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ABSTRACT: Four new low-bandgap electron-accepting polymers—poly(4,10- Strong charge ek carge
bis(2-butyloctyl)-2-(2-(2-ethylhexyl)-1,1-dioxido-3-0x0-2,3-dihydrothieno [ 3,4-d]- -l .
isothiazol-4-yl)thieno[2',3":5,6]pyrido[3,4-g]thieno[3,2-c]isoquinoline-5,11- »
(4H,10H-dione) (PNSW); poly(4,10-bis(2-butyloctyl)-2-(5-(2-ethylhexyl)-4,6-
dioxo-S5,6-dihydro-4H-thieno[3,4-c|pyrrol-1-yl)thieno[2',3":5,6 ]pyrido[ 3,4-g] thieno-
[3,2-c]isoquinoline-5,11(4H,10H)-dione) (PNTPD); poly(5-(4,10-bis(2-butyl-
octyl)-5,11-dioxo-4,5,10,11-tetrahydrothieno[2’,3":5,6 |pyrido[3,4-g]thieno[3,2-c]-
isoquinolin-2-yl)-2,9-bis(2-decyldodecyl)anthra[2,1,9-def:6,5,10-d"e’f’]-
diisoquinoline-1,3,8,10(2H,9H)-tetraone) (PNPDI); and poly(9,9-bis(2-butyloctyl)-
9H-fluorene-bis((1,10:5,6)2-(S,6-dihydro-4H-cyclopenta[ b]thiophene-4-ylidene)-
malonitrile)-2-(2,3-dihydrothieno[3,4-b][1,4]dioxine)) (PECN)—containing
thieno[2',3:5/,6' pyrido[3,4-g]thieno[3,2-c]isoquinoline-5,11(4H,10H)-dione and
fluorenedicyclopentathiophene dimalononitrile, were investigated to probe their
structure—function relationships for solar cell applications. PTB7 was also
investigated for comparison with the new low-bandgap polymers. The steady-state, ultrafast dynamics and nonlinear optical
properties of all the organic polymers were probed. All the polymers showed broad absorption in the visible region, with the
absorption of PNPDI and PECN extending into the near-IR region. The polymers had HOMO levels ranging from —5.73 to
—5.15 eV and low bandgaps of 1.47—2.45 eV. Fluorescence upconversion studies on the polymers showed long lifetimes of 1.6
and 2.4 ns for PNSW and PNTPD, respectively, while PNPDI and PECN showed very fast decays within 353 and 110 fs. PECN
exhibited a very high two-photon absorption cross section. The electronic structure calculations of the repeating units of the
polymers indicated the localization of the molecular orbitals in different co-monomers. As the difference between the electron
affinities of the co-monomers in the repeating units decreases, the highest occupied and lowest unoccupied molecular orbitals
become more distributed. All the measurements suggest that a large difference in the electron affinities of the co-monomers of
the polymers contributes to the improvement of the photophysical properties necessary for highly efficient solar cell
performance. PECN exhibited excellent photophysical properties, which makes it to be a good candidate for solar cell device
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applications.

1. INTRODUCTION

The development of renewable source of energy is necessary in
order to replace fossil fuels, ensure sustainability in the energy
sector, and protect the environment. The search for alternative
sources of energy has been ongoing for many decades."” The
vast amount of energy reaching the earth from the sun has
necessitated research into ways to harvest this natural energy
source. Photovoltaic solar cell devices can convert sunlight into
electricity. However, the most popularly used solar cells based
on inorganic semiconductors are expensive and have limited
deployment in the field. Recently, organic photovoltaic solar
cell devices have emerged as potential alternatives to effectively
utilize solar energy3_9 because of their high abundance,
flexibility, ease of production, and variety of emerging
promising organic compounds for solar cell applications.” *
Significant improvement in the design of light-harvesting
materials has led to power conversion efficiency (PCE) of
organic solar cell devices reportedly reaching 10% recently.>~"”
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However, to be commercially viable, it is necessary to fabricate
solar cell devices with PCE over 15%.'®'® Thus, new materials
with better performance must be developed.

One strategy that has been adopted to improve PCE is the
inducement of intramolecular charge transfer in organic
polymers by designing conjugated donor—acceptor co-
polymers.”®™" One group of polymers, which has been
developed using this approach and has been reported to have
PCEs larger than 8% in photovoltaic devices, is the poly-
(thienothiophene-benzodithiophene) (PTB) polymer series.
These polymers contain repeating units of alternating thieno-
[3,4-b]thiophene (TT) and benzodithiophene (BDT).'®*%!
The highest occupied and lowest unoccupied molecular orbital
(HOMO and LUMO) energy levels of the polymers were
optimized by fine-tuning their structures through the addition
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of various substituents in the backbone of the polymers.
Electron-donating alkyl and alkoxyl groups were substituted in
the BDT unit, while electron-withdrawing esters and a fluorine
atom were substituted in the TT unit in order to fine-tune the
structures of the PTB polymer series. The representative
polymer in the PTB series with the highest PCE is poly[[4,8-
bis[ (2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-
diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]-
thiophenediyl]] (PTB7).'®

The excellent performance of PTB7 has generated intense
research to understand how the structures of polymers correlate
to their performance. PTB7 showed characteristics such as low-
lying HOMO and LUMO energy levels, a small bandgap, good
morphology of PTB7-phenyl-Cgy-butyric acid methyl ester
(PC¢BM) films, and good absorption over the entire visible
and near-infrared (NIR) regions.zgﬁ’z_35 The strong electron-
withdrawing effect of the TT unit from the electron-rich BDT
unit, which results in a localized dipole moment in the TT unit,
played an important role in the excellent photovoltaic
performance of the PTB7 devices.'"® The alternating co-
polymer structure concentrates the negative charge in the TT
unit with the positive charge being localized in the electron-rich
BDT unit. The induced charges on the TT and BDT units
cause enhancement of the dipole moment in PTB7.'"® The
dipole moment of PTB7 was further enhanced by the addition
of fluorine as a side atom in the TT unit, which encourages a
better charge transfer in the polymer chain.

