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ABSTRACT: The synthesis and characterization of new heterofluorene derivatives based on germanium are
described. These germafluorene monomers have been polymerized with different aromatic comonomers. The
resulting homopolymers and alternating copolymers have been characterized by size exclusion chromato-
graphy, thermal analyses (TGA and DSC), UV—vis—NIR absorption spectroscopy, X-ray diffraction, and
cyclic voltammetry. These homopolymers and copolymers are air-stable and present bandgaps ranging from
3.0 to 1.6 eV. Some copolymers were tested in field-effect transistors (FETs) and bulk heterojunction
photovoltaic cells (PCs). Best results in FETs were obtained with poly[2,7-(9,9-di-n-butylgermafluorene)- alt-
3,6- bls(thlophen 5-yl)-2,5- dloctylpyrrolo[3 4-pyrrole-1,4-dione], which shows a hole mobility up to 0.04 cm?®

(V-s)" ! with an I,/ ratio of 1.0 x 10°. For photovoltaic applications, the best results were obtained with
poly[2,7-(9,9-di-n-octylgermafluorene)-alt-5,5-(4',7'-di-2-thienyl-2’,1’,3’-benzothiadiazole)] with a power

conversion efficiency (PCE) of 2.8%.

1. Introduction

Great advances have been achieved over the past decade
regarding the synthesis of new conjugated polymers for field-
effect transistors (FETs)' and photovoltaic cells (PCs).” For ins-
tance, recent developments on FETs by Miillen et al. have shown
that it is possible to reach a hole mobility above 1.0 cm” (V-s) ™!
by using a cyclopentadithiophene—benzothiadiazole copolymer.’
The donor—acceptor architecture of this copolymer gives a
relatively low bandgap, which is another important parameter
for photovoltaic applications. When used as the active layer in a
bulk heterojunction (BHJ) solar cell, this particular polymer
reached a power conversion efficiency (PCE) as high as 5.5%.*
Along these lines, several other donor—acceptor low bandgap
copolymers based on benzothiadiazoles have been synthesized
Among them some ¢ 8polymers have been synthe51zed by using
fluorenes,*’ carbazoles,™ or dibenzosiloles'*'" as electron-donating
comonomers. Usually, with such bridged phenylene units, two
thiophene units had to be added on both ends of the benzothia-
diazole core to obtain relatively planar copolymers; such a co-
planar structure should allow good charge transport properties.
Interestingly, this type of polymers has recently reached a PCE of
6.1% in BHJ photovoltaic devices.'?

In parallel, Winnewisser et al. recently reported promising co-
polymers for use in optoelectronic applications based on elec-
tron-deficient dihydropyrrolo[3,4-pyrrole-1,4-dione (DPP).'>1
In addition to low energy bandgaps, the resulting copolymers
have also demonstrated excellent charge transport properties.
Consequently, good performances were afforded in both polymer
solar cells and transistor devices.'>!®

However, most electronic devices suffer from a lack of long-
term stability'” and relatively low performances that limit their
industrial applications. Therefore, there is still a need for the
development of new conjugated polymers. In this regard, we
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present here the synthesis of new homopolymers and copolymers
derived from 2,7-disubstituted germafluorenes. Huang et al. were
the first to report the introduction (10% on a molar basis) of a
similar unit (i.e., 3,6-dimethoxygermafluorene) in a random
fluorene copolymer.'® Despite this recent study, it remains a
challenge to investigate in more detail the structure—property
relationships in homopolymers and copolymers based on germa-
fluorene derivatives. The present work will also report the first
utilization of such copolymers in FETs and photovoltaic devices.

