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Molecular Optimization Enables Over 13% Efficiency in Organic Solar Cells.  
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‘Consequently, an impressive PCE of 13.0% was recorded for the PBDB-T-SF:IT-4F-
based device, which was certified as 13.1% by the National Institute of Metrology, 
China (NIM), suggesting that the results obtained in our lab are reliable.’
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Figure 2 Cofactor structure and absorbance spectrum of the R.

sphaeroides RC

(A) The BChl, BPhe and ubiquinone cofactors (sticks) form two

membrane-spanning branches. For clarity, the hydrocarbon side chains

have been removed. Mg atoms of BChl and non-haem Fe are shown as

spheres. The axis of 2-fold symmetry is shown and the arrows indicate

the route of electron transfer. Atom colours are as in Figure 1. (B) The

absorbance spectrum of the purified RC.

A feature of the literature on RCs is the sometimes
confusing nomenclature for the various cofactors. The pre-
sent review uses one of the more common notations where
the BChls of the dimer are referred to as PA and PB, the
monomeric BChls as BA and BB and the BPhes as HA and
HB. However, in many publications, the subscripts A and B
are replaced by L and M (i.e. PL, PM, BL, BM, HL and HM

respectively), and in some earlier papers, the terms !L and
!M (or !A and !B) are used for the BPhes. Some authors
also use DL and DM (or DA and DB) for the two dimer
BChls, and the dimer is variously referred to as P, P870 or
D (see below). Finally, the two branches of cofactors are
labelled as the A-branch and B-branch in Figure 2(A), but
are sometimes referred to as the L-branch and M-branch,
or the active and inactive branches. Like an island in a sea of
potential confusion for the RC novice, the terms QA and QB

are used universally for the two quinones.

Spectroscopy of the R. sphaeroides RC
The purple bacterial RC has been subjected to a bewildering
array of spectroscopic techniques (see [18] for an epic
review of many of these). The bacteriochlorin (i.e. BChl
and BPhe) cofactors in particular have very distinctive

absorbance spectra that provide a very sensitive probe of
the structural and functional integrity of the complex, and a
means of following the route and rate of light-driven electron
transfer.

The absorbance spectrum of the purified R. sphaeroides
RC is shown in Figure 2(B). Owing to their electronic
structure, the BChl and BPhe cofactors give rise to three sets
of absorbance bands in the so-called Soret (300–420 nm), Qx

(500–630 nm) and Qy (650–950 nm) regions (see Chapter 4
of [1] for an accessible account of the origins of these). A
simplified set of attributions are indicated in Figure 2(B).
Molar absorption coefficients (ε) for the prominent bands
in the Qy region allow the concentration of RCs to be
monitored, and a particularly useful feature of the spectrum
is that the purity of the complex can be measured from the
ratio of protein absorbance at 280 nm to BChl absorbance
at 802 nm, with a ratio of 1.3 or below indicating RCs
of sufficient purity for crystallization [19]. The structural
integrity of the RC can also be assessed through characteristic
spectral changes that take place as the protein unfolds and the
cofactors are released from their native binding sites (see, e.g.,
[20]).

Photo-oxidation of the RC is accompanied by distinctive
changes in its absorbance spectrum, and in particular the
Qy absorbance band attributed to the P BChls at 870 nm
is lost (the term ‘bleached’ is often used to describe this).
The primary donor BChls were first identified through
photobleaching of the absorbance band of a BChl species
at 870 nm, leading to the moniker P870 (or P870). For R.
sphaeroides, the precise absorbance maximum of this species
varies somewhat depending on the environment of the RC,
and in some publications it is referred to as P865. In the
remainder of this review, the commonly used simpler term P
will be employed. Many undergraduate textbooks describe
photochemistry in the BChl b-containing Blastochloris
viridis RC, where the primary donor has the moniker
P960.

The fact that loss of the electronic ground state of a BChl
or BPhe alters its absorbance spectrum, and that charge separ-
ation is initiated by light, has allowed a detailed investigation
of the route and rate of electron transfer through the RC
using ultrafast ‘pump–probe’ absorbance difference spec-
troscopy (see [21] for descriptions of this technique). This
type of spectroscopy can take a number of forms, but in one of
the more commonly used approaches, a brief ‘pump’ pulse
of light (typically ∼100 fs duration in current experimental
setups) is used to excite a particular cofactor. The very short
duration of this pulse is such that electron transfer is initiated
in an approximately synchronous manner in the population
of RCs. A second pair of matched femtosecond ‘probe’ pulses
is then used to measure the absorbance spectrum of the
sample in the region excited by the pump pulse and in an
unexcited region, and a difference spectrum is calculated.
By varying the distance the pump pulse has to travel before
passing through the sample, using moveable mirrors, the time
difference between encounter of the excitation and measuring
pulses with the sample can be varied with a femtosecond time

