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Influence of Alkyl Chain Branching Positions on the
Hole Mobilities of Polymer Thin-Film Transistors

Ting Lei, Jin-Hu Dou, and Jian Pei*

Conjugated polymers have great potential for use in flexible,
large-area and low-cost optoelectronic devices due to their solu-
tion processability and superior mechanical properties.l!l Nev-
ertheless, charge mobilities in polymeric field-effect transistors
(PFETs) are generally low due to poor packing and lack of mac-
roscopic order.2?l To solve this problem, an effective solution is
the rational design of new polymers based on deep insight into
the structure—property relationship, which is unfortunately rare
in comparison to small molecules used in organic field-effect
transistors (OFETs).! Most efforts have been focused on the
design of building blocks for polymer backbones,!'=l and little
research has shed light on the influence of molecular weight,!
building block symmetry,® and alkyl side chains!”# on charge
mobilities.

Alkyl chains have been demonstrated to play important
roles in intermolecular interactions and supramolecular self-
assembly.l”! Generally, alkyl side chains are attached onto conju-
gated polymers as solubilizing groups to ensure polymer solu-
bility in organic solvents. Recently, more and more attention has
been devoted to engineering alkyl chains in conjugated poly-
mers. The chain type and length as well as substituting position
on conjugated polymers have crucial consequences on molec-
ular packing and thin-film morphology, and hence on device
performance.l’%) Compared to linear alkyl chains, branched
alkyl chains, such as 2-ethylhexyl, 2-hexyldecyl, 2-octyldodecyl,
and 2-decyltetradecyl groups, can provide better solubility for
polymers.[23] Surprisingly, the distance of the branching point
of all these branched alkyl chains to the conjugated backbone
is not longer than one methylene group, presumably because
these branched alkyl chains are readily available. To increase the
structural diversity of solubilizing groups, Bao et al. designed an
unconventional siloxane-terminated hexyl chain. The polymer
formed with this group exhibited closer backbone packing and
increased hole mobility in comparison to that with the conven-
tional 2-octyldodecyl group.”? Although the concept of moving
the branching point away from the polymer backbone has been
demonstrated, the trimethylsilyl group cannot survive under
certain conditions,™!! hence limiting the application of this
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elegantly designed group. Moreover, the structural difference to
conventional branched alkyl chains is drastic.

An electron-deficient isoindigo unit has been developed by
Reynolds and Anderson et al. for polymer solar cells.l'?l We
recently used isoindigo-based conjugated polymers as the active
layers for air-stable PFETS,!'% and found that modification of
the main chain by a “molecular docking” strategy and tuning of
polymer symmetry led to systematically high mobility.l® This
type of polymer was also used by Bao et al. and the mobility
was improved further.”?] Herein, we add a 2-octyldodecyl group
and three novel-designed branched alkyl chains (3-decyltridecyl,
4-decyltetradecyl, and 5-decylpentadecyl) to our isoindigo-based
conjugated polymer (Scheme 1). We investigate how moving
the branching point further from the backbone influences
the mobilities. The sequential changing of these “more con-
ventional” branched alkyl chains results in a remarkably high
mobility of 3.62 cm? V! s71. Thus, we demonstrate that a subtle
change to the conventional alkyl chains can lead to significant
improvement of device performance.

Scheme 1 illustrates the synthetic route to these polymers.
Synthesis of the monomers is shown in detail in the Sup-
porting Information. Interestingly, the R¢ values of IID-C3 and
IID-C4 from thin layer chromatography (TLC) (0.52 for IID-C3
and 0.53 for IID-C4) are significantly smaller than those of IID
and IID-C2 (0.61 for both, Figure S1, Supporting Information).
It is likely that the polar carbonyl groups in the isoindigo core
are somewhat shielded by the alkyl side chains, and moving the
branched point away exposes these polar groups, thus leading
to stronger interaction of the monomer with the silica gel. Sim-
ilar to the preparation of polymer IIDDT,!] the Stille-coupling
polymerization between dibromide I1ID-C2, IID-C3, or IID-C4
and 5,5-bis(trimethylstannyl)-2,2"-bithiophene was employed
to afford IIDDT-C2, IIDDT-C3, and IIDDT-C4 in high yields.
All polymers were obtained as dark metallic solids after careful
purification of precipitation into methanol and subsequent
Soxhlet extraction with acetone, hexane, and chloroform. Molec-
ular weights of all polymers were evaluated by gel permeation
chromatography (GPC) with 1,2,4-tricholorobenzene (TCB) as
the eluent at 150 °C (Table 1). IIDDT-C3 and IIDDT-C4 appear
to have larger molecular weight (M,) and polydispersity index
(PDI) because of shoulder peaks in the large molecular weight
region (Figure S2, Supporting Information). These shoulder
peaks are presumably due to interpolymer aggregations. All
polymers show good thermal stability with decomposition tem-
peratures over 370 °C. No phase transition was observed for
all polymers by differential scanning calorimetry (DSC) in the
range of —10 to 300 °C (Figure S3, Supporting Information).