Synthesis of the Monomers. The synthetic pathways
for dibromo-di-n-octylgermane 3, 2,7-dibromo-9,9-dibutyl-
9-germafluorene 5, 2,7-dibromo-9,9-dioctyl-9-germafluorene
6, 2,7-bis(4' 4,5 ,5 -tetramethyl-1",3’,2'-dioxaborolan-2'-yl)-9,9-
dibutyl-9-germafluorene 7, and 2,7-bis(4'.4',5,5-tetramethyl-
1',3,2'-dioxaborolan-2'-yl)-9,9-dioctyl-9-germafluorene 8 are
described in Figure 1. The synthesis of the 4,4'-dibromo-2,2'-
diiodobiphenyl 4 has already been reported in the literature.'*°
To obtain compound 3, we modified a published procedure.?'
First, a Grignard reagent (octylmagnesiumbromide 1) was
added to diphenyl germanium dichloride to obtain diphenyl-
di-n-octylgermane 2; then, this compound was treated with
bromine to give the desired dibromo-di-n-octylgermane 3. For
the synthesis of compounds 5 and 6, a modlﬁed procedure of
that reported by Huang et al. was utilized.? First, a dilithiation
reaction on compound 4 was performed, followed by an addi-
tion of the germanium reagent. For the dilithiation reaction, it is
very important to use exactly 2.05 equiv of n-butyllithium to
make sure that all iodine atoms have reacted to avoid side
reactions with the bromine atoms. The dilithiated product was
then mixed with either the commercially available dichloro-di-
n-butylgermane or the previously synthesized germanium-based
reagent to afford compounds 5 and 6, respectively. It is im-
portant to notice that the synthesis of compounds 5 and 6 has
been done under Schlenk conditions. The reactions have been
tried under standard inert conditions, but the yields were then
much lower. Monomers 7 and 8 were synthesized using a

© 2010 American Chemical Society



Article

1) Mg
2) Ph,GeCl, @ Q Br,
—_— Go o /Ge\
/N

Macromolecules, Vol. 43, No. 5, 2010 2329

Hy7C, CgH
7ve Gt

NN
Et,0 1,2-dichloroethane s’ B
Hi7Cg  CgHiz A
(1 (2), Y=79% (3), Y=57%
[ 1) nBuLi
| THF Gé
-78°C HgC C4Hg
“) (5), Y = 64%
| 1) nBulLi
2) (C4H,,),GeBr,
BfBr 8 117/2 2 B o
\ THF a6
-78°C H,7C5 CgHy7
(4) (6), Y =60% crude

1) nBulLi

(5), (6)

-78°C

Figure 1. Synthesis of 2,7-disubstituted germafluorene monomers.
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Figure 2. Single crystal structure of monomer 7.

dilithiation reaction on compounds 5 and 6, followed by
treatment with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane. For the results presented in this article,
we used only germafluorenes with butyl or octyl alkyl chains,
but it is possible to make different germanium reagents
according to procedures described for the synthesis of
compound 3.

To confirm the structure of the two new monomers 7 and
8, single crystals were grown from slow recrystallization in
acetone. The two single crystal structures were determined
and confirmed the success of these syntheses (Figures 2 and 3).
These molecules are coplanar, as already published for some
fluorene derivatives.’

Synthesis of the Polymers. Five new conjugated polymers
were synthesized according to Figure 4. PGFDTDPP (Cy)
and PGFDTDPP (Cg) were obtained by the Suzuki cross-
coupling polymerization** of compounds 7 and 8 with 3,6-
bis(thiophen-5-yl)-2,5-dioctylpyrrolo[3,4-]pyrrole-1,4-dione] 9
as comonomer. Monomer 9 was obtained by following a
procedure reported in the literature.'® PGFDTDPP (Cg)
possesses a much better solubility than PGFDTDPP (Cy),
probably because of the presence of longer alkyl side chains.
Furthermore, PGFDTBT was also synthesized by a Suzuki
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Figure 3. Single crystal structure of monomer 8.

cross-coupling polymerization between monomer 8 and
4,7-di(2-bromothien-5'-yl)-2,1,3-benzothiadiazole 10 using
the same conditions reported for PCDTBT.® The synthesis
of the DTBT comonomer was done using an already known
procedure.® Homopolymer PGF (Cy4) was synthesized using
a Yamamoto coupling® of compound 5, but the resulting
polymer is insoluble. Because of the solubility problem with
the homopolymer bearing butyl side chains, we wanted to
make more soluble polygermafluorenes by using compound
6 under the same conditions. However, despite numerous
attempts, compound 6 always showed some impurities mak-
ing its polymerization impossible. Therefore, we synthesi-
zed a pseudo-homopolymer of germafluorene by making a
Suzuki coupling between monomers 8 and 5 to obtain PGF
(C4, Cg). All polymers were washed with a Soxhlet apparatus
with acetone and hexanes; then, the polymers were collected
from the soluble fraction in chloroform.
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Table 1. Number-Average Molecular Weight (M,,), Weight-Average Molecular Weight, (M,,), Polydispersity Index (PDI), Glass-Transition
Temperature (7,), Degradation Temperature (7,), and Optical and Electrochemical Properties of Polygermafluorene Derivatives

