucleophilic substitution of bromide
of 15-Br via its imino tautomer by thiolactam 14 formed a
sulfur linked tricyclic thioiminoester. The thioiminoester under-
went the actual intramolecular C—C bond formation by sulfide
contraction with trifluoroacetic acid in the presence of thio-
philic tris-cyanoethylphosphine in benzene. Ester cleavage and
decarboxylation initiated sulfide contraction whereby benzene
as solvent was crucial for success of the process as investigat-
ed and discussed in earlier studies.*

Because electron rich ABC tricycle 16 is quite sensitive to
oxygen and light it was stabilized by complexation with nick-
el(ll). Crystalline nickel complex 17 a,b proved to be very stable
and occurred as binary mixture of diastereomers 17a and 17b
due to chiral centers in position 20 of ring A and nor-bornane
structure at ring C. For analytical purposes diastereomers were
separated by HPLC [Polygosil 60-10, CH,Cl,/n-hexane (85:15)]
and each single diastereomer was crystallized for X-ray struc-
ture investigations. These studies will be discussed later.

After hydrolysis of the ethylester function of 17a,b the
crude carboxylic acid undergoes direct acid induced condensa-
tion with decarboxylation and decomplexation with iodopyr-
role aldehyde 6 to form tetrapyrrole 18 (Scheme 3). Crude
metal-free tetracycle 18 was re-complexed with zinc(ll) diace-
tate in situ under cyclization conditions. Heating of 18 with
DBU in carefully degassed sulfolane afforded zinc chlorin 19.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 3. (a) () 17a,b, KOH (5 N), MeOH/H,0, (9:1), THF, reflux, 45 min;
(i) + 6 (2.5 equiv), CHCI,, p-TsOH, (0.4 N), reflux, Ar, 1 h; (ii)) Zn(OAc),, DBU,
sulfolane (degassed), 80°C, 2 h (22.3% rel. 17 a,b). (c) () BBr; (1 N in CH,Cl,),
CH,Cl,, —78°C to room temp., Ar, 12 h; (i) + saturated NaHCO,, H,0, room
temp., 1 h (32%). (d) Zn(OAc),, NaOAc, MeOH, room temp., Ar, 20 min.

Zinc exercises a template effect for cyclization which is initiat-
ed by HCN elimination from ring A.

Enamine, formed by this elimination, undergoes nucleophilic
attack at iodinated position of ring D to chlorin 19 via ring clo-
sure. Dimethylether of naphthoquinone moiety of chlorin 19
was cleaved under standard reaction conditions with BBr; at
low temperature. The acidic reaction conditions also removed
the central zinc(ll) and oxygen from air lead to formation of
the desired naphthoquinone moiety of target chlorin 8. A
small sample of 8a for UV/Vis measurements was prepared ac-
cording the procedure described for 5a (Scheme 4).

b)

Scheme 4. (a) () KOH (5 N), MeOH/H,0 (9:1), THF, reflux, 45 min; (i) + 12,
CHCl;, p-TsOH (0.4 N), reflux, Ar, 40 min (79 %). (b) Zn(OAc),, DBU, sulfolane
(degassed), 80°C, 2 h (36.2% rel. 20). (c) () BBr; (1 N in CH,Cl,), CH,Cl,,
—78°C to room temp., Ar, 12 h; (i) +H,O, room temp., 1 h (67.6 %).

(d) Zn(OAc),, NaOAc, MeOH, room temp., Ar, 20 min (71 %).
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Synthesis of naphthoquinone chlorin 5

Nickel tripyrrin 20 was applied for syntheses of several differ-
ent chlorins and hexadehydro corrins is starting point for prep-
aration of chlorin 5 here.****3 Tricyclic nickel complex 20 was
linked with iodopyrrole aldehyde 12 (Scheme 4). Smooth hy-
drolysis of 20 to the free carboxylic acid and subsequent con-
densation with aldehyde 12 under decarboxylation yielded tet-
rapyrrole 21.

