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ABSTRACT: By means of transient UV—visible absorption spectra/fluorescence - T - ==
spectra, combined with electronic structure calculations, the present work focuses 40 o FT I TTITTTN -4.0
on characterizing the photophysical and electronic properties of five PCBM-like i

Cgo derivatives (F1, F2, F3, F4, and FS) and understanding how these properties S 45 L 4.5
are expected to affect the photovoltaic performance of polymer solar cells (PSCs) E

with those molecules as acceptors. Spectral data reveal that the fluorescence 2 50 - -5.0
quantum yields (®g) are enhanced and the triplet quantum yields (®1) 5

are lowered for the five PCBM-like Cg4 derivatives as compared to those of the 55 R L+ L1l 55
pristine Cg, suggesting that functionalization of a C=C double bond perturbs the Womo = _ =T =7 =
tullerene’s 7t-system and breaks the I, symmetry of pristine Cqp, which results in 601 ¢ F1E2 F3 Fa ;5 Fo ;7 L 6.0

modifications of photophysical properties of the fullerene derivatives. PBEPBE/

6-311G(d,p)//PBEPBE/6-31G(d) level of electronic structure calculations yields the HOMO—LUMO gaps and LUMO energies,
showing that the electron-withdrawing effect induced by the side chain functional groups perturbs LUMO energies, from which
different open circuit voltages V. are resulted. The predicted V. from our calculation agrees with previous experiment results.
Basically, we found that functionalization of a C=C double bond sustains the fullerene structure and its electron aflinitive properties.
Adducted side chains contribute to adjust the HOMO—LUMO gap and LUMO levels of the acceptors to improve open circuit
voltage. The results could provide fundamental insights for understanding how structural modifications influence the photovoltaic
performance, which paves a way for guiding the synthesis of new fullerene derivatives with improved performance in polymer

solar cells.

1. INTRODUCTION

Organic solar cells, especially the solution-processed poly-
mer/fullerene-based bulk heterojunction (BHJ) polymer solar
cells (PSCs), have attracted much interest in the past two
decades because they hold the potential to be low-cost, large-
area, flexibile, lightweight solar energy conversion devices. ™
Because of the high electron affinity and superior ability to
transport charge effectively, fullerenes can be used as potential
acceptor components for photovoltaic devices.® However, be-
cause of the low solubility, fullerenes are incompatible with
solution-based processing. To improve solubility, many works
are devoted to modifying fullerenes by adding functional groups
to the fullerene core, among which the higher soluble derivative
[6,6]-phenyl-Cy;-butyric acid methyl ester (PCBM) was first
synthesized by Hummelen’ and used to replace Cgo as the
acceptor." Since then, considerable progress has been made in
the PSCs field, which have been detailed in several excellent review
articles."" 3

A well-studied system is the solution processable P3HT/
PCBM BH]J blends,"* with power conversion efficiency (PCE)
reported to be about 4%.">~'” To further improve the photo-
voltaic performance, many fullerene derivatives were synthesized
with mono-'*"** or multiple-functional §roups,18’22’25727 or
electron-donor groups on the phenyl ring,”**” or replacing the
phenyl ring instead.>**”?° In addition, other novel fullerene
derivatives such as indene-Cg, bisadduct®"** and endohedral
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fullerenes®** were synthesized. The PSCs based on some of

these derivatives were reported to have PCE approaching 5% or
even higher,”>*' ~** but most of them showed results poorer than
or merely comparable to that of PCBM. Therefore, PCBM is still
considered to be an advanced acceptor material and is used
typically in polymer solar cells.

Recently, we have designed and synthesized a series of PCBM-
like Cgo derivatives, F1, F2, F3, F4, and FS (Scheme 1), by
changing the butyl carbon chain length of PCBM (F2) from 3 to
7 carbon atoms, respectively, to investigate the effect of the
carbon chain length of PCBM on the photovoltaic performance
of these PCBM derivatives in the PSCs with P3HT as donor and
F1—FS as acceptor.35 The PSCs with F1, F2, or F4 as the
acceptor were found to display higher photovoltaic performance
with PCE above 3.5%, while those with F3 or FS as acceptors
showed a relatively lower PCE below 3.0%. The different
performances among the five PCBM-like fullerene derivatives
were explained mainly on the basis of their electron mobilities
and morphology properties.