C⃝The Authors Journal compilation C⃝2009 Biochemical Society
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Why is this important? (Using type II model)
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Photoinduced Electron Transfer in Carotenoporphyrin-Fullerene Triads: Temperature
and Solvent Effects

Darius Kuciauskas, Paul A. Liddell, Su Lin, Simon G. Stone, Ana L. Moore,*
Thomas A. Moore,* and Devens Gust*
Contribution from the Department of Chemistry and Biochemistry, Center for the Study of Early EVents in
Photosynthesis, Arizona State UniVersity, Tempe, Arizona 85287-1604

ReceiVed: September 30, 1999; In Final Form: January 14, 2000

A carotenoid (C) porphyrin (P) fullerene (C60) molecular triad (C-P-C60) has been synthesized and found
to undergo photoinduced electron transfer from the porphyrin first excited singlet state or to the fullerene
first excited singlet state to yield C-P•+-C60•-. Electron transfer from the carotenoid then gives a C•+-P-
C60•- final charge-separated state. This state is formed with quantum yields up to 0.88 and has a lifetime of
up to 1 µs, depending upon the conditions. The various electron transfer rate constants are relatively insensitive
to solvent and temperature. The quantum yield of C•+-P-C60•- is relatively constant under conditions ranging
from fluid solutions at ambient temperatures to a rigid organic glass at 8 K. In most solvents, recombination
of C•+-P-C60•- yields the carotenoid triplet state, rather than the ground state. The results suggest that the
energies of the charge-separated states of fullerene-based systems are only about half as sensitive to changes
in solvent dielectric constant as are those for similar molecules with quinone electron acceptors, and that
total reorganization energies for electron transfer are also smaller.

Introduction

The design of organic molecules that mimic the photoinduced
electron transfer processes characteristic of photosynthesis has
traditionally involved porphyrins, chlorophyll derivatives, or
other cyclic tetrapyrrolic species as chromophores and excited-
state electron donors that are covalently linked to electron
acceptors such as quinones, aromatic imides, or other cyclic
tetrapyrroles.1-16 More recently, it has been found that fullerenes
have many properties that make them excellent electron acceptor
components of such supramolecular species. After the first report
of a C60 derivative covalently linked to a porphyrin,17 a
significant number of chromophore-fullerene dyads and more
complex molecules have been reported.17-46
We recently described a carotene (C) porphyrin (P) fullerene

(C60) triad molecule (1) that undergoes photoinduced electron

transfer from the porphyrin first excited singlet state to give
C-P•+-C60•-, which evolves by a second electron transfer
(from the carotenoid) to yield a C•+-P-C60•- charge-separated
state.43 In 2-methyltetrahydrofuran, this state is formed with a
quantum yield of ∼0.14 and has a lifetime of 170 ns.

Interestingly, these electron-transfer events occur even in a glass
at 77 K, where the lifetime of the charge separation is 1.5 µs.
Recombination of C•+-P-C60•- yields 3C-P-C60, rather than
the ground state. This recombination occurs by the radical pair
mechanism, as demonstrated by electron paramagnetic resonance
experiments.32 The lifetime of C•+-P-C60•- at 77 K is
increased in the presence of a weak magnetic field, and this
gives the molecule a molecular AND logic gate function.41
Although this triad is a useful mimic of several aspects of

photosynthetic electron transfer, the quantum yield of long-lived
charge separation is significantly lower than the yield of
essentially unity measured for natural photosynthetic reaction
centers. In addition, several aspects of the photochemistry of
the triad, including the charge recombination to the triplet state,
the ability to function in a glass at low temperature, the relatively
long lifetime of the intermediate C-P•+-C60•- state, and the
demonstration of photoprotection from singlet oxygen damage
by a triplet energy transfer relay36 represent unusual behavior
for an artificial photosynthetic system, although these qualities
are characteristic of natural photosynthesis. To gain a deeper
understanding of the structural features giving rise to these
phenomena, we have constructed a new C-P-C60 triad, 2, and
studied its photoinduced electron-transfer behavior as a function
of temperature and solvent.47 The apparently small structural
differences between 1 and 2 lead to significant changes in
thermodynamic driving force, electronic coupling, and other
factors that affect the rates of electron-transfer reactions and
yields of charge-separated states.