Absorption spectra of all polymers and monomers were
measured both in solution and in thin film. All monomers
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Scheme 1. Synthesis of polymers IIDDT and IIDDT-C(2—4), with varying branched position of

alkyl side chains.

show almost identical absorption spectra (Figure S4, Supporting
Information), suggesting that the alkyl chains do not affect the
photophysical properties of the aromatic core. All polymers
show typically dual band absorption (Figure 1). Compared with
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Table 1. Optical and Electrochemical Properties of Polymers.
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IIDDT and IIDDT-C2, IIDDT-C3 and IIDDT-
C4 show marked red-shifted absorption in
solution. The red-shift may be attributed to
interpolymer n—r stacking, which makes the
polymer backbone of IIDDT-C3 and IIDDT-
C4 more planar. This result is consistent with
the GPC result that IIDDT-C3 and IIDDT-
C4 exhibit some aggregation even at 150 °C.
Absorption peaks of all polymers in thin film
show an interesting blue-shift (especially 0-1
vibrational peaks) in comparison with those
in solution, which may correlate with their
solid state packing. Scrutiny of spectra reveals
that the 0-0 vibrational transition increases,
whereas 0-1 decreases in the film, suggesting
that polymers become more planar in the
film with enhanced - stacking. Annealing
the films leads to a further slightly increase of
the 0-0 vibrational absorption, indicating that
the packing and planarity of the polymers are
improved (Figure S5 in the Supporting Infor-
mation and Table 1).

The cyclic voltammograms (CV) were used
to evaluate electronic energy levels of the poly-
mers. All polymers show much stronger oxi-
dative peaks than their reductive ones, almost
one order of magnitude higher, indicating that
these polymers are more easily oxidized than
reduced (Figure 2). Moving the branching
point away from the polymer backbones
leads to a noticeable increase of the HOMO
levels from -5.70 eV (IIDDT) to -5.50 eV
(IIDDT-C4). However, the LUMO levels
show only a slight decrease from -3.70 eV
(IIDDT) to —3.74 eV (IIDDT-C4). This result
may be again due to the more planar back-
bone and better stacking in IIDDT-C3 and
IIDDT-C4. The computational study also
reveals that the LUMOs of the polymers are
localized on isoindigo core, whereas HOMOs
are distributed along the polymer chain
(Figure S6, Supporting Information). Thus,

HOMO levels of the polymers are more easily affected by their
conformational change. Photoelectron spectroscopy (PES) was
also used to measure the HOMO energy levels of all polymers.
Similar variation trends were found, thus further confirming

Polymers M, T4 Anan® Ana™ EgoP* Eromo ELumo E,~Y Eromo™™®
[kDa]/PDI °q [nm]® [nm] [eV]b [eV]© [eV]© eV [eV]
1IDDT 20.4/2.0 390 706, 647 701, 637 1.60 -5.70 -3.70 2.00 -5.54
IIDDT-C2 18.4/2.0 384 711, 647 707, 641 1.60 -5.60 -3.70 1.90 -5.57
IIDDT-C3 39.2/3.2 392 718, 673 719, 653 1.58 -5.52 -3.74 1.78 -5.33
IIDDT-C4 37.3/2.3 374 719, 675 716, 647 1.58 -5.50 -3.74 1.76 -5.26