As compared to the well-characterized photovoltaic perfor-
mance, the photophysical and electronic properties of these
PCBM derivatives remain unknown to a large extent, while these
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Scheme 1. Structures of Five PCBM-like Fullerene Derivatives. F1, F2, F3, F4, FS

F2 (PCBM)

properties are crucial to understanding the complex exciton
dissociation processes at the donor—acceptor interface that
ultimately affect the photovoltaic performance. For example, in
bis-dicyanovinyl-olgothiophenes/fullerene blends, it has been
observed that, for certain thiophene oligomer lengths, excitons
can efficiently transfer to Cgo, where the large intersystem
crossing leads to the formation of triplet excitons, which then
hop back to the donor; such processes do not result in charge
separation and constitute a loss mechanism.*® Obviously, the
formation of triplet excitons involved in such a loss mechanism is
highly dependent on the photophysical properties of donor and
acceptor molecules, among which energy transfer and intersys-
tem crossing play key roles.

The present work will focus on characterizing the photophy-
sical and electronic properties of the five PCBM-like Cqg
derivative molecules (F1, F2, F3, F4, and FS5 shown in
Scheme 1) and understanding how these properties are expected
to affect the photovoltaic performance of PSCs. By measuring the
transient UV —visible absorption spectra, transient fluorescence
decay, together with the steady-state UV—visible absorption and
fluorescence spectra, the photophysical processes of fluorescent
emission and intersystem crossing were examined. Because of the
symmetry breaking effect of the side chain addition to fullerene
core, the fluorescence quantum yields (D) are enhanced and
the triplet quantum yields (@) are lowered for the five PCBM-
like C4p derivatives as compared to those of the pristine Cgo. In
addition, the HOMO—LUMO gaps and LUMO energies were
calculated by PBEPBE/6-31 1G(d,p)//PBEPBE/6—31G(d) level
of density functional theories, showing that the electron-with-
drawing effect induced by the side chain functional groups
perturbs LUMO energies of the five fullerene derivatives, from
which different open circuit voltages V. are resulted. The
predicted V,,. values from our calculations agree with previous
experimental results®® and afford reasonable explanations by
revealing the small variation of LUMO energies. By closely
examining the variation of photophysical and electronic proper-
ties, the results of the current work could provide a fundamental
understanding of how structural modifications influence the
LUMO levels and the open circuit voltages, which are key factors
determining the photovoltaic performance of polymer solar cells.

2. EXPERIMENTAL AND THEORETICAL METHODS

Materials. Five PCBM-like Cg, derivatives, F1, F2, F3, F4, and
F5, were synthesized as described elsewhere.”> The molecular
structures are shown in Scheme 1. These molecules belong to a
class of functionalized fullerene derivatives called methanofuller-
enes, with a cyclopropane ring adducted to a C=C double bond
located at a junction of two hexagons of Cg core. For F1, F2, F3,

F4, and FS, there are two substituents linked to the cyclopro-
pane ring: one is the phenyl and the other is the aliphatic
chain. The reference sample, Cgo (99.5%), was purchased from
Aldrich and used as received. HPLC grade of toluene was used
as solvent.

Steady-State Spectral Measurements. Absorption spectra
were recorded with a UV—vis spectrometer (model U-3010,
Hitachi). Fluorescence spectra were measured with a fluores-
cence spectrometer (F4600, Hitachi). For fluorescence quantum
yield measurements, the absorbance of all samples was adjusted
to 0.1 in 10 mm path length quartz cuvettes at the excitation
wavelength (532 nm).

Laser Flash Photolysis. Nanosecond time-resolved laser flash
photolysis setup was described previously.”” Briefly, the instru-
ment comprises a Edinburgh LP920 spectrometer (Edinburgh
Instruments Ltd.) combined with an Nd:YAG laser (Surelite II,
Continuum Inc.). The sample was excited by 355 nm laser pulse
(1 Hz, fwhm ~7 ns), and a 450 W pulsed xenon lamp was used as
analyzing light. A monochromator equipped with a photomulti-
plier for collecting the spectral range from 300 to 850 nm was
used to record transient absorption spectra. The signals from the
photomultiplier were displayed and recorded as a function of
time on a 100 MHz (1.25 Gs/s sampling rate) oscilloscope
(Tektronix, TDS 3012B), and the data were transferred to a
personal computer. Samples were freshly prepared for each
measurement and were adjusted to an absorbance of about
0.25 in 10 mm path length quartz cuvettes at the laser wavelength
used. Data were analyzed by the online software of the LP920
spectrometer. The fitting quality was judged by weighted resi-
duals and a reduced y” value.