Results
Synthesis. As described in detail in the Experimental Section,

P-C60 dyad 3 was prepared from the requisite porphyrin, C60,
and sarcosine.48 Such reactions are known to produce only a
single isomer, an adduct to a C60 double bond at a 6,6-ring
fusion. Removal of the 3,5-dimethylbenzyloxy protecting group
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that control PDI aggregation and reduce excimer formation,
although crystal engineering of planar PDIs have also been
shown to be an effective strategy.37,38 Increasing the electronic
coupling between the PDI units of these molecules through
ring-fusion has also led to an increase in efficiency,39 attributed
to increased anion delocalization.40 Additionally, an increase in
anion delocalization across monomeric PDI acceptors in self-
segregating π-stacked donor−acceptor oligomers has been
shown to reduce geminate recombination rates.41 These results
suggest that the enhancement of charge separation through
increased delocalization is not unique to fullerenes and should
be an important factor in designing high-performance organic
electronic materials.
PDIs are easily modified, enabling precise spatial control of

appended electron donors, which has proven crucial in
understanding their photophysical properties such as excimer
formation42 and exciton migration.43 The tendency of PDIs to
aggregate has motivated their use in a number of supra-
molecular charge transfer systems, some of which result in the
formation of free carriers.41,44−49 This relative ease of control
makes PDI an ideal model platform for investigating charge
transfer dynamics and has led to greatly improved PDI-based
photoactive materials.
Here we investigate the influence of anion delocalization on

electron transfer using zinc meso-tetraphenylporphyrin
(ZnTPP) as a donor and a cofacial PDI dimer as the acceptor,
ZnTPP-PDI2 (Scheme 1). The xanthene-bridged PDI dimer
was chosen as an electron acceptor to study anion
delocalization as it is relatively easy to prepare, and provides
a fixed cofacial interaction between the PDI units.50 Using
ZnTPP as a donor allows for minimal overlap of donor and
acceptor absorption features for selective excitation and easily
identified transient features. The PDI molecules of the dimer
are positioned in a cofacial orientation relative to one another
by attaching them to the 4- and 5-positions of a xanthene
spacer at one imide group of each PDI. At the same time, the
distal imide group of one PDI is linked to the para-position of
one phenyl group in ZnTPP to yield ZnTPP-PDI2. The data for
the dimers is compared to two different porphyrin-PDI
monomer reference systems designed to probe electron transfer

to each of the individual PDI molecules comprising the PDI2
unit. In one reference system, one imide of a PDI monomer is
attached to the para-position of one ZnTPP phenyl group to
yield ZnTPP-PDI, thus mimicking the PDI molecule directly
bonded to ZnTPP in ZnTPP-PDI2. In the second reference
system, the PDI directly linked to the porphyrin is replaced by a
“broken PDI” comprising a bis-4,4′-naphthalene-1,8-dicarbox-
imide dimer, a xanthene spacer, and a PDI to yield ZnTPP-
NMI2-PDI, thus mimicking the second PDI that is not directly
attached to the porphyrin in ZnTPP-PDI2. Importantly, the
NMI2 species cannot be reduced by the lowest excited singlet
state of ZnTPP, and thus only through-space electron transfer
to the single PDI can occur because of the large number of
bonds between it and ZnTPP. The electron transfer rate from
the ZnTPP lowest excited singlet state to PDI2 is increased by
50% versus that in ZnTPP-PDI, when the data are corrected for
the statistics of having two electron acceptors. Femtosecond
transient IR absorption spectroscopy provides evidence that the
observed enhancement in charge separation results from
electron transfer producing a delocalized PDI2 anion.

■ EXPERIMENTAL SECTION
Synthesis. The synthesis and characterization of each molecule is

described in the Supporting Information.
Steady-State Spectroscopy. UV−vis spectra were acquired on a

Shimadzu UV-1800 spectrophotometer. FT-IR spectra were measured
on a Shimadzu IRAffinity-1 spectrophotometer in transmission mode
at 2 cm−1 resolution. Samples with a maximum optical density of 1
were prepared in dichloromethane under an N2 atmosphere, contained
in a liquid demountable cell (Harrick Scientific) with CaF2 windows
and a 150 μm Teflon spacer. Chemically reduced samples were
prepared by adding molar equivalents of cobaltocene (CoCp2) to
solutions of PDI and PDI2 in dichloromethane, which were then sealed
under an N2 atmosphere in the liquid IR cell.