Transformation of tetrapyrrole 21 into chlorin 22 was per-
formed as for 19 in the presence of zinc(ll) and DBU in sulfo-
lane. Synthesis of target chlorin 5 was completed by cleavage
of the naphthohydroquinone dimethylether with BBr; as de-
scribed for isomeric chlorin 8. Zinc(ll) was also removed from
the macrotetracycle under the acidic reaction conditions. To
obtain zinc chlorin 5a re-complexation with zinc(ll)diacetate
was performed.

X-ray structures of nickel(ll)tripyrrin complexes 17a and
17b

Structural parameters gained from X-ray analysis revealed
1RS,85R,20SR configuration for 17a which was eluted first by
HPLC (t;=13.8 min). Less mobile HPLC fraction (t;=17 min)
17 b exhibits 1RS,85R,20RS configuration (Figure 4).

Figure 4. X-ray crystal-structure analysis of diastereomeric {ethyl-[(20-cyano-
1,8,18,19,20,23-hexahydro-1,8-methano-2,7-dimethoxy-13,14,19,19,20-pen-
tamethyl-21H-anthraceno[b]tripyrrin)carboxylato]}nickel(ll) (17a and 17b;
C35H35N,O4Ni, M 673,43, thermal ellipsoids showing at 50% level, 17 a sol-
vent omitted for clarity). 17 a: Triclinic, space group P-1-,

Peaa=1328 Mgm™, Z=2, a=1104.8 (3), b=1158.4(3), c=1458.2 (3) pm,
a=84.38(2), =81.26(2), y =76.82(2)°, V=1.7921(8) nm?,

#(Moy,) =0.589 mm~', wR2=0.1392. 17 b: Orthorhombic, space group Pbca,
Peaa=1.363 Mgm ™, Z=8, a=1731.5 (7), b=1936.9(5), c=1956.5 (6) pm,
a=90(2), f=90(2), y =90(2)°, V=6.562(4) nm?, u(Moy,) =0.639 mm ',
wR2=0.1117.
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Noteworthy for both diastereomers is the fact that carbonyl
double bonds of ester functions exhibit remarkable long bond
lengths of 127 pm. Based on CSD data retrieval including 2262
references for bond lengths of carbonyl groups of ethyl ester
functions, an average bond length of 120.2 pm was report-
ed,® while a retrieval for ethyl ester carbonyl fragments com-
plexed by nickel(ll) (15 references) indicated an average bond
length of 122.6 pm. The maximum bond length among these
references was reported as 125.4 pm. Stretching of the ester
carbonyl bond of 17a and 17 b by complexation with nickel(ll)
should facilitate ester hydrolysis. Indeed, this is an advantage
for the next synthesis step with 17 a,b.”*>% In both nickel com-
plexes 17a and 17b coordinative Ni—N bonds have normal
bond lengths between 182.5 and 187.2 pm, whereas Ni—O
bonds are considerably longer, 193.4 pm. Planarity of all bonds
directly involved in coordination around central nickel(ll) is
almost perfect. Average deviations from planarity of 7 pm for
17a and 1 pm for 17 b are negligible.

Spectroscopic characterization

The absorption spectra in Figure 5A show that the Q-band
(~600-670 nm) for the Chl-Q-D dyad (5) is much broader than
those of chlorin itself and another isomer, Chl-Q-C (8). The

Absorbance

Absorbance

800

660 7(|)0
Wavelength (nm)

500

Figure 5. Absorption spectra of chlorin-based dyads in toluene: A) with free
base chlorin, B) with Zn chlorin. Solid blue line denotes the spectra of Chl
(A) and ZnChl (B), dashed red line-spectra of Chl-Q-D 5 (A) and ZnChl-Q-D
5a (B), dashed black line-spectra of Chl-Q-C 8 (A) and ZnChl-Q-C 8a (B), and
dashed green line-spectrum of ZnChl-MN-D 15.
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effect persists with the Zn form of chlorins, as shown in Fig-
ure 5B. The increased width of the Q-band in ZnChl-Q-D (5a)
and Chl-Q-D (5) dyads is due to the expected substantial
charge transfer character in those transitions. The assignment
is supported by the lack of such broadening in ZnChl-di-
methoxynaphthalene-D (ZnChI-MN-D, 22), see Figure 5B, in
which electron-transfer character of the transition is sup-
pressed owing to the electron-donating character of MN and
mismatching parity of the chlorin/MN LUMOs (Figure 1).

