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ABSTRACT: This article reports on the synthesis, characterization and properties of a series of anthrace-
ne—containing poly(p-phenylene-ethynylene)-a/t-poly(p-phenylene-vinylene)s (PPE—PPV) copolymers with
general constitutional unit (Ph—C=C—Anthr—C=C—Ph—CH=CH—-Ph—CH=CH-),, denoted AnE-PV.
Solely linear (AnE-PVaa, -ad, -ae) and solely branched (AnE-PVbb) as well as mixed linear and branched
(AnE-PVab, -ac, -ba, -cc) alkoxy side chains were grafted to the backbone in order to tune the 7—m-stacking
ability of the materials. It has been possible to establish a correlation between —z-stacking ability, absorptive
behavior, charge carrier mobility, solar cell active layer nanoscale morphology and resulting photovoltaic
performance. Solar cells energy conversion efficiencies between 0.34% and 3.14% were achieved. The best
performance was achieved from AnE-PVab showing both stacking ability and highest 7—s-stacking distance of
0.386 nm as compared to 0.380 nm for the others. Poorer performance resulted from polymers with no
inclination to stack, AnE-PVba, -bb, although they exhibited the higher charge carrier mobilities. Hole
mobilities range from 1.5 x 107> cm?/V.s (AnE-PVad) to 4.5 x 10~* cm?/V.s (AnE-PVba). An increase of
the open circuit voltage from ~650 mV to ~900 mV is observed with decreasing side chain density. In case of the
AnE-PVe¢e:PCBM (1:1) blend a 2-fold increase in solar cell efficiency (from 1% to 2%) was obtained when the
active layer was spin cast from a 1:1 mixture of chloroform:chlorobenzene instead of using chlorobenzene.

Introduction

The need and desire to develop cheap renewable energy sources
have triggered worldwide intensive research for efficient, flexible,
low cost and lightweight photovoltaic devices based on organic
semiconducting materials.'*> Among the various types of organic
photovoltaic cells, polymer-fullerene bulk heterojunction (BH)
solar cells are by far the most successful with certified power
conversion efficiencies above 6%.° The nanoscale morphology of
the active layer is a key parameter for the design of high
performance polymer—fullerene bulk heterojunction solar cells.
An optimized active layer should combine the following require-
ments: (1) high contact area between donor and acceptor, (2) a
good match of HOMO and LUMO energy positions of both
components, that guarantees an efficient dissociation of the
photogenerated excitons into free charge carriers at the interface,
and (3) an efficient percolating path for both electron and hole to
the corresponding electrodes.” Ways to improve the solar cell
performance by tuning the morphology of the active layer have
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been described in the literature. These include the use of spemﬁc
solvents or solvents mixtures for film deposition,* annealing® and
changing the drying conditions of the active layers as well as the
use of additives.® For instance an improvement of the energy
conversion efficiency, 7am1.s, Was observed when the solvent used
for spin coating deposmon of the active layers was changed from
toluene to chlorobenzene,® Annealing P3HT (poly(3-hexylthio-
phene))-PCqBM (6,6-phenylCq;-butyric acid methylester) solar
cells substantially enhances thelr performance as compared to
their non annealed counterparts.” Heeger et al. observed an im-
provement of 7an;.5 by a factor of 2 (from 2.8% to 5.5%) by
using octane-dithiol as processing additive for morphology con-
trol in PCPDTBT (poly[2,6-(4,4-bis(2-ethylhexyl)-4 H-cyclo-
penta[2,1-h;3,4-b']-alt-4,7-(2,1,3-benzothiadiazole)])-PC; BM(6,
6-phenyl-C;;butyric acid methyl ester) bulk heterojunction solar
cells.

On the basis of poly(arylene-ethynylene)-alt-poly(arylene-
vinylene)s PAE—PAVs,” we were able to demonstrate that the
solubilizing alkoxy side chains are a further significant aspect to
be considered in the control of the active layer nanomorphology
as a result of their hydrophobic nature.®? Electrochemical studies
yield that alkyl side groups act as a shield around the conjugated

Published on Web 01/04/2010 pubs.acs.org/Macromolecules
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Scheme 1. Synthesis of Anthracene-Containing Polymers AnE-PV
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backbone and thus hinder the transfer of charges.*!° Very high
side chain density is disadvantageous in the construct of solar
cells due to the following reasons: (1) they dilute the concentra-
tion of the absorbing conjugated species per volume unit, so that
less photons are absorbed, and (2) they reduce the interfacial area
between donor and acceptor components leading to strong phase
separation and concomitant poor photovoltaic performance. On
the other hand, the nature (linear or branched) and length of
the alkoxy side chains can be useful in the control of the
m—m-stacking of rigid conjugated polymers and their photolu-
minescent behavior.!! Strong z—s-stacking (synonymous to
small w—-stacking distance) generally leads to broadening of
the photolummescence spectra and quenching of the fluorescence
attributed to excimer formation.'?