polymer M, (kg/mol) M., (kg/mol) PDI T, (°C) T4 (°C) Enowmo (€V) Ey umo (eV) Eg‘*lec (eV) Egopl (V)
PGFDTDPP (Cy) 13 37 2.8 150 410 —5.38 —=3.70 1.68 1.63
PGFDTDPP (Cy) 14 49 3.5 90 410 —5.38 —3.64 1.74 1.64
PGFDTBT 10 24 2.4 95 460 —5.58 —3.91 1.67 1.79
PGF (Cy, Cy) 10 19 1.9 130 430 —5.95 —2.82 3.13 295

Molecular Weights. All polymers were characterized by
size exclusion chromatography (SEC) based on monodis-
perse polystyrene standards in trichlorobenzene at 140 °C.
Values obtained for SEC measurements are reported in
Table 1. First, for PGFDTDPP (Cy4), a number-average mole-
cular weight (M,,) of 13 kg/mol was calculated with a poly-
dispersity index of 2.8. In the case of PGFDTDPP (Cg), a
number-average molecular weight of 14 kg/mol was measured
with a polydispersity index of 3.5. For PGFDTBT, with a poly-
merization time of 6 h, we obtained a relatively low number-
average molecular weight (M) of 10 kg/mol with a 2.4 poly-
dispersity index. First attempts over 24 and 12 h resulted in a
bimodal chromatrogram. In the case of PGF (Cy, Cg), a first
polymerization with Pd(PPhs)4 as catalyst resulted in a very
low-molecular-weight polymer. Therefore, another catalytic
system, (Pd,dbas) with P(o-Tol)s, was tried, and a good number-
average molecular weight (M) of 10 kg/mol was obtained with
a polydispersity index of 1.9. The polymerization conditions for
all of those molecular weights are described in the Supporting
Information. It has been shown that the molecular weight of the
material plays a 51gn1ﬁcant role in the polymer optical and
electrical properties.® Because those obtained in this study are
relatively low, it could be interesting to find a way to increase
them above 20 kg/mol, which is usually the target for better
mechanical properties and better performances. Recently,
Coffin et al. reported a new microwave-assisted method to
synthesize h1gh-molecular-we1ght polymers.?” This could be an
interesting way to improve the molecular weights.

Thermal Properties. To investigate the thermal stability
and the thermal transitions of these polymers, thermogravi-
metric analysis (TGA) and differential scanning calorimetry
(DSC) measurements were carried out. (See Table 1.) TGA
analyses showed that all polymers had a good stability with
degradation temperatures above 410 °C. DSC experiments
revealed that PGFDTDPP (C,) has a high glass-transition
temperature at 150 °C compared with 90 °C for PGFDTDPP
(Cg). The difference between these two glass-transition tem-
peratures is mainly due to the length of the alkyl side chains.
In the case of PGFDTBT, measurements revealed a glass-
transition temperature at 95 °C. DSC analyses performed on
PGF (Cy4, Cg) showed a glass transition at 130 °C. No melting
transitions were observed.

Optical Properties. As shown in Figure 5, the optical
properties were characterized by UV—vis absorption spec-
troscopy. For all polymers, no significant differences were
observed between measurements made in solution and those
made in the solid state. For PGF (Cy4, Cg), the solid-state
UV—vis absorption spectrum shows one absorption band at
380 nm. A bandgap of 2.95 eV is calculated from its absorp-
tion onset. The optical bandgap reported in the literature
for the homopolymers based on fluorene (PF8) or dibenzo-
silole' corresponds to a value of 2.93 eV, which is very
similar to the bandgap obtained for PGF (Cy4, Cg).