9107w in chloroform; Y Estimated from the onset of thin-film absorption; 9Cyclic voltammetry determined with Fc/Fc* (Eqomo =—4.80 eV) as the external reference; 9 E,%Y

= Erumo—Erowmo-

wileyonlinelibrary.com

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Mater. 2012, 24, 6457-6461



eiels ADVANCED
Mo MATERIALS

www.advmat.de

www.MaterialsViews.com

1.2 1 . \ . . . annealing at 175 °C for 30 min (Figure 3). 0N
. 1| Eiiggiﬁ% 0-0 (a) 1 :’S:it;rlrl:tlon (b) ] ghls refsult 1ls among the hl,g:ihest h(()ile rr?gb;ahg] g
g 2155 3 —— Annealed ies of polymers reported to date.
Sosl ": 1 | IIDDT-C4 films also displayed increased ;
2 H mobility: the highest mobility was up to c
Sosl ' I 1 176 cm? V! s7! and the average mobility 2
3 { was 1.44 cm? V-1 s7! (Figure S8, Supporting ry
T 041 i I 1 Information). Unexpectedly, IIDDT-C2 films >
g '.‘ showed decreased device performance com- =
202 ’ H N 1 pared with IIDDT films. The highest mobility (o)
0 B]and H‘ ‘ . . . ‘ ‘ of IIDDT-C2 films was only 0.40 cm? V! 7! 4
300 400 500 600 700 800 300 400 500 600 700 800 (Table 2). Recently, Miillen et al. reported that
Wavelength (nm) Wavelength (nm)

molecular weight played an important role
Figure 1. Normalized UV-vis absorption spectra of a) polymers in CHCl; (1 x 107m) and 1 1Mproving holle mobilities.”] We were
b) IDDT-C3 in CHCl; (1 x 10-5w), in thin film, and in annealed film (at 150 °C for 30 min). aware of the relatively low M, of IIDDT and
IIDDT-C2, hence we synthesized the polymer
IIDDT-C3 with a M,, of 20 kDa, comparable
to those of IIDDT and IIDDT-C2. Films of IIDDT-C3 also

""" r————r————r——— 0.4

2 = = (IBBF ~ showed the highest hole mobility (>3 cm? V! s7%), thus further
0.04 - — —IDDT-C2 A confirming the significant effect of moving the branching point
- —-=-IDDT-C3 ? .:' away. Nonetheless, increased M, of IIDDT-C3 and IIDDT-C4
< ~libbTc4 . o2 @ may still contribute to their high hole mobilities. In addition,
£ I X Y g
= Mo | Y similar to other isoindigo-based polymers,[®®7213 IIDDT-C3 and
[0 ’ s IIDDT-C4 also displayed good stability under ambient condi-
5 | ] 7" oo o tions (Ry = 50-60%) for at least two months (Figure S9, Sup-
3 0.00 <= g
° e § porting Information).
'% g The high hole mobilities of IIDDT-C3 and IIDDT-C4 are
3002 {023 likely due to a more exposed isoindigo core and stronger n—m
& = interactions of polymer backbones. To gain further under-
standing, we employed grazing incidence X-ray diffraction
B4 i (GIXD) and tapping-mode atomic force microscopy (AFM) to

investigate polymer packings and film morphologies. As shown
in Figure 4, IIDDT-C3 displays a strong out-of-plane diffrac-
tion at 26 of 2.88°, corresponding to a d-spacing of 24.7 A (A =
Figure 2. Cyclic voltammograms of polymers in thin film drop-casted on ~ 1.2398 A). The other four diffractions are attributed to the (200),

a glassy carbon electrode and tested in n-BusNPF¢/CH;CN solution (scan
rate: 50 mV s7).