This paper is dedicated to a series of anthracene-containing
PAE—PAVs of general constitutional unit: (Ph—C=C—Anthr—
C=C—Ph—CH=CH-Ph—CH=CH~-),, (AnE-PV) in which
the nature and length of the side chains as well as the side
chain density has been varied in a systematic manner in order
to tune the nanomorphology of the active layers by means of
changing the m—m-stacking ability and, thus, the photovoltaic
performance. Solely linear (AnE-PVaa, -ad, -ae) and solely
branched (AnE-PVbb) as well as mixed linear and branched
(AnE-PVab, -ac, -ba, -cc) alkoxy side chains were grafted to the
backbone. In the polymer AnE-PVac and -cc the side chain
density is reduced compared to the polymers AnE-PVab and -bb
by partly replacing the branched side chains by methyl groups.
Two polymers of this type, one of this series, AnE-PVab, and
another one bearing octadecyloxy side groups at R and R4 (see
Scheme 1), AnE-PVaf, have been investigated before.'*! It has
been shown that the presence of the electron rich anthracenylene
units within the backbone lowers the optical and electrochemical
band gap energies compared to MDMO-PPV,'*!* making these
materials viable for solar cell applications. Furthermore, the
absorbance is increased in the AnE-PVabh:PCBM active layers
compared to the MDMO-PPV:PCBM counterparts. In ref 14 a
power conversion efficiency of 2% was attained, which is less
than the value of 3.14% achieved for AnE-PVab in the pre-
sent work. This difference might be ascribed to differences in
molecular-weights, as has been demonstrated by Schilinsky
et al.'® as well as differences in the experimental conditions.
AnE-PVab also served as donor material in polymer-Vinazene
(a derivative of 2-vinyl-4,5-dicyanoimidazole) bulk heterojunc-
tions solar cells.'> Solar cell efficiencies did not exceed 0.42% in
that case.

The goal of the present study is to draw conclusions about
the correlation between side chain substitution, the nanoscale

morphology and in particular the m—z-stacking ability, the
photophysical properties (absorption, emission, absolute fluor-
escence quantum yield), the intrinsic charge carrier mobility, as
determined by the CELIV (charge extraction by linearly increas-
ing voltage) measurement technique, and the photovoltaic per-
formance. The 7—m-stacking distance was determined by means
of wide-angle X-ray scattering performed on extruded fila-
ments.'® Electrochemical studies have been carried out in order
to estimate the HOMO and LUMO-levels as well as the band gap
energies.

Results and Discussion

Synthesis and Characterization. The polymers were
synthesized by reaction of dialdehydes 6 with bisphospho-
nate esters 14'"™%!” based on well established protocols
(see Scheme 1).>1772° The synthetic paths leading to the
starting materials (6 and 14) are depicted in the Supporting
Information (Schemes S1 to S3). Soluble materials were
obtained with yields between 50% and 90% after extraction
of the products with hot diethyl ether. Solely linear (AnE-
PVaa, -ad, -ae), solely branched (AnE-PVbb) as well as
mixed linear and branched (AnE-PVab, -ac, -ba, -cc) alkoxy
side chains were grafted to the backbone. In the polymer
AnE-PVac and -cc the side chain density is reduced com-
pared to the polymers AnE-PVab and -bb by partly replacing
the branched side chains by methyl groups. All the polymers
except AnE-PVaa and -ac are soluble in common organic
solvents such as chloroform, dichloromethane, tetrahydro-
furan (THF), toluene and chlorobenzene. The chemical
structures of the materials were confirmed by 'H NMR,
3C NMR, IR and elemental analysis.'**'** Results obtained
from GPC (THF as eluent, polystyrene standards) and
thermogravimetric analysis (TGA) as well as yields of the
materials are provided in Table 1. TGA curves of the poly-
mers are provided as Supporting Information (Figure S1).

Structural Studies. Wide-angle X-ray scattering (WAXS)
measurements have been performed on the powder samples
as well as on aligned fiber samples in order to obtain
information about the nanomorphology of the polymer
materials. The determination of the 7— stacking distance
(d.) was done as described in detail in ref 16b. The polymers
bearing linear octyl side chains at R; and R, (AnE-PVaa, -ad,
-ae, -ab, -ac) arrange in a layered structure (see Scheme 1)
that involves m—s-stacking (distance d,,) of the conju-
gated backbones and layered ordering of the conjugated
backbones separated by the side chains perpendicular to the

n
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Table 1. Yields, GPC (THF as eluent, polystyrene standards) and TGA of AnE-PV*
AnE-PV yield (%) M, (g/mol) M, (g/mol) PDI DP Tse, (°C) To, (°C) dyr (NM)
aa 326 343 0.380
ad 90 19300 54000 2.79 15 330 351 0.380
ae 82 13300 26200 1.97 10 338 364 0.380
ab 83 40000 141 600 3.54 32 306 317 0.386
ac 322 348 0.381
cc 86 47500 91900 1.9 48 309 317 0.379
0.344
ba 53 25500 77800 3.05 20 327 348
bb 94 15800 47200 2.98 13 325 346