Computational Details. To reduce computational time, density
functional theory (DFT) calculations were performed in TeraChem
(version 1.5) at the B3LYP-D3/6-31+G* level of theory for all
geometry optimizations. Frequency calculations were performed in Q-
Chem (version 4.3) at the B3LYP-D3/6-31G* level of theory with
methyl groups placed at the imide positions. A frequency scaling factor
of 0.964 was used for all calculated IR frequencies.51

Scheme 1. Structures of Molecules Used in This Study
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high-energy charge-separated states in high yield.1-5 Artificial
reaction centers that feature porphyrins as excited state electron
donors and fullerenes as acceptors have proven especially
successful, due in part to favorable energetics, low reorganization
energies for electron transfer, and low sensitivity of the porphyrin
and fullerene radical ions to solvent stabilization.6-17 Most of
these constructs feature a single chemical linkage joining the
porphyrin and fullerene, and electron transfer between the two
moieties is usually mediated by through-bond superexchange
interactions involving this linkage. Some of these linkages are
relatively rigid, and this rigidity restricts the conformations and,
therefore, the possible values of the electronic coupling between
the initial excited state and the charge-separated state. This is
important, because a range of coupling values in a “floppy”
molecule ensures that in some conformations electron transfer
will not occur at an optimal rate, can enhance the rate of undesirable
charge recombination, and complicates measurement, analysis,
and interpretation of the electron transfer rates. In virtually all
molecules featuring a single linkage between the porphyrin and
fullerene moieties, rotation around bonds occurs, and this can
change donor-acceptor separations, angles, and coupling.

If the porphyrin and fullerene are joined in a cyclic arrange-
ment, this can in principle further constrain the relative motions
of the two moieties by limiting rotations about bonds. Several
porphyrin-fullerene systems linked in this way have been
reported,18-27 although the degree of conformational flexibility
in the molecules varies. In most cases, these cyclic molecules
involve functionalization of the C60 moiety in two locations.
Multiple substitution of a fullerene can generate a plethora of
isomeric forms. For example, bis-addition to a fullerene using the
commonly employed 1,3-dipolar cycloaddition of azomethine
ylides (Prato reaction) can result in 8 different regioisomeric
adducts, even for an unsubstituted N-alkylpyrrolidine ring.28-30

By using two reactive groups joined by a carefully designed
covalent linkage to carry out the addition reactions, the number
of isomers resulting from bis-addition can be significantly
constrained.31-39 In the cyclic porphyrin-fullerene systems
mentioned above, such strategies were employed to yield regioi-
somerically pure products.

Here we report diporphyrin-fullerene triad 1, in which the
three photochemically active moieties are linked in a strained,
highly conformationally restricted macrocycle containing 42
atoms in the ring (Figure 1). This large macrocycle was formed
in an unusual single-pot reaction process from precursor 5
(Figure 2) and C60. Two linkages to the fullerene are formed
in this reaction even though the resulting structure contains
significant strain that deforms the porphyrin macrocycles. A
major product of the reaction has the trans-2 structure at the
fullerene and identical configurations (RR or SS) at the stereo-
centers on the pyrrolidine rings. Rotation about the bonds within
the macrocycle is highly restricted, at least on the NMR time
scale, and the porphyrins assume a tilted, partially overlapping
conformation, resulting in overall C2 symmetry for the molecule.
The arrangement is reminiscent of that of the special pair of
chlorophylls in bacterial reaction centers. Below, we discuss the
synthesis, structure determination, and photochemistry of these
macrocycles and propose a mechanism for their formation.

’RESULTS

Synthesis. Major aspects of the synthetic route to 1 are
shown in Figure 2. Porphyrin dyad 2 was prepared by coupling

a suitable porphyrin having a meso-(4-iodophenyl) group and a
phenylacetylene-bearing porphyrin using a palladium reagent.
Tetra-arylcyclopentadienone 3 was prepared by the base-cata-
lyzed condensation of 1,3-bis(4-bromophenyl)propanone and
4,40-dimethoxybenzil. Diels-Alder reaction of 2 with 3 and
elimination of carbon monoxide, followed by metalation with
zinc acetate, gave porphyrin dyad 4. The methyl ester groups of 4
were reduced to alcohols with lithium aluminum hydride and
then oxidized to aldehydes with manganese dioxide to give 5. A
double Prato-type 1,3-dipolar cycloaddition of C60 and the
azomethine ylides formed from N-methylglycine and the alde-
hydes of 5 gave 1 with a yield of 20%, as well as the nonmacro-
cyclic tetrad bearing a fullerene on each porphyrin (40%) and
small amounts of macrocyclic triads with different regiochem-
istry and/or stereochemistry at the stereocenters that were not
studied further. Details of the synthesis and characterization of all
new compounds are given in the Supporting Information.
Structure. In the final cyclization reaction that produces 1

(Figure 2) the coupling between C60 and the ylide intermediates

Figure 1. (a) Structure of triad 1. One of the two enantiomers is shown.
(b) Space-filling model of triad 1 based on PM6 semiempirical calcula-
tions. The bromine and methoxy groups have been replaced by
hydrogen atoms to simplify calculations. The molecule has trans-2
regiochemistry at the fullerene, the RR-configuration at the stereocen-
ters on the pyrrolidine rings, and overall C2-symmetry.

