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ABSTRACT: 7r-Conjugated, narrow band gap copolymers
containing pyridal[2,1,3]thiadiazole (PT) were synthesized
via starting materials that prevent random incorporation of
the PT heterocycles relative to the backbone vector. Two
regioregular structures could be obtained: in one the PTs are
oriented in the same direction, and in the other the orien-
tation of the PTs alternates every other repeat unit. Com-
pared to their regiorandom counterparts, the regioregular
polymers exhibit a 2 orders of magnitude increase of the
hole mobilites, from 0.005 to 0.6 cm”> V' s, as deter-
mined by field-effect transistor measurements.

Narrow band gap 7r-conjugated copolymers comprised of
electron-rich (donor) and -poor (acceptor) moieties give
rise to broad intramolecular charge-transfer excitations that can
be tuned to match the solar spectrum and can organize in the
solid state so that suitably high charge carrier mobilities can be
achieved."” A well-appreciated class of polymers incorporates
cyclopenta[2,1-b:3,4-b' |dithiophene (CDT) and 2,1,3-benzothi-
adiazole (BT) comonomers.’ More recently, the pyridal[2,1,3]-
thiadiazole (PT) acceptor has been used instead of BT; this
modification results in higher electron affinity in the backbone
and leads to narrower optical gaps.* It should be noted, however,
that the N (PT) for C—H (BT) substitution also reduces the
symmetry of the repeat unit.
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Regioregular conjugated polymers exhibit better s-stacking than
their regiorandom counterparts.>® A classic example involves regiore-
gular poly(3-alkylthiophene), for which higher crystallinity, red-shifted
optical absorption, and larger charge carrier mobilities are ob-
served when the monomers are arranged in a head-to-tail con-
ﬁguration.6 Other polymer architectures exist, such as poly(2,5-
bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene) (pBTTT), in
which centrosymmetric comonomer units naturally lead to sym-
metric backbone structures and thereby alleviate synthetic concerns.”

It seemed reasonable that similar structural considerations
should apply to PT-containing polymers. As shown in Scheme 1,
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Scheme 1. Regiochemically Precise PT-Containing Alter-
nating Copolymer Structures”

Type Il

“Ar corresponds to a symmetric 7T-conjugated structural unit. The
arrows indicate the difference in heterocycle orientation.

alternating copolymers containing PT may exhibit two possible
regioregular structures. In type I, the PT heterocycles are posi-
tioned along the chain vector so that the pyridal nitrogens point
in same direction. Type II illustrates the situation when the PT
heterocycles alternate in orientation. One outcome from these
considerations is that type I contains a smaller repeat unit, defined
here as the chemical entity with which translational symmetry can
describe the entire chain. In this contribution, we provide synthetic
strategies for accessing PT-containing polymers of types I and II
and show that these materials have considerably higher charge
carrier mobilities relative to those obtained using conventional
condensation polymerization procedures.

Our synthetic approach to regioregular PT-containing polymers is
centered on the chemistry of 4,7-dibromo[1,2,5]thiadiazolo[3,4-c]-
pyridine (PTBr,). On the basis of the reactivity of 2,5-dibromo-
pyridine, it was anticipated that Pd-mediated cross-coupling of
PTBr, with stannylated aromatic compounds would preferen-
tially occur at C—Br adjacent to the pyridal N atom.® Scheme 2a
shows how this reactivity can be used to synthesize poly[4-(4,4-
dihexadecyl-4H-cyclopental 1,2-b:5,4-b' ] dithiophen-2-yl)-alt-[1,2,5]-
thiadiazolo[3,4-c]pyridine] of type I, i.e, P1. Microwave-
assisted crosscoupling of (4,4-dihexadecyl-4H-cyclopenta[ 1,2-
b:5,4b’]dithiophen-2-yl)trimethylstannane (M1) and PTBr, in
the presence of Pd(PPh;), affords CDT-PT-Br (M2) in yields as
high as 90%. The proposed regiochemistry was confirmed by
"H-'H NOE spectroscopy (Figure S1 in the Supporting
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Scheme 2. Synthesis of P1, P2, and P3
(a) >

NN
Cretlsz  CroHy - Cretay JOT LN
N o )br N NN LDA, THF
/ 3 N BusSnCl
SnMeg ———— > f ——
S ) Pd{PPh3),, Toluene 78 °C, 30 min;
w1 MW 170 °C for 40 mins M2, yield 90% then 25 °C for 3 hrs
CieMsy CigHay S, CisMaz CigHys
NN $
j N Pd(PPhg)s, Xylenes
_ A Ns)a AYIENES
BusSn S S \N Vi Br MW 200 °C for 40 mins

M3, yield 75%
(b) 5.