Fluorescence Lifetime Measurement. Fluorescence de-
cays were measured using the time-correlated single-photon
counting (TCSPC) spectrometer (F900, Edinburgh In-
strument). The samples were excited at 442 nm using an
80 ps laser diode (PicoQuant PDL 808). Fluorescence decays
were monitored through a monochromator at the emission
maxima. The instrumental response function (IRF) of our
setup was about 200 ps.

Electronic Structure Calculation. The geometries of C4p, F1,
F2, F3, F4, and FS were optimized by density functional theory
using the gradient-corrected exchange-correlation functional
of Perdew, Burke, and Ernzerhof (PBE),*® with the standard
6-31G(d) basis set, which has proved to yield reliable results
at reasonable computation costs for large carbon structures.
All optimized geometries were confirmed with no imaginary
frequencies. To obtain a more accurate HOMO—-LUMO gap,
orbital energies were calculated with higher basis sets at the
PBEPBE/6-311G(d,p) level. Calculations were performed with
the Gaussian 03 program package.*
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3. RESULTS AND DISCUSSION

Figure la displays the UV—visible absorption spectra of five
PCBM:-like fullerene derivatives, F1, F2, F3, F4, and FS, in
toluene. For comparison, the UV—visible spectrum of Cgp in
toluene is also shown. In the UV range below 350 nm, the five
PCBM:-like fullerene derivatives and Cg exhibit nearly the same
absorption bands, which correspond to the strong allowed
transition of the fullerene core. In the visible region where the
transition is mostly symmetry forbidden for the highly symmetric
molecule of Cgp, the broad absorption bands from 450 to 650 nm
in Cgy slightly blue shift for five PCBM-like fullerene derivatives,
together with the appearance of two small distinct peaks at ~430
and ~695 nm. These features are very similar to those reported
for several other methanofullerenes,”*"*° suggesting that the
side chains of the fullerene derivatives perturb only the forbidden
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Figure 1. (a) UV—vis absorption spectra of F1, F2, F3, F4, and FS in
toluene collected from 350 to 750 nm, along with the spectra of C for
comparison. Spectral intensities are normalized to the absorbance at
532 nm for all samples (inset: normalized UV—vis absorption spectra for
all samples at lower concentration to display the full range spectra
without saturation). (b) Fluorescence spectra of Cgo, F1, F2, F3, F4, and
FS in toluene solution collected from 600 to 900 nm with excitation
wavelength at 532 nm (inset: representative fluorescence decay curves
and the single exponential fitting).

transitions of fullerene core in the visible region by breaking the
I, symmetry of the pristine Cgy molecule, whereas the allowed
transitions in the UV region are much less affected.

Figure 1b shows the fluorescence spectra of Cgo and five
fullerene derivatives in toluene solution. The fluorescence spec-
tra of five PCBM-like fullerene derivatives are very similar to each
other, showing two peaks at ~708 and ~779 nm. In comparison
with Cgy, the fluorescence intensities of the five fullerene
derivatives become larger, and the fluorescence quantum yields
(®g) are about 2—3 times higher than that of Cg, as shown in
Table 1. The enhanced fluorescence intensities and quantum
yields are also ascribed to the symmetry breaking effect of side
chain addition to the Cgq core, which strengthens the forbidden
transitions from the S; to S, state to some extent and results in
increased emission intensity. On the other hand, no significant
differences exist among five PCBM-like fullerene derivatives for
their fluorescence spectra, indicating that the increasing of side
chain length affects little the transition probabilities from the S;
to Sy state.

The fluorescence decays of Cg and five fullerene derivatives in
toluene solution were measured using standard TCSPC method.
The decay curves can be deconvoluted from corresponding
instrument response functions (IRF) using a single exponential
equation, as shown in Figure 1b, inset. The determined fluores-
cence lifetimes are listed in Table 1. The fluorescence lifetime of
Ceo (1.18 ns) matches previous reports.*"** The five fullerene
derivatives possess longer fluorescence lifetimes falling all around
1.4—1.5 ns, indicating their longer-lived excited singlet states
than that of Cgp. Still, no apparent difference exists among the
five fullerene derivatives for their fluorescence lifetimes, provid-
ing additional evidence that the excited singlet state properties
are little affected by the functional groups in different fullerene
derivatives.