“M, = number-average molecular weight, M,, = weight-average molecular weight, PDI = polydispersity index, DP = degree of polymerization,
T'so4 100 = decomposition temperatures at 5% and 10% weight loss, respectively. d,, = w—n-stacking distance (the values are given with an error of

+0.002 nm).'°®

m—m-stacking direction. The asymmetric substituted poly-
mer AnE-PVec is amorphous in the as synthesized sample
but it also arranges in a stacked structure when it is annealed
above ~210 °C, i.e., above the backbone reorganization
temperature. In contrast, polymers with 2-ethylhexyl sub-
stitution at Ry and R,, i.e., close to the anthracenylene—
ethynylene moiety are amorphous. No mw—zm-stacking is
observed for these polymers. Both compounds exhibited
poorer photovoltaic performance compared to the other
polymers in this series. Table 1 summarizes the 7—s-stacking
distances, d,, obtained for the nonamorphous samples from
the WAXS fiber spectra. For polymers bearing solely linear
side chains, AnE-PVaa, -ad, -ae, as well as the polymer
having asymmetric side chains at R; and R4, AnE-PVac,
the m—m-stacking distance was determined to be 0.380 nm.
For the asymmetric substituted polymer AnE-PVee two
peaks were observed in the WAXS spectra which corres-
pond to m—m-stacking distances of about 0.380 nm (as
for the polymers AnE-PVaa, -ad, -ae, -ac) and 0.344 nm,
respectively. The appearance of two peaks might be due
to the presence of two polymorphs. The grafting of
bulky, branched 2-ethylhexyl at R; and R4 in AnE-PVab
widens the stacking distance to 0.386 nm. This widen-
ing leads to better photovoltaic performance as reported
below.

Photophysical Investigations. The photophysical data of
the polymers as well as those of their starting materials were
measured in chloroform solution as well as in thin films spin
coated from chloroform and chlorobenzene, respectively
(see Table 2). Results include the wavelength (1) at the
absorption maximum, A,, A at which 10% of the absorp-
tion maximum is reached on the lower energy side, 1,109,
the optical band gap energy calculated using 1240/1,10,,
Egolm,l’%1 the wavelength at the emission maximum, Ay, the
Stokes shift, Av,;, as well as the relative and absolute
fluorescence quantum yield, ®ry.

Figure 1 depicts the absorption and emission spectra in
dilute chloroform solution. Already in solution, polymers
bearing solely linear side chains, AnE-PVi (i = ad, ae, and
af'**), and those incorporating branched 2-ethylhexyl,
AnE-PVi (i = ab, ba, bb, and cc) show distinct behavior.
The absorption spectra of the first group exhibit a shoulder
around 600 nm, which is ascribed to the formation of
aggregates already in dilute medium (Figure 1, left). This
is confirmed by recording temperature-dependent absorp-
tion spectra of AnE-PVad in toluene (see Figure 2). The
shoulder band gradually disappears upon temperature
increase from 20 to 80 °C coupled with a blue shift of the
absorption peak from 540 to 528 nm. Subsequent cooling
from 80 to 20 °C results in an increase of the intensity and
a red shift (1, =544 nm) of the main absorption peak,
with a final transformation of the shoulder band to a real

Table 2. Photophysical Data of the Dialdehydes 6 and Polymers

AnE-PV*
code Aa Aatovs  E™ Ap Avgfl (o
(nm) (nm) (V) (nm) (em™) (%)
Monomers
6a 1 SI2 520 2.38 524 450 80
6b 511 532 2.33 525 520 84
6¢ 510 530 2.33 524 520 86
AnE-PV Polymers

ad 1 545 608 2.03 578 1050 51
2 544,583 624 1.98 623,673 1100 2

3 552,590 650 191 621 850
ae 1 540 604 2.05 577 1190 38
2 550,580 638 1.94 623 2130 4

3 539,577 625 1.98 605 2020
ab 1 546 584 2.12 579 1050 50
2 541,570 622 1.99 622 2400 2

3 508,583 687 1.80 624 1100
ce 1 544 580 2,13 578 1080 60
2 540,578 628 1.97 617 2300 2

3 532,580 674 1.84 617 2590
ba 1 510 575 2.15 576 2250 24
2 507 596 2.08 602 3100 3

3 504 636 1.95 605 3300
bb 1 519 578 2.14 580 2030 45
2 521 610 2.03 598 2470 6

3 527 613 2.02 600 2300

“Key: (1) in chloroform solution and films spin coated from (2)
chloroform and (3) chlorobenzene, respectively; A, (wavelength 4 at
absorption maximum); 4,19¢, (4 at 10% of the absorption maximum on
the lower energy side); EgOpt (optical band gap energy calculated using
1240/2A,4100), A¢ (A at emission maximum), Av,¢ (Stokes shift) and @
(fluorescence quantum yield measured relative to rhodamine 6G for
solutions and absolute values from intergrating sphere for thin film
samples).

peak centered at 596 nm with enhanced intensity. This
is an evidence of an enhanced backbone planarization
and stronger intermolecular interactions (aggregation) in-
duced by the cooling process. This heating and cooling
process might be useful to induce preorganization of poly-
mers prior to the spin-coating step during solar cell pre-
paration.