Emerging organic photovoltaic materials depend on the
“push—pull” concept or donor—acceptor mechanism. Carsten
et al."® worked on different polymers with alternating BDT and
TT having different electron-withdrawing substituents to
investigate the push—pull mechanism. In the study, poly[(4,8-
bis(octyloxy)benzo(1,2-b:4,5-b’)dithiophene-2,6-diyl) (2-((2-
ethylhexyl)carbonyl)thieno(3,4-b)thiophenediyl)] (PTB2) did
not have a fluorine atom, and PTB7 did have a fluorine atom
attached to the TT unit. Poly[(4,8-bis((2-ethylhexyl)oxy)-3,7-
difluorobenzo(1,2-b:4,5-b")dithiophene-2,6-diyl) (2-((2-
ethylhexyl)carbonyl)thieno(3,4-b)thiophenediyl)] (PTBF2)
had two opposing fluorine atoms attached to the BDT unit,
while poly[(4,8-bis((2-butyloctyl)oxy)benzo(1,2-b:4,5-b")-
dithiophene-2,6-diyl)(2,2-bis(((2-butyloctyl) oxy)carbonyl)-
6,6'-bithieno(3,4-b)thiophenediyl)] (PBB3) had two adjacent
TT units in a trans conformation. These substituents were able
to reduce the energy levels of the polymers because of their
electron-withdrawing effect. A deep-lying HOMO energy level
ensures oxidative stability of organic polymer materials.>**”
PBB3 was found to have the best absorption in the NIR region
due to the increased conjugation as a result of the additional
thiophene ring. However, it showed the smallest dipolar change
between the ground and excited states.'® PTB2 and PTB7 were
found to have the largest dipolar changes. The dipolar change
between the ground and excited states of PBB3 was lower than
those of PTB2 and PTB7 by factors of 6 and 8, respectively.
The result shows that the nature and the position of electron-
withdrawing substituents in the organic polymer chain affect
the magnitude of the dipolar change. The position and
configuration of the attached substituents play a huge role in
the magnitude of the dipole moment.

The development of new organic photovoltaic polymers has
focused more on the energetics of the donor polymers in bulk
heterojunction (BHJ) systems because of the need to ensure a
good offset between the LUMO of the donor polymer and the
LUMO of the fullerene in polymer/fullerene blends. For

5760

effective charge carrier generation by exciton dissociation at the
interface between the donor polymer and fullerene, the offset
between the LUMO of the donor polymer and LUMO of
fullerene acceptor must be at least 0.30 V.**~** However, it has
been found recently that good charge separation in the donor
polymer reduces the offset required for effective charge transfer
from the donor polymer to the fullerene in a BHJ system.'®*"*
In a study by Carsten et al,'® the transient absorption results of
blended films of PTB7 with fullerenes showed a fast excitonic-
state decay of less than 120 fs, while blends of PTBF2 and
PBB3 with fullerenes showed longer excitonic decay times of 19
and 190 ps, respectively. On the other hand, the first
components of the charge-separated state of PTB7, PTBF2,
and PBB3 were found to be 87, 1.6, and 6 ps, respectively.'®
Based on the excitonic decay time and charge-separated state
obtained in the transient absorption experiment on the
polymer/fullerene blend, PTB7 showed the most efficient
charge transfer and the lowest charge recombination rate. This
is in spite of the fact that the energetics of the three polymers
were identical, and PTB2 had even better crystallinity than
PTB?7. The excellent performance of PTB7 could be attributed
to enhanced transition dipole moment, which increases the
driving force for charge transfer from PTB7 to the fullerene
acceptor and reduces the rate at which electrons and holes
recombine.'® Local dipole moment of polymers could have a
great influence on the efficiency of charge transfer and
ultimately the PCE of solar cell devices.

In this article, we present the results of a spectroscopic study
of PTB7 and a series of low-bandgap polymers in order to
elucidate why PTB7-based devices offer excellent efliciency.
These low-bandgap polymers include electron-withdrawing
polymers designed to serve as possible replacements of
fullerene derivatives in solar cell devices.” Fullerenes are
efficient electron acceptors because of their high electron
affinity and mobility. However, they are rather expensive and
also suffer from low absorption at longer wavelengths of the
solar spectrum. The polymers were designed based on electron-
accepting moieties, thieno[2',3":5",6]pyrido[3,4-g]thieno[3,2-
cJisoquinoline-5,11(4H,10H)-dione (TPTI) and fluorenedicy-
clopentathiophene dimalononitrile (FDCPT-CN). The poly-
mers investigated are the low-bandgap polymers poly(4,10-
bis(2-butyloctyl)-2-(2-(2-ethylhexyl)-1,1-dioxido-3-0x0-2,3-
dihydrothieno[3,4-d]isothiazol-4-yl)thieno[2',3":5,6]pyrido-
[3,4-g]thieno[3,2-c]isoquinoline-5,11(4H,10H-dione)
(PNSW), poly(4,10-bis(2-butyloctyl)-2-(5-(2-ethylhexyl)-4,6-
dioxo-5,6-dihydro-4H-thieno[3,4-c]pyrrol-1-yl)thieno-
[2/,3":5,6]pyrido[3,4-g]thieno[3,2-c]isoquinoline-S,11-
(4H,10H)-dione) (PNTPD), and poly(5-(4,10-bis(2-butyl-
octyl)-5,11-dioxo-4,5,10,11-tetrahydrothieno[2’,3":5,6]pyrido-
[3,4-g]thieno[3,2-c]isoquinolin-2-yl)-2,9-bis(2-decyldodecyl)-
anthra[2,1,9-def:6,5,10-d’¢’f']diisoquinoline-1,3,8,10(2H,9H)-
tetraone) (PNPDI), which have TPTI within their structures,
and poly(9,9-bis(2-butyloctyl)-9H-fluorene-bis((1,10:5,6)2-
(5,6-dihydro-4H-cyclopenta[b]thiophene-4-ylidene)-
malonitrile)-2-(2,3-dihydrothieno[3,4-b][1,4]dioxine))
(PECN), which contains FDCPT-CN in its structure. Detailed
fluorescence dynamics and nonlinear properties of these
polymers are also presented to offer insight about their
photophysics. The results suggest that the efficiency of the
charge-transfer processes increases as the difference in the
electron affinities of the co-monomers in the polymers
increases. As a result, PECN and PTB7, which have alternating
electron-donating and electron-withdrawing co-monomers,

DOI: 10.1021/ja513002h
J. Am. Chem. Soc. 2015, 137, 5759—-5769


http://dx.doi.org/10.1021/ja513002h

Journal of the American Chemical Society

were found to have the best charge-transfer abilities among the
investigated polymers.