In parallel to the fluorescent emission, how are other photo-
physical processes such as intersystem crossing influenced by the
side chain addition to the fullerene core? Following nanosecond
laser flash photolysis at 355 nm, the transient UV—visible absorp-
tion spectra of five fullerene derivatives in toluene solution were
measured and shown in Figure 2, along with their comparison Cgj.

The Cgo transient spectra in Figure 2a exhibit a typical
triplet—tri3p1et absorption band at 750 nm as reported in
literature.*** For the five PCBM-like fullerene derivatives, their
transient spectra appear very similar to each other, which are
featured by maximum absorption at 720 nm as shown from
Figure 2b—f. All of the transient absorption bands at 720 nm show
first-order decay kinetics (see Figure 2, insets), with a lifetime of
several microseconds at deaerated conditions but decreasing to
~300 ns in the presence of O,. The efficient quenching by dissolved

Table 1. Photophysical Parameters Obtained from Spectral Measurements for F1, F2, F3, F4, and FS, Using Cg, as Reference

7/ T—T peak/ tr(deaerated)/ vr(air-saturated)/ G

samples absorption peak/nm (eg/M ' cm ') O x10* ns nm us ns M'am ! @f
Ceo  288(42232), 335(67 667), 407(4581), 540(1527), $96(1290) 328 L18 750 5.0 3023 20200° 1
F1 228(44963), 331(42953), 432(2604), 502(1582), 694(192) 8.2 1.39 720 5.1 302.7 26003  0.55
F2  228(43250), 331(39675), 433(2412), 502(1512), 695(201) 83 143 720 35 3127 22433 0.54
F3  228(47463), 331(45059), 433(2893), 498(1818), 695(236) 8.7 147 720 2.8 3013 29596 0.58
F4  228(44622), 331(42437), 433(2438), 498(1547), 695(192) 8.9 150 720 35 308.7 24311 0.69
F5  228(46746), 331(44 622), 433(2639), 499(1625), 696(262) 93 152 720 33 304.9 30433 058

D = OFH(F/IY)(AY/AY), @p determined using Cgy as reference. ”Data cited from ref 19. “Data cited from ref 44. (LR

(I)stT (ASTSt/

A&*r)(AOD*/AOD™), @ derived by comparative method using Cg as reference.
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Figure 2. Transient absorption spectra of (a) Cgp, (b) F1, (c) F2, (d) F3, () F4, and (f) FS$ at different delay times after laser flash photolysis at 355 nm
in toluene solution. Insets show the decay kinetics of transient absorptions at 750 nm for Cgo and 720 nm for F1—FS.

oxygen confirms the assignment of transient absorption bands at
720 nm to the triplet of PCBM-like fullerene derivatives.

As compared to Cg, the transient triplet—triplet absorption
bands are blue-shifted by about 30 nm for the five PCBM-like
fullerene derivatives, as found in other methanofullerenes.'®2%*!
The addition of functional groups to the C=C double bond
converts sp’-hybridized carbons into sp>-hybridized ones, result-
ing in a contraction of 7T-system to 58 s7-electrons as compared to
the pristine Cgo with 60 77-electrons. By lifting of double bonds,
such a perturbation to the fullerene’s 77-system leads to less
Jr-conjugation, and thus blue-shift absorption for triplet—triplet
transitions as compared to Cgp.

Using singlet depletion method,* the triplet extinction coeffi-
cients (er) of five PCBM-like fullerene derivatives are deter-
mined. With &g available, triplet state quantum yields (®) can
be derived by the comparative method*® using Cqp as reference
(@ is known to be unity and &1 = 20200 M~ cm ™ ').** These
values are summarized in Table 1. Obviously, the triplet state
quantum yields (Pr) of the five PCBM-like fullerene derivatives
are all reduced to almost one-half of that of Cgo. The decreasing
of triplet state quantum yields corroborates the enhanced
fluorescence yields. Both phenomena can be ascribed to the
symmetry breaking effect of functional groups adducted to the
Cyo core, which perturbs the forbidden transitions from S, to S,
state. While the transition probabilities from S; to Sy state are
enhanced, the populations branched to T state by intersystem
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Figure 3. Energy levels of Cgy and its derivatives calculated at the
PBEPBE/6-311G(d,p) level. Cyp has S-fold degenerated HOMOs and
3-fold degenerated LUMOs, while the related energy levels for fullerene
derivatives become nondegenerated. The HOMO and LUMO levels for
the fullerene derivatives are denoted with arrow lines.

crossing (S;—T,) are decreased accordingly, resulting in sig-
nificantly decreased triplet quantum yields for the five fullerene
derivatives as compared to that of Cgp. On the other hand,
increasing of the side chain length affects little the triplet spectra
and quantum yields, and no significant differences exist among
the five PCBM-like fullerene derivatives, as shown in Figure 2
and Table 1.