V. Garg, G. Kodis, M. 
Chachisvilis, M. 
Hambourger, A. L. Moore, T. 
A. Moore and D. Gust,  
J Am Chem Soc, 2011, 133, 
2944–2954.

D
O

I: 10.1007/s00339-003-2500-2
A

ppl. Phys. A
79, 41–46

(2004)
M

aterials
Science

&
Processing

Applied
Physics A

p.a. van
h

al
s.c.j. m

eskers
r.a.j. jan

ssen
✉

P
hotoinduced

energy
and

electron
transfer

in
oligo(p-phenylene

vinylene)-fullerene
dyads

M
olecular M

aterials
and

N
anosystem

s, L
aboratory

for M
acrom

olecular and
O

rganic
C

hem
istry,

E
indhoven

U
niversity

of Technology, PO
B

ox
513, 5600

M
B

E
indhoven, T

he
N

etherlands

R
eceived: 4

July
2003

/A
ccepted: 9

D
ecem

ber
2003

Published
online: 5

M
arch

2004
• ©

Springer-V
erlag

2004

A
B

ST
R

A
C

T
T

he
intram

olecular photoinduced
charge

separation

w
ithin

an
oligo(p-phenylene

vinylene)–fulleropyrrolidine
dyad

w
ith

four
phenyl rings

(O
PV

4-C
60 )

has
been

investigated
w

ith

fem
tosecond

pum
p-probe

spectroscopy
in

solvents
of

different

polarity
and

in
the

solid
state.

In
solution,

photoexcitation
of

the
O

PV
4

m
oiety

of O
PV

4-C
60

results
in

an
ultrafast (<

190
fs)

singlet
energy

transfer
reaction,

creating
the

fullerene
singlet

excited
state. In

polar
solvents,

the
ultrafast

energy
transfer

is

follow
ed

in
the

picosecond
tim

e
dom

ain
by

an
intram

olecular

electron
transfer.

In
accordance

w
ith

M
arcus

theory,
the

rates

for
forw

ard
and

backw
ard

intram
olecular

electron
transfer

in

O
PV

4-C
60

are
influenced

by
the

polarity
of

the
solvent. In

the

solid
state

the
photophysics

of O
PV

4-C
60

is
dram

atically
differ-

ent. In
thin

film
s, the

forw
ard

electron
transfer

proceeds
w

ithin

500
fs, irrespective

of w
hich

chrom
ophore

is
photoexcited. T

he

increased
rate

for charge
separation

in
the

solid
state

is attributed

to
a

m
ore

favorable
orientation

of the
donor and

acceptor that re-

sults
in

an
interm

olecular
electron

transfer. In
the

film
s, energy

and
electron

transfer processes
com

pete
at the

earliest m
om

ents

after photoexcitation. In
the

solid
state, the

photogenerated
elec-

trons
and

holes
have

long
lifetim
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as

a
result

of
m

igration
of

these
charges

to
therm

odynam
ically

m
ore

favorable
sites

in
the

film
.
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1
Introduction

Photoinduced
electron

transfer from
a

donor to
ac-

ceptor
is

the
initial

step
in

the
cascade

of
events

that
take

place
in

the
conversion

of
solar

energy
into

electrical pow
er

in
organic

solar
cells. T

his
reaction

is
extrem

ely
fast in

thin

com
posite

film
s

of conjugated
polym

ers
and

fullerenes
[1, 2].

R
ecent studies using

sub-10
fs tim

e-resolved
spectroscopy

re-

vealed
that photoinduced

electron
transfer occurs

w
ith

a
tim

e

constant of∼
45

fs at the
conjugated

polym
er/fullerene

inter-

face
at room

tem
perature

[3]. T
he

im
portant consequence

for

solar
energy

conversion
is

that the
quantum

yield
for

charge

generation
approaches

unity. Im
portantly, the

form
ed

charges

have
lifetim

es
extending

to
the

m
illisecond

tim
e

range
[4, 5],

✉
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facilitating
transport

and
collection

of
the

charges
at

the

electrodes.
In

contrast
to

this
seem

ingly
sim

ple
sequence

of
events

for conjugated
polym

er/fullerene
blends, intram

olecular pho-

toinduced
electron

transfer
in

covalently
bound

conjugated

oligom
er-fullerene

m
odel

com
pounds

in
solution

follow
s

a
m

uch
m

ore
com

plex
m

echanism
.