2. EXPERIMENTAL SECTION

2.1. Materials. The synthesis of PTB7 and the polymers were
carried out by Stille polycondensation method, and purification was
done by column chromatography.**** The polymers were charac-
terized by using 'H NMR, *C NMR, and mass spectroscopy
(MALDI-TOF). The molecular weights of the polymers are shown
in Table 1. The samples were dissolved in spectroscopic-grade
chloroform (Sigma-Aldrich, spectrophotometric grade). The optical
densities of the samples were below 0.5 in order to avoid re-absorption
during ultrafast measurements.

2.2. Steady-State Measurements. The steady-state measure-
ments of the samples were performed at room temperature.
Concentrations ranging from 1.7 X 1077 to 5.1 X 1077 M were used
for the samples. The samples were placed in 4 mm quartz cuvettes.
Steady-state absorbance spectra were measured using an Agilent 8432
UV—visible absorption spectrophotometer. The emission spectrum
measurements were performed with a Fluoromax-2 spectrophotom-
eter. To ensure that there was no appreciable photo-degradation
during the fluorescence lifetime measurements, absorption spectra
measurements were taken before and after each measurement. There
was no difference between the absorption spectra taken before and
after the fluorescence lifetime measurements. The quantum yields of
the samples were calculated using a known procedure™* with
5,10,15,20-tetraphenyl-21H,23H-porphine (TPP) dissolved in toluene
(¢ = 0.11) used as standard.*® The quantum yields were measured at
excitation wavelength of 514 nm.

2.3. Fluorescence Lifetime Measurements. The time-resolved
fluorescence experiments were performed using a fluorescence setup
that had previously been described.*’~>° Mode-locked Ti-sapphire
femtosecond laser (Spectra Physics Tsunami) was used to generate 80
fs pulses at 800 nm wavelength with a repetition rate of 82 MHz. This
mode-locked laser was pumped by a 532 nm continuous light output
from another laser (Spectra Physics Millennia), which has a gain
medium of neodymium-doped yttrium vanadate (Nd:YVO,). An
excitation pulse of 400 nm was generated by a second harmonic f-
barium borate crystal, and the residual 800 nm beam was made to pass
through a computer-controlled motorized optical delay line. The
polarization of the excitation beam was controlled by a berek
compensator. The power of the excitation beam varied between 17
and 20 mW. The fluorescence emitted by the sample was up-converted
by a nonlinear crystal of f-barium borate by using the residual 800 nm
beam, which had been delayed by the optical delay line with a gate step
of 6.25 fs. This procedure enabled the fluorescence to be measured
temporally. The monochromator is used to select the wavelength of
the up-converted beam of interest, and the selected beam is detected
by a photomultiplier tube (R152P, Hamamatsu, Hamamatsu City,
Japan). The photomultiplier tube converts the detected beam into
photon counts, which can be read from a computer. Coumarin 153
and Cresyl violet dyes were used for calibrating the laser. The
instrument response function (IRF) has been determined from the
Raman signal of water to have a width of 110 fs.’' Lifetimes of
fluorescence decay were obtained by fitting the fluorescence decay
profile with multi-exponential decay functions convoluted with IRF in
MATLAB and Origin 8.

For PNSW and PNTPD having lifetimes in the nanosecond range,
fluorescence lifetimes were measured using time-correlated single-
photon counting (TCSPC) technique, which has been described
previously.>> The laser used for the TCSPC measurement was a
Kapteyn Murnane (KM) mode-locked Ti-sapphire laser. The output
beam from the KM laser was at 800 nm wavelength, with pulse
duration of ~30 fs. The output beam was frequency-doubled using a
nonlinear barium borate crystal to obtain a 400 nm beam. A polarizer
was used to vary the power of the 400 nm beam that excites the
sample. Focus on the sample cell (quartz cuvette, 0.4 cm path length)
was ensured using a lens of focal length 11.5 cm. Collection of
fluorescence was done in a direction perpendicular to the incident
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beam into a monochromator, and the output from the mono-
chromator was coupled to a photomultiplier tube, which converted the
photons into counts.

2.4. Two-Photon Absorption (TPA) Measurements. The TPA
cross sections of the polymer samples were measured by an open-
aperture z-scan method. The nonlinear optical setup used in our study
is shown in the Supporting Information (Figure S1). The generation
of the 1200 nm incident beam used in the experiment has been
described previously.”>** The Spectra Physics diode-pumped Millenia
Pro generated 3.57 W, 532 nm continuous wave beam, which was used
as a pump beam for Ti:sapphire regenerative oscillator (Tsunami,
Spectra Physics). Ti-sapphire regenerative amplifier (Spitfire, Spectra
Physics) generated 100 fs, 1 m] pulses at 800 nm with an average
power of 1 W with seed pulses from the Ti-sapphire regenerative
oscillator (Tsunami, Spectra Physics) and a pump beam of 7.5 W, 532
nm from Nd:YLF laser (Spectra Physics, Empower). The incident
beam was produced using an optical parametric amplifier (OPA-
800C), with a wavelength range of 300—1200 nm. The incident beam
was generated by the nonlinear crystal BBO in the OPA-800C using
the second harmonic of the idler that was set at 1200 nm. The
intensity of the incident beam was controlled by a circular variable
neutral density filter. A beam splitter was used in splitting the incident
beam into two for calibration purpose. A focusing lens, with a focal
length of 25 cm, is placed before the sample to focus the incident
beam. The transmitted beam through the sample is measured using an
open-aperture detector, and the result is processed using known
correlations (eqs 1 and 2)** in the literature to obtain the TPA cross
sections of the samples.
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T(z)=1- —>————
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)