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Voltage (V) vs Fc/Fc'

the CV results (Figure S7 in the Supporting ————————————0.040

-6.0x10

Information and Table 1). 100V

It is known that charge carrier mobility 10.035 ey
in OFETs strongly depends on the frontier | p— = -80 V
orbital overlap integrals. The overlap integrals '
are sensitive to 7-7 stacking distance and 10.025 S -4.0x10"1 sov
molecular packing conformation.l** To probe <<
how moving the alkyl chain branching point 10.020 g gaoxio™y
influences the charge transport of the poly- 2~ -40 V
mers, we fabricated bottom-gate/top-contact je-ms 2.0x10% ]
field-effect devices. A thin layer of polymers lo.o10 '
was deposited on octadecyltrimethoxysilane .
(OTS)-treated SiO, (300 nm)/n**-Si substrate 10.005 1:0x10° 20V
by spin-coating a polymer solution (4 mg/ o 0,000 . oV
Ly s o 00 0 ™ s
showed an average hole mobility of 0.66 cm? Vo) Vsp (V)

_1 _1 . 1. 2
V_l S_l [igd a maximum mobility of 1.06 Cr.n Figure 3. Transfer (left) and output (right) characteristics of IIDDT-C3 devices (spin-casted
V7 575 In contrast, IIDDT-C3 films exhib- from TCE solutions, 4 mg/mL) at Vsp = -100 V (L = 60 um, W = 3.0 mm) after thermal
ited a mobility up to 3.62 cm? V7! s7! and annealing. The hole mobility in the saturation regime was calculated from the slopes obtained
an average mobility of 2.98 cm? V™! s7! after by linear fitting of (Isp)'/? vs Vg in the V range from =21 to =30 V.
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Table 2. OFET Device Performances and GIXD Results of Polymers.

Polymers Tannealing u Vi lon/loft d
A em?VIsTRE V] (AP
L T
1IDDT 150 1.06 (0.66) -18 >106 20.3 3.75
1IDDT-C2 200 0.40 (0.28) -10 >10° 23.7 3.61
1IDDT-C3 175 3.62 (2.98) -2 >106 24.7 3.57
1IDDT-C4 175 1.76 (1.44) -5 >106 26.1 3.57

IMeasured under ambient condition (Ry = 50-60%). Maximum values of hole
mobilities, and average mobilities are shown in parentheses (more than 10 devices
were tested); PLamellar (L) and 77 stacking (7) distances determined by GIXD
experiments.

(300), (400), and (500) diffractions, indicating that IIDDT-C3
has a long-range ordered edge-on lamellar packing. IIDDT-C2
and IIDDT-C4 also show similar out-of-plane lamellar packing
with d-spacing of 23.7 and 26.1 A, respectively. Their d-spac-
ings correlate well with their alkyl chain lengths, suggesting
the alkyl side chains all adopt a similar extended conformation
in films. Compared with IIDDT-C3, IIDDT shows markedly
broader diffractions and only four lamellar diffraction peaks.
Thus, polymer packings in IIDDT-C3 film are more ordered.
In the in-plane diffractions, the m-stacking diffractions of poly-
mers (010) are observed. After moving the branching point
away from backbone, the polymers show gradually decreased
-7 stacking distances (3.75 A for IIDDT, 3.61 A for IIDDT-C2,
and 3.57 A for both IIDDT-C3 and IIDDT-C4). IIDDT-C3 also
displays more intense (010) diffractions, suggesting stronger
m-stacking interactions. In addition, diffraction halos of alkyl
chains are also observed in the range of 45 A, much larger than
m-stacking distances. Therefore, largely improved mobilities are
likely due to decreased n-stacking distances. AFM images of the
polymer films show crystalline fibrillar intercalating networks
(Figure S11, Supporting Information). The crystalline networks
are likely the result of strong intermolecular 7—m interactions,
similar to other high performance OFET materials.’!

In Bao's work, the polymer with a hole mobility of
2.48 cm? V7' s7! had a 7 stacking distance of 3.58 A, and the