For
covalently

bound

dyads, intram
olecular

energy
and

electron
transfer

processes

com
pete

on
short

tim
escales

after
initial

excitation.
In

fact,

intram
olecular

photoinduced
charge

transfer
in

these
dyads

in
solution

occurs
via

a
tw

o-step
m

echanism
that

involves

an
initial

photoinduced
intram

olecular
singlet-energy

trans-

fer
from

the
oligom

er
to

the
fullerene

m
oiety,

follow
ed

by

an
intram

olecular
charge

transfer
reaction

[6–9]. T
his

tw
o-

step
process

in
solution

is
governed

by
the

tim
e

constants

for
the

tw
o

reactions. T
he

energy
transfer

occurs
in

the
fem

-

tosecond
regim

e
(100–200

fs) [7, 9], w
hile

electron
transfer is

m
uch

slow
er

(∼
10

ps). A
second

im
portant difference

w
ith

polym
er/fullerene

blends
is

that
the

lifetim
e

of
the

charge-

separated
state

in
a

dyad
in

solution
(50–100

ps)
is

m
uch

shorter.
In

view
of

the
evident structural sim

ilarities
betw

een
the

polym
er/fullerene

blends
and

their
covalently

bound
m

odel

system
s, these

differences
in

photophysical outcom
e

are
re-

m
arkable

and
require

further investigations. H
ere

w
e

attem
pt

to
rationalize

these
differences

by
studying

the
electron

trans-

fer
and

recom
bination

in
an

oligo(p-phenylene
vinylene)-

C
60

dyad
(O

PV
4-C

60 ,
Fig. 1)

in
solvents

of
different

po-

larity
and

in
the

solid
state

and
com

paring
the

results
w

ith

F
IG

U
R

E
1

C
hem

ical structures
of O

PV
4-C

60 , M
D

M
O

-PPV, and
PC

B
M

from 3 gave the free acid, which was coupled to the aminocaro-
tenoid with 4-(dimethylamino)pyridine and dicyclohexylcarbo-
diimide to yield 2. The compounds were characterized by NMR
and UV-vis spectroscopy, and mass spectrometry. Unlike many
fullerene derivatives, the compounds are soluble in many organic
solvents to a greater extent than necessary for the various
spectroscopic measurements described below.
Cyclic Voltammetry. To estimate the energetics of the

various electron-transfer steps in the molecules of interest, it is
necessary to know the relevant redox potentials. Cyclic voltam-
metric studies of dyad 3 in benzonitrile containing 0.1 M
tetrabutylammonium hexafluorophosphate yielded a first oxida-
tion potential for the porphyrin moiety of 0.43 V versus a
ferrocene internal reference redox system [0.89 V versus
saturated calomel electrode (SCE)]. The first and second
reduction potentials of the fullerene were -1.01 V and -1.43
V versus ferrocene (-0.55 and -0.97 V versus SCE). Linking
the porphyrin and fullerene moieties has little effect on the redox
potentials. For example, the first two reduction potentials of a
model fullerene are -1.05 and -1.44 V versus ferrocene,21 and
the first oxidation potential of a closely related porphyrin is
0.87 V versus SCE.49 The first oxidation potential of a
carotenoid amide model for the carotenoid moiety of 2 is 0.47
V versus SCE.23 From these data, the energies of P•+-C60•-,
C-P•+-C60•-, and C•+-P-C60•- may be estimated as 1.44,
1.44, and 1.02 eV above the ground states in polar solvents
such as benzonitrile. For previously described triad 1, the
energies of the C-P•+-C60•- and C•+-P-C60•- states are 1.39
and 1.20 eV above the ground state, on the basis of cyclic
voltammetric results for the fullerene moiety of 3 and for model
porphyrins and carotenoids.49 The significant difference in the
energies of the C•+-P-C60•- states of 1 and 2 is due to the
fact that the first oxidation potential for the carotenoid moiety
of 1 is 0.65 V versus SCE.
Photochemistry of Dyad 3. Before discussing the spectro-

scopic results for triad 2, we will examine the photochemistry
of dyad 3, which is simpler, and will form a basis for
understanding the behavior of the triad.
Absorption and Emission Spectra. The absorption spectrum

of dyad 3 in toluene solution features maxima at ∼330, 408,
508, 540, 577, and 630 nm, and a relatively weak absorption at
705 nm. The bands at 330 and 705 nm, with continuous weak
absorption at intermediate wavelengths, are characteristic of
fullerene absorption, whereas the others may be ascribed to the
porphyrin moiety. The spectrum is essentially a linear combina-
tion of the spectra of model fullerene and porphyrin chro-
mophores. In benzonitrile and 2-methyltetrahydrofuran the

spectra are essentially unchanged, with small (e3 nm) shifts in
the positions of the maxima. The lack of significant perturbations
in the steady-state absorption spectra of the dyad suggests that
electronic interactions between the chromophores are weak.
Model porphyrins similar to those in 2 and 3 have fluores-