In the equations above, I, is the intensity of the incident beam at the
focus, f is the two-photon absorption coeflicient, L is the length of
sample in the direction of the beam, and z is the position of the sample
in the direction of the beam. The TPA cross section in the unit of GM
(cm*s/photon-molecule) is evaluated by using eq 3.
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2.5. Molecular Orbital Calculations. The electronic structure
calculation was implemented in GAMESS (General Atomic and
Molecular Electronic Structure System).ss’56 The configuration
interaction singles (CIS) approach was employed in this work. CIS
approach uses the restricted Hartree—Fock (RHF) theory, which
generates all singly excited determinants of configuration interaction
expansions. The CIS approach has the advantage of simultaneous
calculation of a large number of excited states and the optimization of
a desired selected state. In this study, the calculation was done for 11
excited states and optimized for the first excited state. The basis set
used was 6-31G, and the initial molecular orbital guess was Hiickel.
The electronic structure calculation was carried out on the repeating
monomers of the polymers. The structures of the monomers were
drawn using ChemDraw. Methyl was used to represent the alkyl ends
of the monomer in order to reduce the complexity and times of
computation. The repeating monomers were modeled using Avogadro
software.”” The GAMESS extension plug-in of Avogadro was used to
prepare the input files for GAMESS-US,*>*® which was used for the
molecular orbital calculations. The complexity of the building block of
the monomer determines the convergence criterion used for the
calculation, and it varied from 1077 to 1075. Gabedit™® was used to
visualize the molecular orbital results.

3. RESULTS
3.1. Synthesis. The molecular structure of PTB7 and the
detailed synthetic routes to the polymers PNSW, PNTPD,
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Scheme 1. Structure of PTB7 and Schematic Routes to PNSW, PNTPD, PNPDI, and PECN
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PNPDI, and PECN are provided in Scheme 1.°%* PNSW,
PNTPD, and PNPDI were synthesized by combining electron-
accepting co-monomers with stannylated TPTI. The electron-
accepting co-monomers used in the synthesis of PNSW,
PNTPD, and PNPDI are brominated thieno[3,4-d]isothiazol-
3(2H)-one-1,1-dioxide (SW), thieno[3,4-c]pyrrole-4,6(SH)-
dione (TPD), and 3,4,9,10-perylene diimide (PDI), respec-
tively. PECN was synthesized through a similar process by
combining brominated FDCPT-CN and stannylated 2,3-
dihydrothieno[3,4-b][1,4]dioxine (EDOT).

PNSW, PNTPD, and PNPDI have the TPTI unit in their
polymer chains, but they contain different electron accepting
moieties in SW, TPD, and PD], respectively. The TPD unit has
an electron-withdrawing imide group, while SW has a stronger
electron-withdrawing sulfonamide unit. PDI is a well-known
electron accepting unit containing diimide functionality. Zhang
et al. had demonstrated effective electron and charge transfer
from dendritic oligothioghene (DOT) to perylene bisimide
(PBI) in the literature.” PECN has donor—acceptor design
configuration of strong electron-donating EDOT and strong
electron-withdrawing FDCPT-CN moiety.
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3.2, Steady-State Measurements. The steady-state
absorption spectra of the investigated polymers are shown in
Figure 1. A summary of the steady-state properties of the
polymers is provided in Table 1. The absorbance of the
polymer samples spans the entire visible spectrum. PTB7 had
the highest molar absorptivity of 3.40 X 10° M~'-cm™. The
excellent absorptivity of PTB7 in the NIR region, where the
solar flux peaks, may be critical to the observed excellent
efficiency of its photovoltaic device.”” The absorption spectrum
of PTB7 was red-shifted relative to the TPTI-based polymers.
The small bandgap of PTB7 and the red-shift in the absorption
spectrum of PTB7 can be attributed to the promotion of the
quinoid population by the TT unit of the polymer, which leads
to a concomitant decrease in bond length alternations. In
addition, the presence of a strong electronegative fluorine atom
and an electron-withdrawing ester in the TT co-monomer of
PTB7 modulates the energy levels, consequently resulting in a
small bandgap and contributing to the absorption of PTB7 at
long wavelengths. Only PECN has an absorption peak at a
longer wavelength than PTB7. Coincidentally, PECN consists
of alternating repeating units of strong electron-withdrawing
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Figure 1. Absorption spectra of polymer samples. The molar
absorptivity of PTB7 is denoted by the right scale.

FDCPT-CN and strong electron-donating EDOT, similar to
the design motif of PTB7. PTB7 has a weak electron-donating
BDT unit and a strong electron-withdrawing substituted TT.
Therefore, the absorption in the IR region of PECN can be
attributed to the improved conjugation in the PECN unit and
strong intermolecular interaction between the electron-
donating and electron-withdrawing units of PECN. The
alternating donor—acceptor structure of the PTB7 and PECN
enhances electron delocalization, which results in the significant
red-shift relative to the other polymers. The absorption spectra
of PTB7 and PECN extended to wavelengths of 800 and 900
nm, respectively.

The primary absorption peak in PTB7 was obtained at 680
nm, and this can be attributed to the 7—7z* interaction between
the TT and BDT units. A small peak at 396 nm found in the
spectrum of PTB7 can be attributed to a Sy—S; transition in
the T'T unit. PECN had the widest spectra coverage up to 900
nm, and it had its most intense peak around 518 nm. The
PECN peak around 486 nm can be attributed to the Sy—S;
transition in the EDOT unit while the intense peak at 518 nm
is due to an electronic transition in the FDCPT-CN. The broad
absorption peak at 753 nm can be attributed to a z—n*
interaction between FDCPT-CN and EDOT. The higher
energy level of the HOMO in the electron donor, EDOT, and
lower energy level in the electron acceptor, FDCPT-CN, gave
rise to a low bandgap (see Figure 2), and the intrachain charge
transfer from the donor to the acceptor resulted in the
absorption peak at 753 nm.