The absorption peak of the polymers AnE-PVi (i = ba,
Aa= 510 nm; i = bb, 1,= 519 nm) bearing bulky 2-ethylhexyl
at R;and R,, i.e. close to the AnE unit, is blue-shifted relative
to that A,~ 545 nm of the polymers AnE-PVi (i = ad, ae,
af.">* ab) bearing linear side chains (R; = R, = octyl) and the
asymmetric substituted polymer AnE-PVe¢e (R = 2-ethyl-
hexyl, R, = methyl). This hypsochromic shift is due to the
high sensitivity of the anthracene moiety to steric hindrances
in its neighborhood, as was previously demonstrated by
others’! and by us.'*® In the polymer AnE-PV¢e the small
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Figure 1. Absorption and emission spectra in dilute chloroform solu-
tion.
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Figure 2. Temperature dependent absorption spectra of AnE-PVad in
toluene solution.

methyl group obviously compensates for sterical crowding
induced by the bulky 2-ethylhexyl group at R,.

Despite the differences in the solution absorptive behavior
resulting in optical band gap energies between 2.0 and 2.1 eV,
the main emission peak for all polymers in solution (i.e.S;o—
Soo transition) is centered around Ay = 580 nm. This leads to
a Stokes shift, Av,, of approximately 1000 cm ! for all
polymers except for AnE-PVba and -bb. The latter polymers
exhibit 2-fold higher Stokes shifts, suggesting a stronger
conformational change between the ground state S, and
the first excited state S;. Moreover, both materials show
the highest ratio between the intensities of the S;p — Sg; and
Si0 = Soo transitions (Figure 1, right). This is an indication
for a less rigid planar S; state, which might also explain the
lowest quantum yield (®; = 24%) of AnE-PVba. All the

Egbe et al.

Table 3. Data Obtained from Fluorescence Kinetics Studies in
Chlorobenzene Solutions”

(I)l" chloroform (I)l' chlorobenzene

AnE-PV (%) (%) T(ns) k(s k(s
ad 51 28 1.00 0.28 0.72
ae 38 49 0.96 0.30 0.53
ab 50 57 0.94 0.61 0.46
ac 55 0.99 0.56 0.45
cc 60 62 0.92 0.67 0.41
ba 24 29 0.72 0.40 0.99
bb 45 48 0.85 0.56 0.61

“Fluorescence quantum yield measured relative to rhodamine 6G,
@y, fluorescence lifetimes, 7, and rate constants of radiative, ks, and non-
radiative deactivation, k..

other polymers exhibit in solution @ values between 40 and
60%, which are lower than those of their more rigid mono-
disperse starting materials 6 (& =80—86%).

Results obtained from fluorescence kinetics studies mea-
sured in chlorobenzene are summarized in Table 3. This
includes the fluorescence lifetime, 7, the radiative deactiva-
tion constant, kr, and the nonradiative deactivation con-
stant, k,, together with the fluorescence quantum yield ®¢.
These results reveal no significant differences in the solution
deactivation processes for all polymers except for com-
pounds AnE-PVad and ba; which exhibit the lowest fluores-
cence quantum yield, ®; = 28% and 29%, and the highest
nonradiative deactivation constants, k,, = 0.72 ns_' and
0.99 ns™', respectively. The remarkable fluorescence quench-
ing in both cases could be attributed in the case of AnE-PVad
to the stronger aggregate formation in aromatic solvents
(promoting m—-stacking as in the case of toluene, compare
Figure 1 left with Figure 2) than in chloroform and, in the
case of AnE-PVba to a less planarized excited state, as
already mentioned above.

Figure 3 shows the absorption and emission spectra of the
pristine polymer thin films of AnE-PVad, ab, ba, and cc and
of the corresponding polymer—PCBM active layers (weight
ratio 1:1). The films were spin-cast from chlorobenzene.
There is substantial photoluminescence quenching in the
blend due to photoinduced charge transfer from the polymer
to PCBM." From the absorption spectra, the polymer
can be divided into two main groups: (1) polymers bearing
solely linear side chains close to the AnE units (i.e., Ry =
R, = octyl), AnE-PVi (i = ad, ae, ab) and (2) polymers
having solely bulky branched 2-ethylhexyl at R; and R,
AnE-PVi (i = ba, bb). The first group shows well resolved
absorption spectra, with main absorption bands consisting
of two peaks around 540 and 580 nm. The appearance of two
peaks is evidence of improved ordering as confirmed by
X-ray scattering investigations from which the intermolecu-
lar 7—s-stacking distance d,,—, and interlayer stacking dis-
tance were determined. In contrast, the 7—s* transition band
of the second group is structureless. This finding is in accor-
dance with the X-ray findings results revealing that these
polymers are in the amorphous state, i.e. no w—sa-stacking
signal and no interlayer ordering were observed. The absorp-
tion peak of these polymers is located around 505 and 520 nm
for AnE-PVba and AnE-PVbb, respectively. The polymer
AnE-PVc¢e bearing a small methyl- as well as a branched
2-ethylhexyl group close to AnE shows an intermediate behav-
ior. The absorption band of AnE-PVc¢e is slightly structured in
the pristine form, but becomes structureless in the blend.