cence emission maxima at∼631 and∼699 nm, depending upon
the solvent, whereas a model for the fullerene moiety of these
molecules emits at ∼715 and ∼796 nm.43 These data, coupled
with the absorption spectra discussed above, allow estimation
of the energies of the first excited singlet states of the porphyrin
and fullerene moieties of 2 and 3 as 1.97 and 1.74 eV above
the ground states, respectively. In relatively polar solvents such
as 2-methyltetrahydrofuran or benzonitrile, emission from both
moieties of dyad 3 is almost completely quenched. By analogy
to related dyads,25,43 the quenching of the porphyrin first excited
singlet state may be due to either electron transfer to yield the
P•+-C60•- charge-separated state, or singlet-singlet energy
transfer to produce P-1C60. The quenching of the fullerene first
excited singlet state is ascribed to electron transfer to give P•+-
C60•-.
To learn more about the nature of this quenching, fluorescence

experiments were carried out in a 2-methyltetrahydrofuran glass
at 77 K. With excitation of the sample at 575 nm, where essen-
tially all of the light is absorbed by the porphyrin moiety,
emission was observed with maxima at 626, 657, 677, 693, 712,
727 (sh), 748, and 789 nm. By comparison with the emission
of model porphyrins and fullerenes, the emission maxima at
712, 727, 748, and 789 nm could be assigned to the fullerene,
and the remaining maxima to the porphyrin unit. The same
experiment was repeated with 330 nm excitation, where ∼50%
of the exciting light is directly absorbed by the fullerene. With
330 nm excitation, the quantum yield of fullerene emission was
twice that with 575 nm excitation, as determined by integrating
the fullerene fluorescence emission bands over the 702-880-
nm spectral region. When the porphyrin moiety is excited,
P-1C60 can form from 1P-C60 either by singlet-singlet energy
transfer or by charge separation to yield P•+-C60•-, which then
recombines to yield P-1C6040 (see below). From the fluores-
cence data it can therefore be calculated that at 77 K, the
singlet-singlet energy transfer rate constant kENT is e1/2 of
the photoinduced electron-transfer rate constant kCS. Thus, kENT
and kCS may be calculated if the total rate contant for quenching
of the porphyrin first excited singlet state by the fullerene, kQ,
is known.
Transient Absorption Spectra. To determine kinetic pa-

rameters for the electron and energy transfer processes in dyad
3, we undertook transient absorption experiments on the pico-
second time scale. Samples were dissolved in the desired solvent,
placed in cuvettes with a 2-mm path length, and excited at 590
nm with 200-fs laser pulses. The transient absorption spectra
in the 750-1050-nm region were measured using the pump-
probe technique. A typical spectrum in the 875-1050-nm region
obtained for a ca. 1 × 10-4 M solution of 3 in 2-methyltet-
rahydrofuran at 292 K is shown in Figure 1. The absorption at
998 nm is characteristic of the substituted fullerene radical anion.
Absorption attributed to the porphyrin radical cation was ob-
served in the 750-nm region. Thus, the conclusion that the first
excited singlet state of the porphyrin moiety, 1P-C60, decays
at least in part by photoinduced electron transfer to yield the
P•+-C60•- charge-separated state is verified. No evidence for
formation of P-1C60 via singlet-singlet energy transfer was
obtained.
Figure 2a shows the rise kinetics of P•+-C60•- measured at

998 nm for various temperatures. At 292 K, for example, there

4308 J. Phys. Chem. B, Vol. 104, No. 18, 2000 Kuciauskas et al.
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All in low dielectric constant solvents (<7.6)
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Long-lived charge-transfer state of a C70-encapsulated bisporphyrin covalent organic polyhedron in a low dielectric 
medium.
Michael Ortiz, Sung Cho, Jens Niklas, Seonah Kim, Oleg G. Poluektov, Wei Zhang, Garry Rumbles, Jaehong Park

J. Am. Chem. Soc. 2017, 139, 4286−4289 
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high-energy charge-separated states in high yield.1-5 Artificial
reaction centers that feature porphyrins as excited state electron
donors and fullerenes as acceptors have proven especially
successful, due in part to favorable energetics, low reorganization
energies for electron transfer, and low sensitivity of the porphyrin
and fullerene radical ions to solvent stabilization.6-17 Most of
these constructs feature a single chemical linkage joining the
porphyrin and fullerene, and electron transfer between the two
moieties is usually mediated by through-bond superexchange
interactions involving this linkage. Some of these linkages are
relatively rigid, and this rigidity restricts the conformations and,
therefore, the possible values of the electronic coupling between
the initial excited state and the charge-separated state. This is
important, because a range of coupling values in a “floppy”
molecule ensures that in some conformations electron transfer
will not occur at an optimal rate, can enhance the rate of undesirable
charge recombination, and complicates measurement, analysis,
and interpretation of the electron transfer rates. In virtually all
molecules featuring a single linkage between the porphyrin and
fullerene moieties, rotation around bonds occurs, and this can
change donor-acceptor separations, angles, and coupling.