Summarizing the spectral data, our findings confirm that
functionalization of a C=C double bond basically perturbs the
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Table 2. Bond Lengths, HOMO Energy, LUMO Energy, and
HOMO—LUMO E,, of Cg Calculated with B3LYP and PBE
Functionals, Respectively

B3LYP/ PBEPBE/
expt. 6-311G(d,p) 6-311G(d,p)
HOMO/eV —6.1% —6.402 —5.870
LUMO/eV —4.3% —3.658 —4220
Egep/eV 1.57%'—1.8*" 2743 1.650
1.458(6)°
C5—5/A 1455 1.4539 1.4574
1.45 £ 0.015¢
1.401(1)°
C6—6/A 1391 1.3951 1.4041
1.40 & 0.015%

“ Cited from ref 54. © Cited from ref 55. € Cited from ref 52. ¢ Cited from
ref 53. ¢ Cited from ref 56.7 Cited from ref 57. € Cited from ref 58.

fullerene’s 7T-system and breaks the Ij, symmetry of pristine Cgp,
which results in modifications of photophysical properties of the
five PCBM-like fullerene derivatives. Meanwhile, increasing the
CH, chain length on the functional groups induces little changes
among five derivatives. On the other hand, previous work®
found that different photovoltaic performances were displayed
among the five PCBM-like fullerene derivatives. How are these
differences in photovoltaic performances originated?

Intrinsically, electronic properties are important factors af-
fecting the photovoltaic performance of fullerene derivatives in
PSCs. On one hand, the difference between the LUMO energy
of an acceptor fullerene derivative and the HOMO energy of a
donor polymer determines the upper limit of open circuit
voltage (V,.) of the PSC.*”*® On the other hand, the overall
energetic driving force for electron transfer from the donor to
the acceptor is represented by the energy difference between
the LUMOs of the donor and acceptor. An energy of 0.3—
0.5 eV for LUMO(D)—LUMO(A) is necessary for efficient
charge generation, while too large of a LUMO(D)—LUMO(A)
gap will result in a waste of energy.*”** Therefore, raising the
LUMO level of the acceptor takes the advantage increasing V.
of PSCs. For this reason, we performed electronic structure
calculations to examine the LUMO levels of the five PCBM-like
fullerene derivatives and their expected influence on the photo-
voltaic performance.

Stable geometrical structures of the five fullerene derivatives
and Cgo were optimized with the Gaussian 03 program at the
PBEPBE/6-31G(d) level. Orbital energy calculations and orbital
analysis were performed at the higher level of PBEPBE/6-
311G(d,p) using the optimized geometries. The calculated
HOMO and LUMO energy levels are depicted in Figure 3.

PBE functional has been proved to yield reliable results for
fullerene systems,”’ while the most commonly used B3LYP
functional performs rather poorly. Table 2 presents a comparison
of the HOMO and LUMO energies, HOMO—LUMO gap, and
bond length for Cg obtained from B3LYP and PBE functional,
respectively. Each parameter obtained from PBE functional
agrees well with experimental results, while B3LYP functional
yieldsa HOMO—LUMO gap of 2.743 eV that is largely deviating
from the experimental value of 1.57—1.8 eV.>> > Therefore,
PBE is an appropriate functional for describing the electronic
structures of fullerene and its derivatives and has been adopted in
our calculation.

Table 3. LUMO Energy and HOMO—LUMO Energy Gap
(Egap) for F1, F2, F3, F4, FS, F6, F7, and C4y Obtained with
the PBEPBE/6-311G(d,p) Calculations, along with the Pre-
dicted Open Circuit Voltages V,,.*

LUMO/eV Voe/V

samples  symm.  Eg,/eV expt. cale. expt. calc.
F1 C 1.456 —391"  —4074 0.564" 0526
F2 C 1.458 —391®  —3992  0s571" 0.608
F3 C 1.452 —392"  —4052 053" 0548
F4 C 1.458 —390° —4013 0596 0587
Fs C 1455 —391°  —4.038 0540  0.562
F6 C 1.454 —4.018 0.582
F7 C 1.452 —4.033 0.567
Cso I, 1650  —4.3° —4.220

“ All data are compared to the experimental results if available. * Data
cited from ref 35. “ Data cited from refs 54 and S3.