For the optical band gap energies, E,°", lower values
were obtained for thin films as compared to the solutions
due to enhanced planarization and intermolecular inter-
action in the films (see Table 2). Films spin-cast from
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Figure 3. Thin film absorption and emission spectra are shown for polymers AnE-PVad, -ab, -ba, and -cc, and their 1:1 blends with PCBM. The films

were spin-cast from chlorobenzene.

Table 4. Electronic Data Obtained for Polymer Films Spin-Cast from

Chlorobenzene”
AnE-PV HOMO (¢V) LUMO (cV) ES°(eV) ES P (eV) AE, (eV)
ad 5.15 3.38 1.77 1.91 0.14
ae 5.14 3.36 1.78 1.98 0.20
ab 5.17 3.37 1.80 1.80 0.00
cc 5.15 3.34 1.81 1.84 0.03
ba 5.16 3.37 1.79 1.95 0.16
bb 5.19 3.40 1.79 2.02 0.23

opt

“Optical band gap energies E,"*" were taken from Table 2 for

comparison purpose.

chlorobenzene solution are in general characterized by low-
er E,° values than those obtained from chloroform. This is
due to the fact that non aromatic solvents, such as chloro-
form, tetrahydrofuran or dichloromethane, prefer to inter-
act with the alkoxy side chains, while aromatic solvents are
known to interact preferentially with the aromatic rings,
causing the polymers chains to lie open and flat, thus
enhancing the backbone planarization.> Optical band gap
values are in the range of 1.8 and 2.0 eV, the lower end being
similar to the electrochemical ones (see below and Table 4).
This variation of E,°"" values might be related to differences
in backbone coplanarlty and film thickness.”® As expected,
lower absolute fluorescence quantum yields between 2%
and 6% were obtained in thin film as compared to the
solution. AnE-PVbb gave the highest value, possibly due
to hindered w—u stacking resulting from grafting of solely
bulky branched 2-ethylhexyl. It is, however, difficult to
make a clear structure—property relation based on the
obtained absolute ®; values, conscious of the fact that
absolute photoluminescence quantum yields are obtained
with a broad margin of error, due to the intrinsic difficulties
of the method.

Electrochemical Studies. Measurements were performed
on thin polymer films spin coated from chlorobenzene
solutions under strictly inert conditions.'*® The ionization
potential (HOMO level), Eyp, and electron affinity (LUMO
level), Es, were estimated from oxidation and reduction
onset potentials on the basis of the reference energy level of
ferrocene (4.8 eV below the vacuum level) using the equation
Eip(Ex) = —(Ey — Egerr) — 4.8 ¢V, where Eg.,, is the value for
ferrocene vs the Ag/Ag™ electrode. E, values were obtained
averaging the anodic and cathodic peak potentials, E, =
(Epa + Epc)/2. The Erp and E4 values were evaluated from the
first oxidation and reduction peaks of the cyclic voltamo-
grams (CV) measured on several samples at scan rates of
20 and 50 mV/s. The CV curves are shown in the Supporting
Informationn (Figure S2) and the electronic data are sum-
marized in Table 4 (values for E,°*" were included from
Table 2 for comparison purpose). For the evaluation, usually
the first two runs were taken. The electrochemical band gap
energy, E, ¢ for all pol%/mers is 1.80 eV. The difference, AE,
between E Pt and E,° varies from 0 to 200 meV, wh1ch
might be related among other reasons, to differences in thin
film preparation during the optical and electrochemical
process resulting in differences in thin film thicknesses and
concomitant backbone coplanarity.

Mobility Studies. It is a challenge to measure the charge
carrier mobilities of solution processed organic semiconduc-
tors due to their disordered structure resulting in hopping
transport within localized enerég] states and time-dependent
dispersive charge transport. The Charge Extraction by
Linearly Increasing Voltage (CELIV) method has been used
successfully to study the charge transport in varlous dlsor-
dered organic and inorganic semiconducting films.>> The
main advantages of this method over time-of-flight (TOF) is
that it allows to study films with various conductivities as
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Figure 4. CELIV current transients are shown for all polymers studied.
The charge carrier mobility was calculated from the extraction maxima
using laser light pulse (top red curves in the figures) except for AnE-
PVae polymer where carrier mobility is measured in the dark. From the
current transients recorded in the dark (bottom black curves in the
figures) it is seen that AnE-PVae, AnE-PVce, and AnE-PVad had
unintentional doping which allows carrier mobility measurements even
without laser pulse. The equilibrium carrier concentration and film
conductivity has been calculated from these transients.