The onset of absorption in PNPDI was 766 nm. The
proximity of the onset to the IR region is due to the presence of
a strong electron-withdrawing PDI moiety in PNPDI, which
extended its conjugation. There was a characteristic perylene

C=C stretching mode associated with a 7—z* transition.*° ™%

PNPDI had an extended absorption beyond 600 nm.®*** The
interaction between the TPTI co-monomer and PDI gave rise
to an absorption peak at 626 nm. The absorption spectrum of
PNPDI also appeared to mirror the PDI spectrum. There was a
hypsochromic shift of the absorption peaks of PNPDI relative
to the parent compound PDI with the 504 nm absorption peak
experiencing up to a blue-shift of 20 nm. Relative to PNTPD,
the absorption spectrum of PNSW was red-shifted because of
the extra lone pair of electrons in the sulphonyl bond in SW in
the structure of PNSW. There were noticeable vibronic states
in the absorption spectrum of PNSW which were absent in the
absorption spectrum of PNTPD.

As shown in Table 1, PTB7 had the highest molecular
weight. PECN had the second highest molecular weight, and
PNSW and PNTPD had identical molecular weights. The
ability to form films with good morphology in solar cell device
has been found to increase as the molecular weight of polymers
increases.®* % The results of the electrochemical properties,
investigated by cyclic voltammetry, are summarized in Figure 2.

-3.31eV 337 eV -3.24 eV
P P |-4o04ev Sl
P
w
D N
-5.15eV D
| -5.32eV

5656V 569eV 5736V

Figure 2. HOMO—LUMO energy levels of PTB7'® and polymer
samples.”

The TPTI-based polymers have similar HOMO energy levels,
which indicate that the electron density in the HOMO may be
residing in the TPTI moiety of the polymers. PNPDI, with the
strongest electron-withdrawing co-monomer of PDI, has the
lowest LUMO energy level out of the three polymers having
TPTL PECN has the smallest bandgap of all the investigated
polymers. This is as a result of the coupled effects of the strong
electron-withdrawing FDCPT-CN and strong electron-donat-
ing EDOT.

The emission spectra of the polymers are shown in Figure 3.
The primary emission peaks of PNSW and PNTPD are 659
and 646 nm, respectively. These represent Stokes shifts of 33
and 109 nm for PNSW and PNTPD, respectively. The
relatively bulky sulphonyl group may have reduced the energy
loss due to vibration from PNSW, hence the reason for its

Table 1. Molecular Weight and Steady-State Properties of Polymers®

polymer M,, (kDa) PDI N, onomer Aaps (nm) Aem (nm) Aonset (nm) ¢
PTB7 146.0 2.4 92 628, 671 736 789 0.00857
PNSW 18.5 1.61 12 359, 450, 578, 626 591, 657 679 0.286
PNTPD 18.0 1.65 12 537 576, 646 673 0.455
PNPDI 39.2 217 11 409, 504, 626 589,656,778 766 0.0310
PECN 52.9 243 23 336, 486, 518, 753 660 946 0.00154

“M,, is the molecular weight of the polymers, PDI is the polydispersity index, Nyonomer is the number of monomers in one molecule of the polymer,
Aqubs is the absorption peak wavelength, A, is the emission peak wavelength, A is the onset of absorption, and ¢ is the quantum yield of the
polymer samples, with TPP as standard and at excitation wavelength of S14 nm.
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Figure 3. Emission spectra of polymer samples.

smaller Stokes shift relative to PNTPD, which contains the less
bulky imide functionality. The emission peaks at 659 and 646
nm in PNSW and PNTPD, respectively, may be attributed to
the electronic coupling between the donor and acceptor units
in the polymers. There were secondary fluorescence peaks in
the emission spectra of PNSW and PNTPD at 591 and 576 nm
which can be attributed to the emission from the TPTI units.
The fluorescence from PTB7 occurred at 736 nm. Relative to
PNSW and PNTPD, the emission from PTB7 is red-shifted,
and this red-shift can be related to the strong interaction
between the BDT and TT units. PNPDI has clearly defined
emission peaks at 589, 656, and 778 nm. Compared to the
parent compound of PDI, the fluorescence spectrum is red-
shifted and the fluorescence between 700 and 850 nm is
broader.

The quantum yields were measured by exciting the samples
at 514 nm using $5,10,15,20-tetraphenyl-21H,23H-porphin
(TPP) dissolved in toluene (¢ = 0.11) as a standard. The
quantum yield of PTB7 was found to be 8.6 X 1073 and this
relatively low value of quantum yield ensures that PTB7 does
not lose most of its absorbed energy through a radiative
pathway. Therefore, most absorbed photons by PTB7 will be
converted into useful energy for solar cell applications. The
TPTI-based polymers, PNSW and PN'TPD, have relatively high
quantum vyields of 0.286 and 0.455. However, PNPD], another
polymer with TPTI co-monomer, had a low quantum yield of
3.1 X 1072 The fluorescence quantum yields of PDI derivatives
have been reported to be close to unity.”””® The fluorescence
quantum yield of PNPDI is much lower than the reported
quantum yields of PDI derivatives. This might be as a result of
the twist of the PDI core when attached to the TPTI co-
monomer. This conclusion is in agreement with the result
reported by Jung et al.** that PNPDI exhibited a distortion in
its backbone structure by 48°. A similar observation was also
reported by Zhang et al.*” in a compound containing DOT and
PBI, in which the distortion of the PBI core caused self-
quenching of emission, thereby resulting in the reduction of the
quantum yield. PECN had the lowest quantum yield of 1.54 X
1073, which could be due to strong charge-transfer character-
istics in the polymer structure. It should be also clearly noted
that charge-transfer character in conjugated polymers, such as
those investigated in this contribution, has been known to limit
the fluorescence quantum vyield substantially. We suggest
internal charge-transfer character to play a role in the quantum
yield and fluorescence lifetime measurements (see below) of
the investigated polymers.
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3.3. Time-Resolved Fluorescence Measurements. The
polymer samples were excited at 400 nm, and the fluorescence
dynamics were investigated at emission wavelengths of 650 and
700 nm. The dynamics of excited-state decay was fitted to a
multi-exponential decay function. The lifetimes of PNSW and
PNTPD were measured using TCSPC because the lifetimes of
excited-state decay for these polymers were on the order of
many nanoseconds. As shown in Figure 4 and Table 2, PNPDI