For PGFDTDPP (C4) and PGFDTDPP (Cy), solid-state
UV —vis absorption spectra show two absorption bands at
375 and 688 nm. From their respective absorption onset, the



Article

—+—PGFDTDPP (C,)

10 + PGFDTDPP (C,)
T Y] £ £ &% —+—PGFDTBT
@ i £ W7 . PGF (C,C)
N 'Y v

5 081 o ¥ o
E e i

g 08 i

@ NI 3

o 047 _zow Lo

3 02 74’ 1 3 Lo

2 021 7 1%/ L%

2 L NS

< 00 -

300 400 500 600 700 800 900
Wavelength (nm)

Figure 5. UV—vis absorption spectra of PGF (C4, Cg), PGFDTBT,
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600+
5004
400
300+
200
1004
0
350 400 450 500 550 600
Wavelength (nm)

Intensity

Figure 6. Fluorescence spectrum of PGF (Cy4, Cg) in chloroform.

calculated optical bandgaps of PGFDTDPP (C,4) and PG-
FDTDPP (Cg) are 1.63 and 1.64 eV, respectively. Compar-
isons with fluorene-based analogs are difficult because there
is a large range of data reported for those copolymers.'*
Clearly, the optical properties of DPP-based copolymers are
strongly affected by interchain interactions and resulting
morphologies.

For PGFDTBT, two absorption bands at 403 and 580 nm
are observed with an absorption onset at 693 nm. The optical
bandgap for PGFDTBT is 1.79 ¢V. In the case of PGFDTBT,
the optical bandgap obtained is lower than the optical
bandgap of its homologues with fluorene (DiO-PFDTBT,
APFO-3)**% and dibenzosilole (PSDTBT)'’, which shows a
bandgap of 1.9 and 1.85 eV, respectively. This slight red shift
observed for PGFDTBT might be due to a better delocaliza-
tion (7r-stacking), probably indicating better intermolecular
interactions.

To obtain further information about the pseudo-homo-
polymer, PGF (C4, Cg), has also been characterized by
fluorescence spectroscopy (Figure 6). Because polyfluorenes
and poly(dibenzosiloles) show a blue emission, we in-
vestigated the fluorescence properties of this new poly-
germafluorene. As expected, PGF (C4, Cg) shows a blue
emission with a fluorescence maximum of 415 nm and a
fluorescence quantum efficiency of 54% compared with 79%
for poly[2,7-(9,9-dioctylfluorene)]*® and 62% for poly[2,7-
(9,9-dihexyldibenzosilole)]."”

Electrochemical Properties. The HOMO and LUMO en-
ergy levels of all polymers were measured by cyclic volta-
mmetry (CV). (See Table 1.) PGFDTBT shows one quasi-
reversible oxidation process and one quasi-reversible reduction
process. The HOMO and LUMO energy levels were then
calculated from the oxidation and reduction onsets to give
—5.58 and —3.91 eV, respectively. According to these energy
levels, the electrochemical bandgap of PGFDTBT is 1.67 ¢V,
compared with 1.79 eV obtained from optical measurements.
As one can see in Figure 7, for PGFDTDPP (Cg), one can
distinguish two quasi-reversible oxidation processes and two
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Figure 7. Cyclic voltammogram of PGFDTDPP (C8) in BuysNBF,/
acetonitrile.
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treated SiO,/Si substrates.

quasi-reversible reduction processes. The HOMO and the
LUMO energy levels were also calculated from the onset of
the first oxidation and reduction processes and were found to
be —5.38 and —3.64 eV. Therefore, the electrochemical band-
gap of PGFDTDPP (Cg) is 1.74 eV compared with 1.64 eV
obtained from optical data. PGFTDDPP (C,) electrochemical
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Table 2. Hole Carrier Mobility (u#), On/Off Ratios (I,,/Iofr), Threshold Voltage (1), Open Circuit Voltage (V,.), Short Circuit Current (I.),
Fill Factor (FF), and Power Conversion Efficiency (PCE) for Poly(2,7-germafluorene) Derivatives