well as with rather dispersive charge transport.”**’ In con-
trast to the application of planar organic field effect transistor
(OFET) geometry it yields also information about the
transport in the perpendicular direction to the substrate
plane,?® and contact resistance which often leads to incorrect
carrier mobility values in OFET is not a problem.?” The
essence of this time-resolved method is that the triangle-
shaped voltage pulse is applied to the sandwich-type film
forming a capacitor with ITO and Al electrodes. If the film
conductivity is low and no laser pulse is used for photoge-
neration, the current response to the applied pulse resultsin a
constant displacement charging current j(0) [see Supporting
Information, Figure S3, bottom]. But if equilibrium of
photogenerated charge exists in the film, it will contribute
to the conductivity current in addition to the displacement
current seen as an excess signal Aj. A laser pulse is used prior
to the extracting triangle voltage pulse with a delay time 7,4,
(see Supporting Information, Figure S3, top). A negative
offset voltage is used to compensate for the built-in potential
in the device, therefore restricting the charge carrier extrac-
tion during the delay time 74, When no time-dependent
carrier mobility is measured, 7,4, is chosen to be much shorter
that t,,,,. During the carrier extraction, the photocurrent
increases due to the fact that more carriers start to participate
in the transport until the extraction maxima is reached.
Subsequently the current decreases because the majority of
all carriers have reached the back electrode. From the extrac-
tion of the maxima the carrier mobility as well as film
conductivities are directly calculated using equations derived
elsewhere.

Egbe et al.
Table 5. Hole Mobility, gy,1c, of the Polymers Arranged in Increasing
Order
AnE-PV Hhote [em?/(Vs)]
ad 1.69x 107°
ab 2.57%x107°
ae 3.39x107°
cc 9.22x 1073
bb 1.53x107*
ba 4.52 x107*

CELIV current transients were measured for all poly-
mers and are presented in Figure 4. For all polymers except
AnE-PVae, which shows high dark conductivity within given
experimental conditions, the charge carriers were photogene-
rated with laser pulse. After 100 ns delay time, the applied
triangle-shaped rising voltage pulse extracts the photogene-
rated charge carriers toward back electrode and the carrier
mobility is directly estimated from the extraction maxima.
Polymers AnE-PVad, -ae, and -cc show extraction maxima
even in the dark current transients, indicating the presence of
equilibrium thermally generated charge carriers in the film
due to unintentional doping. The film conductivities were
calculated to be o = 1.3 x 107'°S/cm (AnE-PVad), 0 = 9 x
10~° S/cm (AnE-PVae), and ¢ = 2.8 x 10~ S/cm (AnE-
PVce) whereas the rest of the polymers show much lower
level of doping as can be seen from flat dark current
transients. For AnE-PVe¢e, the extraction maximum posi-
tions are the same with laser pulse and in the dark i.e. the
photogenerated carrier mobility is equal to the steady state
equilibrium mobility. However, AnE-PVad polymer shows
delayed extraction maxima for photogenerated carriers,
possibly due to space charge effects prolonging the extrac-
tion of the reservoir of photogenerated charge carriers.

Since the laser pulse was illuminating the positive electrode
during the measurements, the photocurrent due to mobile
holes is recorded and the mobility of photogenerated holes
is calculated from the current transients. The values are
summarized in Table 5. The values range from 1.5 X
107 cm?/(Vs) (AnE-PVad) to 4.5 x 10~* cm?/(Vs) (AnE-
PVba). In contrast to thiophene-based poly(arylene)s,®' the
amorphous polymers (AnE-PVbb, -ba), i.e. polymers bearing
2-ethylhexyl close to the AnE unit exhibit higher charge
carrier mobilities than those with higher stacking tendency
(AnE-PVad, -ae, -ab). This would suggest that 7—u stacking
might be detrimental to charge carrier mobility for this class
of compounds. Similar trends were previously observed in
photoconductivity studies on PPE—PPV materials, whereby
higher photoconductivity values detected at lower threshold
voltages were obtained for materials with less aggregation
tendency. Decreasing aggregation tendency were achieved
through grafting of either very long linear octadecyl or bulky
branched 2-ethP/1hexyl side chains laterally to the conjugated
backbones.”™ "3 Tt was assumed that photoconductivity
is more an intramolecular process than an intermolecular
one.'* Similar conclusions might be valid for the AnE-PV
polymers investigated here. However, further studies on
other PPE—PPV based materials are necessary before a final
conclusion can be drawn.