1.0

0.8+

Normalized intensity

Normalized intensity

0.6 1
0.4+
0.2
0.0+ T T T T T T J
0 5 10 15 20 25 30 35
Time (ps)

Figure 4. Decay dynamics of excited states of PTB7 at fluorescence
wavelength of 700 nm Inset: Decay dynamics of excited states of
polymers of PNPDI and PECN at fluorescence wavelength of 650 nm.

showed a short-lived lifetime of approximately 350 fs. PNPDI
was excited in the Sy—S, electronic transition of perylene
where the dipole moment is perpendicular to the long perylene
axis. As reported in the literature, the lifetime of the parent PDI
compound is 4 ns.°®’"”> The measured lifetime of 350 fs
observed in PNPDI is shorter than typical fluorescence lifetime
of PDL The short fluorescence time may be connected to the
quenching effect of TPTI, which is geometrically arranged in an
orthogonal orientation to PDI after excitation. As mentioned
above, the existence of charge-transfer character in the polymer
chain may also have a substantial influence on the fluorescence
lifetime. The singlet relaxation time at fluorescence wavelength
of 700 nm was also measured, and the relaxation time was
found to be 6.57 ps. There was no rise time in the decay
dynamics at 700 nm indicating that no energy transfer occurred
at 700 nm. It is noteworthy that attempts to measure long-lived
state of PNPDI did not yield appreciable fluorescence counts
for analysis, which indicate that there is virtually no long-lived
excited states in PNPDI. The lifetime of PECN was within the
IRF, which has a full width at half-maximum (fwhm) of 110 fs.
The excitation was quickly delocalized throughout the PECN
structure. The fast delocalization of excitation energy in PECN
resulted in the fast dynamics obtained in the fluorescence
lifetime measurement. The dynamics of PTB7 singlet-state
decay at fluorescence wavelength of 700 nm was fitted to a
biexponential decay function. The short decay component has a
lifetime of 540 fs, and there was a long-lived component of 11
ps (see Figure 4). The short component of the decay
contributed about 78% of the depopulation of the excited
states. The short component of 540 fs can be ascribed to
internal conversion.

Shown in Figure S are the decay dynamics of PNSW and
PNTPD, as measured by the TCSPC experiment. The decays
were fitted to biexponential decay function. The lifetime of
PNSW was found to have fully relaxed after 1.57 ns while the
lifetime of PNTPD does not relax until after 2.40 ns. Both
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Figure S. Decay dynamics of excited states of PNSW and PNTPD at
fluorescence wavelength of 650 nm.

PNSW and PNTPD consist of electron-withdrawing co-
monomers, and the long-lived state may have been as a result
of absence of a pathway for fast delocalization and relaxation of
the excitation energy. PTB7 and PECN each had a donor—
acceptor building block, which ensures a fast energy
delocalization, and TPTI may have acted as a quenching unit
for the fluorescence of PDI in PNPDI. These results appear to
be consistent with the quantum yields obtained for the samples
in which more fluorescent polymers have longer relaxation
times. A summary of the fluorescence lifetimes of the polymers
is given in Table 2.

Table 2. Fluorescence Lifetimes of Polymer Samples

polymer 7, (ps) 7, (ps)
PTB7 0.54 11.0
PNSW 690 1570
PNTPD 900 2400
PNPDI 0.353

PECN <0.110

The fluorescence lifetime measurements of the polymers
indicate that the fluorescence lifetime is inversely proportional
to the difference in the electron affinities of the co-monomers
in the polymers. PECN, which had the fastest fluorescence
dynamics, has a very good electron-donating EDOT and very
strong electron-withdrawing FDCPT-CN. Therefore, there is a
great difference in the electron affinities of the co-monomers in
PECN. PTB7 also has a similar backbone as PECN except that
the electron-donating unit, BDT in PTB7 is not as strong as
EDOT. PNSW and PNTPD both have electron-withdrawing
units of varying degrees coupled together. The difference in the
electron affinities of the co-monomers in PNSW is however
higher than in PNTPD because of the presence of the
sulphonyl unit. PNPDI is the only exception to the observation,
and this may be as a result of the parallel spatial arrangement of
the TPTI and PDI co-monomers in PNPDI, which causes self-
quenching of fluorescence.

3.4. Two-Photon Absorption. The TPA cross sections of
the investigated polymers were measured using the open-
aperture z-scan method. This technique involves the measure-
ment of the transmission through the samples as a function of
the z-position with respect to the focal point at z = 0 (see
Figure S1 in Supporting Information). The TPA cross section
measurement is based on the correlation between the
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transmittance and TPA cross section described in the previous
section of this article.** Styryl 9M was used as a standard in the
determination of TPA cross sections of the polymers. The TPA
cross sections of PNSW, PNTPD, PNPDI, PECN, and PTB7
were measured as 3.30 X 10% 2.92 x 10* 4.84 x 10*, 19.04 X
10%, and 9.60 X 10* GM, respectively. All the investigated
polymers were studied at incident wavelength of 1200 nm
except PTB7, which was studied at 1250 nm. PECN and PTB7
have the highest two photon absorption cross sections because
of the presence of repeating donor—acceptor units in their
structures which introduce nonlinearity and increase potential
for charge transfer. PECN has a strong electron-donating
EDOT co-monomer and a strong electron-withdrawing
FDCPT-CN co-monomer, while PTB7 has a weak electron-
donating BDT co-monomer and a strong electron-withdrawing
TT co-monomer. This donor—acceptor backbone ensures that
electron transfer from the donor group to the acceptor group
takes place efficiently. The TPA cross section increases as the
transition dipole moment increases and charge transfer
becomes more efficient. Therefore, the high TPA cross section
of PTB7 and PECN can be directly linked to the design motif
of the two polymers. Unlike PTB7 and PECN, the other
polymers have combinations of monomers with identical
strengths of electron-withdrawing ability and therefore could
not take advantage of the push—pull mechanism that enhances
the TPA cross section. The TPA cross section of PECN may
have been additionally enhanced by the presence of the
dicyanoyinyl group in its polymer chain. Dicyanoyinyl groups
have been found to enhance TPA cross section due to the
presence of delocalized electrons in the dicyanoyinyl bond.”>~"®