polymer u (em?-V7lsTh Ton/Iorr Vr (V) Voe (V) I (mA-cm ?) FF PCE %
PGFDTDPP (Cy) 0.04 1.0 x 10° 0.76 4.1 0.62 1.5
PGFDTDPP (Cg) 7.7%1073 3.6 10° 0.76 2.8 0.56 1.2
PGFDTBT LIx107* 1.8x 10* 0.79 6.9 0.51 2.8
properties are very similar to those of its Cg homologue. 10
Therefore, PGFDTDPP (Cy4) has two quasi-reversible oxida- 8
tions and two quasi-reversible reductions processes. The € 6]
HOMO and the LUMO energy levels of PGFDTDPP (Cy) 3z 4]
were found to be —5.34 and —3.71 eV, resulting in an electro- E 5]
chemical bandgap of 1.63 eV. Finally, the cyclic voltammo- 2
gram of PGF (Cy4, Cg) shows one quasi-reversible oxidation % 2]
process and one nonreversible reduction process. Because of s
the nature of the polymer, a large bandgap was expected. The E 47
HOMO and LUMO energy levels were calculated to be —5.95 3 'G'M
and —2.82 eV, giving an electrochemical band gap of 3.13 eV. -8
All of these polymers have a good air stability because their -10 T T

HOMO energy level is below —5.27 ¢V.>!

X-ray Diffraction Analyses. X-ray diffraction (XRD) ana-
lyses on powders were performed for all low bandgap
copolymers (Figure 8). PGFDTBT and PGFDTDPP (Cyg)
show a peak at d; ~ 18 A, whereas PGFDPP (C,) shows a
peak at d; ~ 15 A. The difference between the d; distance of
PGFDTDPP (Cy) and the d, distance of PGFDTDPP (Cg)
and PGFDTBT is probably due to the length of the alkyl side
chains. Effectively, it is fair to assume that this d; value is
attributed to the distance between polymer main chains.
Also, PGFDTBT and PGFDTDPP (Cg) show a weak and
flat diffraction peak at d, ~ 4.7 A compared with a weak and
sharper diffraction peak at &> ~ 3.8 A for PGFDTDPP (C,).
This d» value can be attributed to the distance between
stacked coplanar main chains. The presence of shorter n-butyl
side chains seems to improve the packing of the polymer by
decreasing the distance between each main chain. When
comparing those polymers, one can suppose that PGFDTDPP
(Cy) has a better organization than PGFDTDPP (Cg) and
PGFDTBT.

Field-Effect Transistors. To investigate the potential of
these new copolymers in plastic electronics, FETs were
fabricated and tested. First, 40 nm thick polymer films were
deposited on OTS-treated SiO,/Si substrates by spin-coating
a4 mg/mL chloroform solution of the polymers. Then, films
were heated under nitrogen at 55 °C for 10 min or annealed at
a temperature of 100, 150, or 200 °C for 30 min. The source
and drain electrodes were defined by thermally evaporating
700 A of gold through a shadow mask with a channel width
of 2600 um and a channel length of 45 um on top of the
organic thin films forming top-contact geometry transistors.
All electrical measurements were carried out at room tem-
perature under ambient conditions. Further information
on the surface treatments can be found in the Supporting
Information section. Interesting performances were obtai-
ned with PGFDTDPP (C4) and PGFDTDPP (Cg) when
annealed at 150 °C for 30 min. PGFDTDPP (C,4) shows a
hole mobility of 0.04 cm? (V-s)~! with an I/l ratio of
1.0 x 10° and a threshold voltage of —27 V. (See Figure 9.)
Then, for PGFDTDPP (Cjg), we calculated a hole mobility of
7.7%x1073cm?-(V-s)” ' withan I,,/I sratio of 3.6 x 10° and a
threshold voltage of —27 V. PGFDTBT has also
been tested in FETs and shows a hole mobility of 1.07 x
1074 cmz-(V-sf1 with an I/l ratio of 1.81 x 10* and a
threshold voltage of —26 V. It is well known that the
organization of the polymer is one of the important criteria
to obtain good field-effect mobility. Powder XRD analyses
showed that PGFDTDPP (C4) was probably the most

04 02 00 02 04 06 08 1.0
Potential (Volt)