Diffraction of Alkyl Chains

it 500 /

8. 400
st 300

Figure 4. 2D-GIXD patterns of a) IIDDT, b) IIDDT-C2, ) IIDDT-C3, and d) IIDDT-C4 film after
thermal annealing (at 150 °C for 30 min). All polymers display lamellar packings.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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reference polymer had a mobility of 0.57 cm? V~! s7! and a dis-
tance of 3.76 A.7% In Liu's work, the DPP-based polymer with
2-decyltetradecyl group gave a record-breaking high mobility of
8.2 cm? V-1 57! with a 77 stacking distance of 3.66 A, and the ref-
erence polymer with the 2-octyldodecyl group had a mobility of
4.5 cm? V™' s7! and a distance of 3.72 A.lBl Our results further
substantiate these results, as IIDDT-C3 shows the highest
mobility (3.62 cm? V! s7') and the shortest distance (3.57 A).
On the other hand, although n-stacking distances of IIDDT-
IIDDT-C4 decrease with the moving branching positions, their
mobilities do not always increase correspondingly. For instance,
n-stacking distance of IIDDT-C2 (3.61 A) is considerably shorter
than that of IIDDT (3.75 A), but the mobility of IIDDT-C2
(0.40 cm? V! s71) is lower than that of IIDDT (1.06 cm? V-1 s71).
IIDDT-C3and IDDT-C4bothhavetheshortestdistance (3.57 A), but
their mobilities differ (3.62 cm? V™! s7! for high M,IIDDT-C3,
3.00 cm? V7! 57! for low M,IIDDT-C3, and 1.76 cm? V™! s7! for
IIDDT-C4). In addition, we are aware that in Liu's work, it is
the length of alkyl chains rather than the branching position
that plays a dramatic role. Thus, we prepared IIDDT with a
2-decyltetradecyl group and found a mobility of 0.96 cm? V-1 57!
and a 77 stacking distance of 3.75 A, almost identical to those
of IIDDT (1.06 cm? V' s and 3.75 A). Recently, Beljonne and
coworkers demonstrated that charge transport correlates with
the supramolecular organization of polymers; in addition, the
m-stacking distance and the packing conformation greatly affect
the interpolymer chain carrier transport.’” We propose that
the stacking conformations of our polymers, such as degrees
of translation and rotation, also play a critical role in carrier
mobility, which resulted in the inconsistency between device
performances and z-stacking distances.

In conclusion, we have investigated thoroughly how the
branching position of alkyl side chains affects FET perform-
ance of isoindigo-based conjugated polymers. An exceptionally
high mobility of 3.62 cm? V™1 s7! is achieved for IIDDT-C3, in
comparison to 1.06 cm? V=1 s7! for IIDDT and 0.40 cm? V! 57!
for IIDDT-C2. The branching point variation strategy devel-
oped in this work reveals the significance of sophisticated side
chain molecular engineering of conventional alkyl chains and
its dependence of the backbone structures. A systematic inves-
tigation of the side chain effect, its synergy with the backbone,
and other factors, such as molecular weight,
is currently underway in our group.

Experimental Section

Synthesis of 1IDDT-C2: 1ID-C2 (250 mg,
0.235 mmol), 5,5-bis(trimethylstannyl)-2,2"-bithio-
phene (115.6 mg, 0.235 mmol), Pd,(dba); (4.3 mg,
2 mol%), P(o-tol); (5.7 mg, & mol%), and 10 mL
of toluene were added to a Schlenk tube. The tube
was charged with nitrogen through a freeze-pump-
thaw cycle three times. The mixture was stirred for
24 h at 110 °C. N,N"Diethylphenylazothioformamide
(20 mg) was then added and then the mixture
was stirred for 1 h to remove any residual catalyst
before being precipitated into methanol (200 mL).
The precipitate was filtered through a nylon filter
and purified via Soxhlet extraction for 8 h with
acetone, 12 h with hexane, and finally was collected

Adv. Mater. 2012, 24, 6457-6461
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with chloroform. The chloroform solution was then concentrated by
evaporation and precipitated into methanol (200 mL) and filtered off to
afford a dark solid (236 mg, yield 94%). Anal. calcd: for (CyoH104N205S;) 0
C78.52, H 9.88, N 2.62; found: C 77.78, H 9.47, N 2.55.

Synthesis of IIDDT-C3: The synthetic procedure is similar as described
for IDDT-C2 (yield 94%). Anal. calcd. for (C7,H10gN,0,S;),: C 77.78,
H 9.92, N 2.55; found: C 77.85, H 9.75, N 2.48.

Synthesis of IDDT-C4: The synthetic procedure is similar as described
for IDDT-C2 (yield 87%). Anal. calcd. for (Cy4H171,N;0,S;),: C 78.95,
H 10.03, N 2.49; found: C 78.25, H 9.91, N 2.46.

Figure S1-S12, synthesis and characterization of monomers,
and polymer FET device fabrications are detailed in the Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from author.
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