If the porphyrin and fullerene are joined in a cyclic arrange-
ment, this can in principle further constrain the relative motions
of the two moieties by limiting rotations about bonds. Several
porphyrin-fullerene systems linked in this way have been
reported,18-27 although the degree of conformational flexibility
in the molecules varies. In most cases, these cyclic molecules
involve functionalization of the C60 moiety in two locations.
Multiple substitution of a fullerene can generate a plethora of
isomeric forms. For example, bis-addition to a fullerene using the
commonly employed 1,3-dipolar cycloaddition of azomethine
ylides (Prato reaction) can result in 8 different regioisomeric
adducts, even for an unsubstituted N-alkylpyrrolidine ring.28-30

By using two reactive groups joined by a carefully designed
covalent linkage to carry out the addition reactions, the number
of isomers resulting from bis-addition can be significantly
constrained.31-39 In the cyclic porphyrin-fullerene systems
mentioned above, such strategies were employed to yield regioi-
somerically pure products.

Here we report diporphyrin-fullerene triad 1, in which the
three photochemically active moieties are linked in a strained,
highly conformationally restricted macrocycle containing 42
atoms in the ring (Figure 1). This large macrocycle was formed
in an unusual single-pot reaction process from precursor 5
(Figure 2) and C60. Two linkages to the fullerene are formed
in this reaction even though the resulting structure contains
significant strain that deforms the porphyrin macrocycles. A
major product of the reaction has the trans-2 structure at the
fullerene and identical configurations (RR or SS) at the stereo-
centers on the pyrrolidine rings. Rotation about the bonds within
the macrocycle is highly restricted, at least on the NMR time
scale, and the porphyrins assume a tilted, partially overlapping
conformation, resulting in overall C2 symmetry for the molecule.
The arrangement is reminiscent of that of the special pair of
chlorophylls in bacterial reaction centers. Below, we discuss the
synthesis, structure determination, and photochemistry of these
macrocycles and propose a mechanism for their formation.

’RESULTS

Synthesis. Major aspects of the synthetic route to 1 are
shown in Figure 2. Porphyrin dyad 2 was prepared by coupling

a suitable porphyrin having a meso-(4-iodophenyl) group and a
phenylacetylene-bearing porphyrin using a palladium reagent.
Tetra-arylcyclopentadienone 3 was prepared by the base-cata-
lyzed condensation of 1,3-bis(4-bromophenyl)propanone and
4,40-dimethoxybenzil. Diels-Alder reaction of 2 with 3 and
elimination of carbon monoxide, followed by metalation with
zinc acetate, gave porphyrin dyad 4. The methyl ester groups of 4
were reduced to alcohols with lithium aluminum hydride and
then oxidized to aldehydes with manganese dioxide to give 5. A
double Prato-type 1,3-dipolar cycloaddition of C60 and the
azomethine ylides formed from N-methylglycine and the alde-
hydes of 5 gave 1 with a yield of 20%, as well as the nonmacro-
cyclic tetrad bearing a fullerene on each porphyrin (40%) and
small amounts of macrocyclic triads with different regiochem-
istry and/or stereochemistry at the stereocenters that were not
studied further. Details of the synthesis and characterization of all
new compounds are given in the Supporting Information.
Structure. In the final cyclization reaction that produces 1

(Figure 2) the coupling between C60 and the ylide intermediates

Figure 1. (a) Structure of triad 1. One of the two enantiomers is shown.
(b) Space-filling model of triad 1 based on PM6 semiempirical calcula-
tions. The bromine and methoxy groups have been replaced by
hydrogen atoms to simplify calculations. The molecule has trans-2
regiochemistry at the fullerene, the RR-configuration at the stereocen-
ters on the pyrrolidine rings, and overall C2-symmetry.
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Comments
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• Research cell efficiencies
- Notable exceptions
- Device area
- Certification
- Nanostructured Materials for Type III Photovoltaics;  

Skabara, P., Malik, M. A., Eds.; The Royal Society of Chemistry, 2018; pp 
P001–P514.

• Driving force for electron transfer and the relationship to Voc 

- Weller equation and Gibbs energy, not LUMO offset
- Reorganiz(s)ation energy v ∆G

• Charge-Transfer states, Charge-Separated states, and the state of separated 
charges

- CT states absorb and emit
- CS states absorb very weakly, are generally associated with molecular 

triads and photosynthesis reaction center
- State of separated charges are free of coulomb attraction, are extracted 

by devices and can b be readily detected using microwave conductivity

• IP, EA, v Eox, Ered

- Caution with connecting or combining these data
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