Figure 6 shows that quinones in both isomers, C and D, do
quench fluorescence of chlorin by means of charge transfer.
Careful inspection of Figure 6 reveals that the residual fluores-
cence of the dyads has different spectra compared to those of
chlorins, thus rejecting a possibility of trace amount of chlorins
being responsible for the fluorescence. Since there is no
charge transfer between MN and chlorin in ZnChl-D-MN (22),
fluorescence of chlorin is not quenched in this dyad. Notably,
fluorescence is quenched more efficiently for C isomers than
for D isomers in both ZnChl-Q-C/ZnChl-Q-D (8a/5a) and Chl-
Q-C/ChI-Q-D (8/5) pairs.
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Figure 6. Normalized fluorescence spectra of the same dyads as in Figure 5.

Theoretical modeling

It may seem surprising that fluorescence is quenched more ef-
ficiently in C than in D isomers of chlorin-quinone dyads de-
spite the improved overlap and electronic coupling in D iso-
mers and thus expected increase of the charge-transfer rate as
per Equation (1). In the following discussion, we use DFT and

© 2020 The Authors. Published by Wiley-VCH GmbH
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TD-DFT calculations to propose an explanation for this discrep-
ancy. These calculations were undertaken at the B1LYP-40/6-
31G(d) + PCM(toluene) level of theory, in which the standard
BLYP functional was complemented by the 40% admixture of
the exact exchange (i.e. Hartree-Fock) term to allow for the ac-
curate description of the electronic structure of ion-radical and
excited states.”*” Furthermore, we established that the 40%
fraction of the Hartree-Fock term maximizes agreement with
the experimental absorption spectra of the dyads presented in
Figure 1, see Figure S2 in the Supporting Information.

The TD-DFT calculations, based on the ground state equilib-
rium geometries obtained using DFT approach,*"®® revealed
that the excited state S, in both C and D isomers had mostly
the charge-transfer (CT) character (D*A") as evidenced by the
large values of their dipole moments, u(S,)=29.6 and 25.9 D,
respectively (Figure 7). The excited state S, had mostly the
local excitation (LE) character (D*A) with u(S,)=4.0 and 3.4 D
for C and D isomers, respectively (Figure 7). For comparison,
the ground state dipole moments are u(S,)=3.5 and 2.6 D for
Chl-Q-C (8) and ChI-Q-D (5), respectively. The dyads with Zn
have similar values.

The electronic coupling between the CT and LE diabatic
states, roughly estimated using the DFT calculations, was ex-
pectedly found to be larger in Chl-Q-D 5 (940 cm™), see Fig-
ure S2 in the Supporting Information) than in Chl-Q-C isomer 8
(150 cm™), in agreement with the qualitative analysis based
on the LUMO orbital symmetries. Note that these large values
are due to nonplanarity of norbornadiene bridge. Greater elec-
tronic coupling for the D isomers leads to the mixing of the CT
and LE states and consequent increase of the oscillator
strengths and decrease of the dipole moments in the S, states
of D isomers, as compared with C isomers, see Figure 7 and Ta-
bles S14-S17 in the Supporting Information. These findings
from TD-DFT calculations are consistent with the experimental
absorption spectra of the dyads, in which the CT feature is
more pronounced in the case of Chl-Q-D 5 and ZnChl-Q-D 5a
(Figure 5). Similar trends were obtained using much simpler
semi-empirical AM1 and CIS-AM1 calculations, and this obser-
vation supports usefulness of semi-empirical methods for
quick exploratory calculations.