Morphological Studies. Polymer:PCBM (1:1) blends were
spin-cast from chlorobenzene solutions on glass slides and
their topography was investigated by tapping-mode atomic
force microscopy (AFM) measurements in order to investi-
gate the kind and scale of phase separation present within the
photoactive layers. Figure 5 shows the AFM results. Poly-
mers with linear side chains near the AnE units (AnE-PVad,
-ae, and -ab) result in more coarse scale morphologies
reflected by peak-to-valley variations between 10 and 20
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Figure 5. Tapping mode AFM images (area 2.5 x 2.5 um?) are shown for polymers AnE-PVad, -ae, -ab, -ba, -bb, and -cc. Linear side chains near the
AnE-unit result generally in more coarse scale morphologies, while branched groups lead to more intimate phase blending.

nm and by features indicating the formation of polymeric
aggregates. On the other hand, polymers bearing branched
side chains near the AnEunit (AnE-PVbb, -ba) result in fine
scale morphologies resulting in rather flat topographies
varying within only 3 nm. The thin film morphologies
obtained for the asymmetrically substituted polymer AnE-
PVcc are similar to that obtained for amorphous AnE-PVbb
and -ba due to reduced side chain density. It seems that the
higher crystallization tendency of the polymers AnE-PVad,
-ae, and -ab, which for the polymers AnE-PVad and -ae
already results in preorganization in dilute solutions, leads to
more coarse scale thin film morphologies of the polymer:
PCBM blends. More coarse grained film morphologies
directly result in improved photovoltaic behavior (see dis-
cussion below). This is probably due to improved percola-
tion paths and, thus, better charge transport for both signs of
charge carriers.

Photovoltaic Studies. All solar cells were prepared on glass
substrates coated with indium tin oxide (ITO) according
to the following standard procedure: part of the ITO was
etched away in order to allow for nonshunting counter
contacts at the aluminum electrode. In a second step a
poly(3.,4-ethylenedioxythiophene)—poly(styrenesulfonate)
(PEDOT:PSS) film was spin-cast from aqueous solution and
annealed at 180 °C for 15 min. Subsequently the active layer
was spin-cast from chlorobenzene under inert atmosphere
conditions. Afterward the layer stack was transferred into
the vacuum chamber and a 100 nm thick aluminum back
electrode was thermally sublimed at a rate of approximately
1 nm/s. The active area of each solar cell is 0.5 cm? This
resulted in following solar cell configuration: glass substrate/
ITO/PEDOT:PSS/active layer/Al. Photovoltaic devices
based on polymer:PCBM active layers with weight ratios
of I:1 and 1:2 have been prepared and optimized by variation
of solution concentration and film thickness. However, the
reported efficiencies may not strictly constitute the max-
imum attainable ones. Figure 6 shows the IV curves of the
solar cells based on polymer:PCBM (1:2) active layers. For
illumination a solar simulator (AM1.5, class A) was used.

5 20+
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E —— AnE-PVae
2 151 —— AnE-PVab
5 —— AnE-PVba
S 10 —— AnE-PVbb
g —— AnE-PVce
3 57
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]
—
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Figure 6. Comparison between the light IV-curves for all materials
investigated in 1:2 blends with PCBM.

Table 6 summarizes the photovoltaic parameters obtained
from current—voltage (/7)) measurements for all polymer:
PCBM blends. These include the short circuit current, Jgc,
the open circuit voltage, Voc, the fill factor, FF, the series
and parallel resistance, Rs and Rp, respectively.

In general higher energy conversion efficiencies, 7, were
obtained for solar cells with active layers having higher full-
erene contents. The energy conversion efficiencies range from
n = 0.34% to 3.14%. The lowest energy conversion efficien-
cies were obtained for the amorphous polymers AnE-PVba
and -bb, despite their highest mobility, due to high miscibility
of the active layer components resulting in resulting in insuffi-
cient percolation paths for the photogenerated charges.

Among the polymer exhibiting a good percolation path
due to their more coarse grained thin film nanomorphology,
AnE-PVab shows the highest energy conversion efficiency.
It is the polymer with the highest w—z-stacking distance
drr = 0.386 nm of all polymers in this series. Higher side
chain density in AnE-PVad and -ae leads to increased
resistance against charge transfer between donor and accep-
tor, resulting in lower photovoltages and fill factors and thus
lower photovoltaic performance as compared to AnE-PVab.
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Table 6. Summary of the Photovoltaic Parameters of the Polymer Solar Cells”
AnE-PVi:PCBM (blend ratio) Jsc (mA/ecm?) Voe (V) FF (%) 7 (%) Rs (Q) Rp (Q)
ad:PCBM (1:1) 5.66 0.65 41.33 1.52 40.7 1106
ad:PCBM (1:2) 6.75 0.68 48.37 2.22 23 1443
ae:PCBM (1:1) 4.22 0.64 40.03 1.08 37.8 1058
ae:PCBM (1:2) 4.97 0.62 39.82 1.23 20.9 1064
ab:PCBM (1:1) 6.13 0.81 49.08 2.44 222 1480
ab:PCBM (1:2) 7.14 0.79 55.65 3.14 14.3 2227
cc:PCBM (1:1) 3.66 0.93 29.98 1.02 36.3 657
cc:PCBM (1:2) 5.65 0.91 36.9 1.90 19.1 606
cc:PCBM (1:1)¢ 5.86 0.91 37.5 2.00 12.8 625
ba:PCBM (1:1) 1.59 0.77 27.38 0.34 18.6 1081
ba:PCBM (1:2) 3.44 0.93 34.67 1.11 31.2 942
bb:PCBM (1:1) 1.99 0.84 29.23 0.49 16 1012
bb:PCBM (1:2) 4.22 0.83 34.8 1.22 26.6 740
“Active layer spin-cast from a mixture of chloroform and chlorobenzene. ® The active layer (area of 0.5 cm?) was spin-cast from chlorobenzene
solution.
T AnE-PVab and AnE-PVcee promote relatively high power
3 107 1.9% . conversion efficiencies of 7 = 2%.
£ 1% A first application of solvent mixtures as a possible way for
2 polymer solar cell optimization was carried out on polymer
g 51 AnE-PVe¢e. Changing the solvent from chlorobenzene to a
° chlorobenzene:chloroform (1:1 volume ratio) mixture for
@ 0.4 0.8 1.2 active layer deposition resulted in a 2-fold increase in the
‘S ’ ’ {/oltage M power conversion e.fﬁciency (see Table 6). Figure 7 compares
the I'V-curves obtained for the solar cells based on polymer
i AnE-PVc¢c active layers deposited from chlorobenzene and a
_ mixture of chlorobenzene:chloroform, respectively. Detailed
— AnE-PVcc:PCBM (CB) studies dealing with solvent mixtures for polymer solar cell
ol — AnE-PVec:PCBM (CB+CF) optimization are presently going on.