Table 3 displays the electronic structure calculation results for
the five PCBM-like fullerene derivatives and their reference Cgj.
The calculated HOMO—LUMO energy gap is 1.65 eV for Cg,
while it reduced to ~1.46 eV for the five fullerene derivatives.
The calculated LUMO energies for the five derivatives are all
raised to ~ —4.0 eV, as compared to that of C4y (~ —4.2 eV). In
general, the calculated orbital energies a§ree with those deter-
mined from experimental measurements>> with approximately
0.1 eV of deviation, which is reasonable for large carbon systems.

Heeger and co-workers reported an empirical equation to
estimate the open circuit voltage V,,. by fitting 26 different BHJ
solar cells,*® shown as the following:

Voo = (1/6)(|EI€;’3§/EO| - |Eiclj§\ﬁt00r|) —03V

where e is the elementary charge and 0.3 V is an empirical factor.
Using this equation and the calculated LUMO energies, the V.
values can be predicted for the PSCs with P3HT as donor and
F1—FS as acceptors, as listed in Table 3. The HOMO energy of
the donor P3HT, —4.9 eV, is cited from experimental measure-
ments by ultraviolet photoelectron spectroscopy.® Basically, the
calculated V. values agree with the experimental data, in their
variation trend from F1 to FS. Instead of a monotonic variation,
the amplitude of V. oscillates with the CH, chain length of
F1—FS, showing larger values for F2 and F4, but smaller values
for F1, F3, and FS, for both the experimental and the calculation
data. As compared to the experimental data, the calculation data
exhibit this trend more clearly. Where does this variation trend of
V. result from?

In BHJ solar cells, the energy difference between the LUMO
of a given fullerene derivative and the HOMO of a donor
polymer determines the upper limit of V,, as explicitly expressed
in the above empirical equation. With P3HT as the common
donor, raising the acceptor’s LUMO level is a dominant way to
increase the V. For the five fullerene derivatives, the calculated
LUMO energies do not vary monotonically from F1 to FS, but
rather display higher values for F2 and F4, and lower values for
F1, F3, and FS5, as shown in Figure 3 and Table 3. As a result, F2
and F4 display higher V. values as compared to those of F1, F3,
and FS. Such an oscillating trend of V. is basically caused by the
oscillation of LUMO energies from F1 to ES, according to our
electronic structure calculations. On the other hand, as shown in
Table 3, although the experimentally measured V. values™®
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Figure 4. HOMO and LUMO orbitals for Cgy and the fullerene
derivatives obtained with the PBEPBE/6-311G(d,p) calculations.

exhibit an oscillating trend from F1 to ES, the LUMO energies
determined from cyclic voltammetry experiments>> are almost
identical to each other (~ —3.9 eV). In contrast to this dis-
crepancy between experimental measurements, our electronic
structure calculations afford reasonable explanations because it
reveals the small variation of LUMO energies, whereas the cyclic
voltammetry experiments>” failed. More accurate methods, such
as ultraviolet photoelectron spectroscopy, are required to deter-
mine these LUMO energies experimentally.
PBEPBE/6-311G(d,p) level of orbital analysis was performed
to understand the modified electronic properties for the five
PCBM-like fullerene derivatives relative to Cgo. The HOMO and
LUMO orbitals obtained with the PBE functional are depicted in
Figure 4. The five fullerene derivatives have very similar molec-
ular structures, with the functional groups fused to the fullerene
core through one cyclopropane ring. Such a similarity in molec-
ular structures, as a result, leads to similar electronic properties.
As compared to the pristine Cgp, the HOMO and LUMO orbitals
for the five fullerene derivatives become less diffusively spread, as
shown in Figure 4. For LUMOs, nodal planes emerge in the
middle of the Cgy core, which appears to limit the electron
delocalization to two separate parts, the upper and lower parts of
Céeo- As a result, the electron delocalization becomes less strong,
and thus the LUMO energy levels are raised markedly for the five
fullerene derivatives relative to the pristine Cgo. In fact, this
weakened electron delocalization is consistent with the contrac-
tion of sT-system caused by C=C bond functionalization. Both
effects lead to a raise of LUMO levels for fullerene derivatives.
Why does the amplitude of the LUMO energies oscillate from
F1 to FS, instead of varying monotonically as the CH, chain of
the functional group lengthened from F1 to F5? For the five
fullerene derivatives, the HOMOs and LUMOs present almost
the same orbital distribution with the majority of the electron
densities being located on the Cg core and nearly no distribution
on side chain functional groups. However, the side chain func-
tional groups of —COOCH; induce great electron-withdrawing
effect, as manifested by the shift of HOMO electron densities
to the top Cgo core where the functional groups are adducted