We are interested in finding the contribution of each
conjugation unit in each of the polymer chain to the TPA cross
section. Bhatta et al.*® found the number of monomers in the
conjugating unit of PTB7 using the density functional theory
calculation to be around 12 with a conjugation length of 147 A.
However, Niklas et al.”® reported a shorter conjugation length
of 40 A and a conjugating unit of 3—4 monomers. In this
article, we use a conservative estimate of 6 monomers for the
conjugating unit of PTB7 and 3 units for the other polymers.
By scaling the TPA cross section of PTB7 by the number of
monomers in the conjugating unit, the contribution of the
monomer to the TPA cross section is found to be 1.60 X 10*
GM. The contributions of the monomer of PNSW, PNTPD,
PNPDI, and PECN to the TPA cross section were calculated to
be 1.10 x 10% 0.97 x 10% 1.61 X 10% and 6.34 x 10* GM,
respectively. The results of the TPA properties of the polymers
are summarized in Table 3.

The TPA cross section is highly dependent on the transition
dipole moment. The TPA cross section is enhanced for
conjugated systems possessing large transition dipole moments
as well as large difference between the dipole moments in the
ground and excited states. The transition dipole moments of
the monomers in the building blocks of the polymers, given in

Table 3. TPA Properties of PTB7 and the Polymers

& (x10*  §/monomer (x10* caled transition dipole of
sample GM) GM) monomer (D)
PTB7 9.60 1.60 6.77
PNSW 3.30 1.10 9.77
PNTPD 2.92 0.97 2.08
PNPDI 4.84 1.61 1.72
PECN 19.04 6.34 4.86
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Figure 6. Molecular orbitals of the repeating monomers in the polymers.

Table 3, were obtained from the electronic structure
calculations implemented in GAMESS software. The calculated
transition dipole moment of PNSW was greater than those of
the monomers of the other investigated polymers. The high
transition dipole moment may be due to the good electron-
withdrawing effect of the sulphonyl group in PNSW. However,
a similar trend was not observed in the experimentally
determined TPA cross section of the PNSW polymer relative
to the other investigated polymers. The steric hindrance of the
sulfonyl group between monomers of PNSW may have limited
the experimentally measured TPA cross section. PECN and
PTB7, with alternating donor—acceptor building blocks, have
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the higher calculated transition dipole moment and TPA cross
section relative to the other investigated polymers.

3.5. Electronic Structure Calculations. The molecular
orbital calculation results suggest that the HOMO energy level
is concentrated at the electron-donating ends while the LUMO
energy level is concentrated at the electron-withdrawing ends of
the monomers of PTB7 and PECN. The localization of the
molecular orbitals in different regions of the donor—acceptor
co-polymers ensures that the HOMO and LUMO energy levels
of the co-polymers can be turned independently. This provides
the chance for further modification and improvement of the co-
polymers. Only monomers of PTB7 and PECN showed

DOI: 10.1021/ja513002h
J. Am. Chem. Soc. 2015, 137, 5759—-5769


http://dx.doi.org/10.1021/ja513002h

Journal of the American Chemical Society

appreciable localization of HOMO and LUMO in different
moieties. In PTB7, the HOMO was localized on the BDT
moiety while the LUMO was concentrated on the TT moiety.
The presence of fluorine and esters on TT ensures that the
LUMO was effectively pulled toward the TT end of the
monomer of PTB7. A similar scenario was observed in PECN,
in which the HOMO was localized in the EDOT moiety while
the LUMO was localized in FDCPT-CN. However, the
HOMO can also be seen to have extended to some part of
FDCPT-CN. Therefore, the localization of the energy levels in
PECN was not as pronounced as it was in PTB7. The
localization of the energy levels in different moieties of the
monomers provides the needed driving force for the
delocalization of excited electrons and the formation of quinoid
mesomeric structures through the push—pull mechanism in the
donor—acceptor system. The quinoid structure influences the
carbon—carbon single bond between the electron-donating and
electron-withdrawing moieties to adopt more double bond
character, and the bond length alternation decreases. The
quinoid structure improves the conjugation in the organic
systems and enhances electron transfer. Effective conjugation
and electron transfer in organic systems lead to a red-shift of
the absorption spectrum. This conclusion supports the results
of the absorption spectra (see Figure 1), in which light
harvesting in PTB7 and PECN extended to wavelengths of 800
and 900 nm, respectively, further to the NIR region than any of
the other absorption spectrum of any of other investigated
polymers. Good intermolecular coupling between the two
dipolar ends of PTB7 and PECN enhances the absorption of
light in the NIR region. In addition, good orbital mixing and
redistribution of the HOMO and LUMO energy levels of PTB7
and PECN also resulted in narrow bandgaps shown in Figure 2.