Figure 10. J—V curves of PGFDTBT solar cell. Under illumination of
AM 1.5 G in red and dark curve in blue.

promising polymer because of its better m-stacking. This
statement is confirmed by the characterization of FET
devices; this material shows a higher hole mobility.
Polymer Solar Cells. BHJ PCs, using a sandwiched struc-
ture of glass/ITO/PEDOT—PSS/polymer—PC;,BM/LiF/
aluminum, were prepared on commercial [TO-coated glass
substrate of 38 x 38 mm with a sheet resistance of ca.
15 Q/square. Prior to use, the substrates were ultrasonicated
in deionized water, acetone, and isopropanol. ITO substrates
were coated with a thin film (40 nm) of poly(3.4-ethyl-
enedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS)
and then dried at 120 °C for 60 min. A blend of [6,6]-phenyl
Co-butyric acid methyl ester (PC,oBM) and polymer was
solubilized in chloroform for PGFDTDPP (C4) and
PGFDTBT (Cyg) for 24 h and in ODCB for PGFDTBT for
4 days and filtered through a 1 um poly(tetrafluoroethylene)
(PTFE) filter, and the films were finally spin-coated on the
substrates. The resulting films were dried for at least 24 h.
Finally, the devices were put under reduced pressure at room
temperature for 12 h. The devices were completed by deposi-
tion of 20 nm of lithium fluoride and 1200 nm of aluminum.
A summary of the results obtained is shown in Table 2.
PGFDTDPP (Cy)-based PCs demonstrated a current density
of 4.1 mA-cmfZ, a fill factor of 0.62, and an open circuit
voltage (V) 0f 0.76 V, leading to a PCE of 1.5%. In the case
of PGFDTDPP (Cg), we obtained a current density of
2.8mA-cm” 2, afill factor of 0.56, and an open circuit voltage
of 0.76 V. As a result, a PCE of 1.2% was achieved. The
higher hole mobility in the first copolymer may explain
differences in the power conversion efficiencies. Similar
polymeric structures using a fluorene-DPP backbone have
been reported recently in the literature.'* Those polymers
showed V. values of about 0.74 to 0.78 V and PCE of about
0.78 to 0.88%. V. values obtained for PGFDTDPPs are
about the same, but the PCE seems to be a little higher.
Finally, the J—V curve of PGFDTBT shows a current
density of 6.9 mA -cm 2, a fill factor of 0.51, and an open
circuit voltage of 0.79 V. (See Figure 10.) A PCE of 2.8% was
obtained with PGFDTBT. A lot of studies have already
been reported in the literature on fluorene-DTBT and
silafluorene-DTBT polymers for photovoltaic applications.
Indeed, fluorene-DTBT-based PCs were reported in 2004
with V. values between 0.95 and 1.01 V and PCE between
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2.10 and 2.24%.7%3% Recent optimizations on fluorene-
DTBT polymers allowed a PCE of 4.2% with a V. of 0.99 V.
A silafluorene-DTBT polymer has also been reported with a
PCE of 5.4% and a V. of 0.90 V."' When comparing those
results with the present ones, one can effectively suppose that
there is no significant improvement of either the PCE or the
Voe when using a germafluorene backbone. However, as it
happened for other classes of polymers, better performances
could be expected by optimizing the morphology of the BHJ
solar cells.

Conclusions

In this study, we presented the synthesis and characterization of
new germafluorene derivatives. Homopolymers and alternating
copolymers have been synthesized and characterized for the first
time. All polymers are thermally stable up to 410 °C and present
relatively good molecular weights. These germafluorene-based
polymers exhibit bandgaps ranging from 3.0 to 1.6 eV. Accord-
ingly, it is possible to fine-tune the HOMO and LUMO energy
levels. Preliminary studies in FETs and PCs showed very promis-
ing results (hole mobility up to 0.04 cm?-V~'-s™" and power
conversion up to 2.8%) for application in plastic electronics. In this
regard, new device configurations as well as new germafluorene-
based polymers will be investigated. It is believed that these new
heterocycles should bring new synthetic tools for the future design
of conjugated polymers with optimized properties.
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