(see Figure 4). Such an electron-withdrawing effect might
perturb the LUMO energies subtly; that is, when the side chain
carbonyl group adopts a cis conformation relative to the Cg core in
the case of F2 and F4 (see Scheme 1), the electron-withdrawing
effect tends to become greater than that of the case for F1, F3,
and FS with a trans conformation, and, as a result, F2 and F4
display higher LUMO energies than those of F1, F3, and FS. This
postulation can be testified by extending the electronic structure
calculations to longer CH, chain fullerene derivatives, F6 and F7.
As shown in Table 3 and Figure 3, F6 with a cis conformation
displays higher LUMO energy level than that of F7 with a trans
conformation. In addition, the oscillating trend of the LUMO
energies with the CH, chain length becomes less obvious when
the electron -withdrawing group —COOCH,; lies further apart from
the Cg core from F1 to F7, which corroborates the postulation that
the oscillating trend is induced by the electron-withdrawing effect of
functional groups.

4. CONCLUSION

For the five PCBM-like Cg, derivatives (F1, F2, F3, F4, and
FS), we have characterized their photophysical and electronic
properties that are crucial factors affecting the photovoltaic
performance of PSCs. The transient UV—visible absorption
spectra, transient fluorescence decay, together with the steady-
state. UV—visible absorption and fluorescence spectra were
measured, showing that the fluorescence quantum yields (®g)
are enhanced and the triplet quantum yields (Pr) are lowered
for the five PCBM-like Cg, derivatives as compared to those of
the pristine Cgo. These spectral features confirm that functiona-
lization of a C=C double bond perturbs the fullerene’s 7-system
and breaks the I, symmetry of pristine Cg, which results in
modifications of photophysical properties of the fullerene deri-
vatives. The significantly lowered triplet quantum yields for the
five PCBM-like Cg derivatives, as compared to Cg, render these
molecules better acceptor materials in PSCs, by preventing the
triplet exciton formation that could lead to energy losses.

Electronic structure calculations were performed to obtain the
HOMO—-LUMO gaps and LUMO energies with the PBEPBE/
6-311G(d,p)//PBEPBE/6-31G(d) level of density functional
theories. Using the calculated LUMO energies and Heeger’s
empirical equation, the open circuit voltage V. values were
predicted for the PSCs with P3HT as donor and F1—FS$ as
acceptors. As compared to the pristine Cgp, the five fullerene
derivatives display raised LUMO energy levels, from which larger
open circuit voltages V. are resulted. Among the five fullerene
derivatives, the amplitude of LUMO energies does not vary
monotonically from F1 to FS as the CH, chain lengthens, but
rather displays an oscillating trend, which results in larger V.
values for F2 and F4, and smaller V. values for F1, F3, and FS.
The predicted V. values from our calculations agree with
previous experimental results®> and afford reasonable explana-
tions by revealing the small variation of LUMO energies. The
Orbital analysis indicates that the oscillating trend of LUMO
energy levels and V. values could be induced by the electron-
withdrawing effect of side functional groups, which tends to
become stronger in the case of F2 and F4 when the side chain
carbonyl group adopts a cis conformation relative to the Cg core,
than that of the case for F1, F3, and FS with a trans conformation.

Basically, functionalization of a C=C double bond sustains the
fullerene structure and thus its electron affinitive properties.
Adducted side chains result in little changes for the photophysical
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properties among the five PCBM-like fullerene derivatives, but
contribute to improve the compatibility of the polymer/fullerene
system as well as adjust the HOMO—LUMO gap and LUMO
levels of the acceptors to improve open circuit voltage in polymer
photovoltaics. The results provide insights for understanding
how structural modifications of functionalization influence the
photovoltaic performance.
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