In PNSW and PNTPD, the HOMO and LUMO energy
levels were distributed throughout their entire monomers. In
contrast to PTB7 and PECN, the monomers of PNSW and
PNTPD consist of two electron-withdrawing units. Therefore,
the difference in the electron affinities between the two units in
each of PNSW and PNTPD is not as significant as the
difference in the electron affinities in the moieties contained in
PTB7 and PECN. The TPTTI unit is a slightly stronger electron-
withdrawing unit than the SW and TPD units in PNSW and
PNTPD, respectively, resulting in a small bias of the HOMO
energy level for the TPTI unit. PNSW and PNTPD cannot
effectively utilize the push—pull mechanism to transfer charge
because of identical electron affinities of their constituent
moieties, which caused the HOMO and LUMO energy levels
to be better distributed throughout monomers than PTB7 and
PECN. These electronic results agree with the findings in the
absorption spectra and bandgaps of PNSW and PNTPD as
shown in Figures 1 and 2, respectively. The absorption spectra
of PNSW and PNTPD only extended to approximately 700
nm, with the absorption peaks at 626 and 537 nm, respectively.
PNSW and PNTPD also had the largest bandgaps because the
HOMO and LUMO energy levels could not redistribute
effectively to reduce the bandgap. The reduction in the driving
force for charge transfer in PNSW and PNTPD could have
played a big role in the long fluorescence lifetimes of the two
polymers. On the other hand, there is a good driving force for
charge transfer in PTB7 and PECN because of the localization
of HOMO and LUMO energy levels, and this was evident in
the very short fluorescence lifetimes of the two polymers.
PNPDI is composed of two electron-withdrawing moieties in
PDI and TPTI but the electron-withdrawing strength of PDI is
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greater than that of TPTI Thus, the LUMO was concentrated
on the PDI moiety while the HOMO was more spread out in
the PNPDI monomer. PNPDI had a spatial geometrical
orientation which has TPTI lying in a parallel plane to PDL
The parallel nature of the HOMO and LUMO of TPTI and
PDI in PNPDI must have contributed to the observed
fluorescence quenching in the fluorescence lifetime measure-
ments of PNPDIL. Shown in Figure 6 are the HOMO and
LUMO distribution of the repeating monomers in each of the
polymers.

The trend observed in the TPA cross sections of the
polymers can be explained by the electronic structure
calculation results. It appears that for greater distribution of
the electron density throughout the backbone of the
monomers, the lower the TPA cross section. As a result,
PTB7 and PECN have the highest TPA cross sections because
of the localized nature of their energy levels at different ends of
their monomers. The localization of the energy levels in PNPDI
is not as evident as in PECN and PTB7 but also not as
distributed as in the cases of PNSW and PNTPD. Therefore,
PNPDI has an intermediate TPA cross section between those
of PECN and PTB7 on one end and PNSW and PNTPD on
the other end. Therefore, the TPA cross section, along with the
electronic structure calculation results, can be used as a
predictive tool for the charge-transfer characteristics of
photovoltaic polymer materials.

As shown in Table 4, PTB7 was estimated to have excitation
energy of 4.16 eV. This energy was more than the excitation

Table 4. Electronic Properties of the Repeating Monomers
of the Polymers Obtained from Electronic Calculation Using
GAMESS

excitation energy ground-state dipole  transition dipole

monomer (eV) (D) (D)
PTB7 4.16 4.17 6.77
PNSW 3.66 4.23 9.77
PNTPD 3.80 3.28 2.08
PECN 2.32 3.52 1.72
PNPDI 2.33 3.83 4.86

energies for all other monomers. However, the cyclic
voltammetry results indicated that the bandgap of PTB7 was
smaller than the bandgaps of PNSW and PNTPD. The
bandgap of a polymer decreases as the number of monomers in
the conjugation length of the polymer increases. Therefore, the
combined results of the cyclic voltammetry and the electronic
structure calculations indicate that PTB7 has a conjugation
length that extends beyond one monomer, which was
considered in the electronic structure calculation. This
conclusion is consistent with the performance of PTB7 in
solar cell device. Extended conjugation is essential for effective
charge transfer and ultimately good solar cell performance. The
trend in the excitation energies of the other monomers was
consistent with the cyclic voltammetry results shown in Figure
2.

PECN, just like PTB7, has an alternating donor—acceptor
backbone. PECN showed a wide and intense absorption band,
low quantum yield, and high TPA cross section. PECN also
showed a localization of the HOMO and LUMO energy levels
in different moieties of its monomer. These are properties that
are essential for good solar cell performance. PNSW and
PNTPD, on the other hand, have moieties with identical
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electron affinities. The closeness in the electron-withdrawing
abilities of the co-monomers of PNSW and PNTPD causes
generated charges during excitation to be trapped in the
polymer chain and charge-transfer process to be hindered.
Therefore, there is a direct correlation between the structural
backbone of the polymer and their photophysical properties,
and thus photovoltaic performance, in organic photovoltaic
systems. It will be worthwhile to investigate PECN as a donor
material in a solar cell device. It is expected that PECN will
offer a good PCE in organic photovoltaic device and will further
confirm the conclusion of this article that having a backbone of
alternating donor—acceptor co-polymer is the best approach to
design new solar cell materials.

4. CONCLUSIONS

PTB7, which is one of the most efficient organic solar cell
materials, and other novel conjugated organic polymers were
investigated using linear, nonlinear, and ultrafast spectroscopic
techniques. The new conjugated organic polymers have
different design motifs and electron-withdrawing substituents.
The photophysical results of the new polymers were compared
to those of PTB7. The polymers with the donor—acceptor
design motif had the greatest TPA cross section, greatest
dipolar change, most intense absorption in the visible spectrum
and the widest spectral absorption band. PTB7 and PECN had
absorption spectra extending from 300 to 800 and 900 nm,
respectively. PECN has the smallest bandgap of all the
investigated polymers. This is as a result of the coupled effects
of the strong electron-withdrawing FDCPT-CN and strong
electron-donating EDOT. The fluorescence lifetime measure-
ments of the polymers indicate that the fluorescence lifetime is
inversely proportional to the difference in the electron affinities
of the co-monomers in the polymers. PECN, which had the
fastest fluorescence dynamics, has a very good electron-
donating EDOT and very strong electron-withdrawing
FDCPT-CN. The nonlinear spectroscopic measurements
indicated that PECN and PTB7 have high TPA cross sections.
PECN and PTB7, which have alternating electron-donating and
electron-withdrawing co-monomers, were found to have the
best charge-transfer abilities among the investigated polymers.
Therefore, there will be effective charge transfer in PECN and
PTB7 because of the direct correlation between TPA cross
section and effectiveness of charge transfer. The electronic
structure calculations in the polymers indicate that the HOMO
and LUMO are localized in different moieties contained in
PTB7 and PECN, which enables the polymers to take
advantage of the push—pull” mechanism to transfer photo-
generated charges effectively. In the other investigated
polymers, the HOMO and LUMO were distributed throughout
the monomer. From these results it was found that PECN had
photophysical properties very similar to PTB7, and thus PECN
will be a good candidate for solar cell applications.
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