Chl-Q-C Ay, D
0.5 30
0.0 1 . 20
«8 Chl-Q-D
0.5 -
10
0.0 - | o
400 500 600 700

Anao NM

Figure 7. Calculated wavelengths, oscillator strengths, and associated differ-
ences in the dipole moments Au =u(S)—u(S,) (Au shown using false color
legend shown on the right side of the Figure) for the transitions from the
ground to low-lying electronic states of Chl-Q-C (8) and Chl-Q-D (5) [B1LYP-
40/6-31G(d) 4 PCM(toluene).®*-¢"!
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These experimental and computational results show that the
CT state has lower energy than the LE state at the ground-
state equilibrium geometry®® thus indicating that PET in the
dyads from Figure 1 corresponds to the Marcus inverted
region (MIR). This result is further validated by the TD-DFT cal-
culations used to find the equilibrium geometries for the first
excited states. By assuming a quadratic form of the diabatic CT
and LE states along the charge transfer reaction coordinate,
we constructed the free energy profile of PET (Figure 8 A) and
fitted the AG and 4 values to be of ~0.55 eV and ~0.31 eV, re-
spectively (see Figure S4 in the Supporting Information). The
large positive difference between the free energy AG and reor-
ganization energy A further supports the conjecture of the MIR
regime for the PET in chlorin-quinone dyads.

The computational results presented above were obtained
using the polarized continuum model with the parameters
characteristic for toluene. The experimental results were also
primarily obtained in toluene. As we see in Table S6 in the Sup-
porting Information, in more polar solvent, that is, dichloro-
methane, the quantum yield of fluorescence is significantly
dropped compared to toluene.

In the light of the finding that PET in chlorin-quinone dyads
occurs in MIR, the observation of the reduced PET rate with in-
creasing coupling is not surprising as it was theoretically pre-
dicted more than two decades ago.”®’" In 1994, Stuchebru-
khov and Song”® applied the centroid coordinate method to
the problem of electron transfer in MIR and demonstrated that
the electron transfer rate must pass through the maximum
and decrease exponentially with the increase of electronic cou-
pling causing the splitting between the adiabatic levels to in-
crease, as illustrated in Figure 8B. In 1996, Georgievskii et al.”"
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Figure 8. A,B) Schematic PET diagram for C and D isomers, respectively.
Green arrows in panel A and yellow arrow in panel B highlight the adiabatic
suppression of PET in Chl-Q-D (5). C) Schematic depiction of dependence of
PET rate of electronic coupling in MIR.
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applied Langevin equation to the same problem and arrived at
the similar conclusion to dub the predicted effect as “adiabatic
suppression”. Later theoretical works”*”® also reproduced the
effect of adiabatic suppression.

Despite the multiple theoretical predictions of the electron
transfer suppression in the inverted region, to the best of our
knowledge, there has been no experimental evidence for this
effect in single-molecule donor-acceptor or donor-bridge-ac-
ceptor assemblies.” Accordingly, the current study of PET in
chlorin-naphthoquinone dyads demonstrates for the first time
an example of two assemblies with identical donor, acceptor,
and bridge components, in which increased coupling leads to
the decreased rate of PET due to the adiabatic suppression in
MIR, as schematically depicted in Figure 8C.

Conclusions

We have designed two simple donor-bridge-acceptor assem-
blies in which electronic coupling between donor and acceptor
was varied by the orbital symmetry control while the charge
transfer reorganization energy and exothermicity were kept
constant. The photoinduced electron transfer in (Zn)Chl-Q
dyads was shown to correspond to the inverted region of
Marcus model, in which greater coupling led to the adiabatic
suppression, that is, lower rate of charge transfer, due to the
increased energy gap between the charge-transfer and locally
excited states. Awareness of the fact that improved electronic
coupling might lead to worse performance of the donor-ac-
ceptor or donor-bridge-acceptor assemblies is important for
the design of molecules for photovoltaic applications as it indi-
cates that electronic coupling must be fine-tuned rather than
maximized in the donor-bridge-acceptor assemblies with large
exothermicity of the charge transfer.

Experimental Section
Crystallographic data

Deposition numbers 2006646 and 2006647 (17a and 17b) contain
the supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallograph-
ic Data Centre and Fachinformationszentrum Karlsruhe Access
Structures service www.ccdc.cam.ac.uk/structures.
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