Figure 7. Comparison of light IV—curves for AnE-PV¢e:PCBM (1:1)
blends cast from chlorobenzene (CB) and a chlorobenzene—chloroform
(1:1) mixture (CB + CF), respectively. The latter shows a increased
power conversion efficiency.

Thus, and in accordance to our previous results on the
effect of the side chains on the photovoltaic performance of
PPE—PPV based materials,® the open circuit voltage, Voc,
increases with decreasing side chain density. For instance, in
the case of polymer:PCBM (1:1) blends, polymers bearing
longer dodecyloxy (AnE-PVae) or decyloxy (AnE-PVad)
side groups lead to low Vo values around 0.65 V. Polymers
decorated with octyloxy and/or 2-ethylhexyloxy-groups,
AnE-PVab, -bb, -ba, yield Voc values of approximately
0.80 V. Whereas AnE-PVc¢e having the lowest side chain
density due to grafting of methyloxy groups demonstrates
the highest Vo (0.90 V). The same trend is observed for 1:2
blends putting aside AnE-PVba.

The relatively low fill factors, FF, and relatively high series
resistances, Rg, in all blends indicate a nonbalanced charge
transport i.e. the fullerene content should be increased for
further optimization. Only the short circuit currents, Jsc,
from solar cells based on polymers AnE-PVad, -ab, and -cc
reach reasonable values between 5 and 7 mA/cm?, which
correspond to more than 50% of what can be expected based
on the corresponding absorption spectra.

Especially polymer AnE-PVhb shows only inferior cur-
rents, which may indicate incomplete or hindered charge
separation efficiency after transfer. Furthermore, the larger
current densities of AnE-PVab as compared to AnE-PVbb
may be related to a better ordering caused by m—am-stacking,
leading to improved charge transport properties. The high
photocurrent densities of photovoltaic devices based on
AnE-PVee may be related to a lower side-chain density as
compared to AnE-PVbb. In general, smaller parallel resis-
tances, Rp, lead to smaller fill factors in case of AnE-PVhb
and AnE-PVce, while the large photocurrents in case of

Conclusions

We have synthesized and characterized eight anthracene-con-
taining PPE-PPV copolymers bearing different side chains. We
have established a correlation between the ability to form 7—n-
stacking, the absorption behavior, the charge carrier mobility, the
active layer nanoscale morphology, and the photovoltaic perfor-
mance. The 7—z-stacking ability was controlled through grafting
of linear and/or branched alkoxy side chains. Polymer with
octyloxy substitution close the AnE units (AnE-PVab, -ad, -ae)
arrange in a stacked structure. Whereas asymmetric (AnE-PVec)
or branched side chain substitution (AnE-PVbb, -ba) near the
AnE unit yields less organized or even amorphous polymers,
respectively. For polymers with strong tendency of stacking well
resolved thin film absorption peaks were recorded. The polymers
with less or no intrinsic stacking ability exhibit less or no
structured absorption peaks. Although they exhibit higher hole
mobilities as compared to their ordered counterparts, insufficient
donor-acceptor phase separation in these polymers hinders
efficient charge separation and, thus leads to poor photovoltaic
performance. Stronger phase separation and better photovoltaic
performance resulted from polymers inclined to stacking, while
the best performance was achieved from AnE-PVab, exhibiting
the highest d,,, value. Solar cells with efficiencies ranging from
0.34 to 3.14% were obtained. It was not possible to include the
thin film absolute photoluminescence quantum yield in the
correlation due to the broad range of error during the measure-
ments, however the highest absolute @ value of 6% was obtained
for AnE-PVbb, bearing solely branched 2-ethylhexyl side chains.
An optimization of the solar cells through an increase of the
acceptor content as well as by use of solvents mixtures is under
way and will be reported in future.
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