N N
L)
2 Br— Br
N7
Pd(PPhj3)4, Toluene

MW 170 °C for 40 min
ma MS, yield 92%

CreHag CisHaz

Me;Sn <S/ S\ SnMe;

CioHsz CigHas .S, CieHas CigHyy S,
NN s N° N

M4

- .
Pd(PPhj),, Xylenes
MW 200 °C for 40 mins

P2, yield 85%

(c)

CieHss CrgHss .S

NN
. PdPhsl 7N [ \ - 7
i 3 4@7 3)4
WS Snite; + B Br —————
SSRGS T BTN ST Tgenes 87 | 87 8T N/ s
CH, Y =

MW, 200 °C
40min X=N,Y=CHorX=
P3, yield 86%

CigHss CieHas S,

M4

Information (SI)), where no cross-correlation peaks can be
observed between CDT and PT proton resonances.* Treatment
of M2 with lithium diisopropylamide (LDA), followed by
quenching with tributylstannyl chloride (BusSnCl), gave BusSn-
CDT-PT-Br (M3) in 75% yield. Polymerization of M3 using
Ph(PPhs), as the catalyst in xylenes afforded P1. The fact that
the two reactive functional groups involved in the polymerization
sequence are introduced within a single precursor ensures strict
alignment of structural units along the polymer. All the polymers
described here were capped with thiophene units to minimize residual
Br and Sn terminal groups.”

A different approach was required to prepare an analogous
polymer of type II. The building block requires an aromatic subunit
in which two pyridal nitrogens are oriented toward a central CDT
fragment. As shown in Scheme 2b, reaction of (4,4-dihexadecyl-
4H-cyclopenta[1,2-b:5,4-b]dithiophene-2,6-diyl)bis(trimethyl-
stannane) (M4) with PTBr, yields the target compound Br-PT-
CDT-PT-Br (MS). Note the high yield of the reaction (92%) and that
a perpendicular plane of symmetry in M bisects the cyclopentadienyl
core and contains the two a-carbons in the alkyl chains. Polymeriza-
tion of M4 and MS$ gave the regioregular copolymer P2.

As shown in Scheme 2¢, the PT-CDT copolymer P3 was
prepared by using a standard one-pot polymerization involving
M4 and PTBr,. Given the regioselectivity of the reaction
between PTBr, and stannylated species, one may anticipate
some bias in the structure of P3; however, it is unlikely to be
as perfect as that achieved with P1 and P2. Indeed, characteriza-
tion of the polymers by NMR spectroscopy shows this to be the
case, as discussed in more detail below.

Polymers P1—P3 are poorly soluble in common organic solvents.
Two batches of different molecular weights were prepared for
each type by controlling the reaction conditions. Low molecular
weight P1 (M,, = 8 kDa, ~10 repeat units, polydispersity (PDI) =
1.9) was prepared by adding the catalyst under air before the
microwave tube was sealed for polymerization. P2 (M,, = 15 kDa,
PDI = 1.9) and P3 (M, = 12 kDa, PDI = 2.2 were prepared by
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Figure 1. (a) Molecular structures of PT-CDT-PT moieties, and *C
NMR spectra in 0-DCB-d, at 110 °C for (b) P1, (c) P2, and (d) P3.

adding 10 mol % excess M4 in the polymerization reaction. The
more soluble, lower molecular weight samples were used for sol-
ution NMR characterization. Charge carrier mobilities (described
in more detail below) were determined with samples of higher
molecular weight (P1, M,, = 28 kDa, PDI = 1.9; P2, M,, = 34 kDa,
PDI = 3.1; P3, M,, =40 kDa, PDI = 2.5). Analysis of all the samples
by standard differential scanning calorimetry revealed no distinct
phase transition upon heating up to 300 °C (Figure S2).

Insight into the polymer regiochemistry was obtained by
NMR analysis of the low molecular weight samples. Peaks in
the 'H NMR spectra proved too broad and lacked a sufficient
range of chemical shifts for differentiation (Figure S3). However,
as shown in Figure 1, the "*C NMR signals from the dithiophene
bridge carbon (Ccpr) proved diagnostic. Consideration of the
structure led us to anticipate three unique signals, denoted as i, i,
and iii in Figure la, assuming that the chemical shifts are
determined predominantly by the relative positions of adjacent
PT units. A single resonance for Ccpr, corresponding to struc-
ture iii, should be observed if P1 is described by a type I structure.
Indeed, as shown in Figure 1b, one signal at 54.6 ppm dominates
the spectrum; we attribute the smaller contribution at 54.1
ppm to end group contributions. Note that the average degree
of polymerization is consistent with the ratio of integrated signals
(10:1). Two signals, from structures i and ii, would be indicative
of structure P2. The peaks at 54.6 and 54.4 ppm in Figure lc
show that this is the case, although it is not possible to make
unamb1§uous assignments. Less precision would be expected for
P3;its °C NMR spectrum in Figure 1d reveals three peaks (54.6,
54.5, and 54.4 ppm), which can be reasonably accounted for by a
statistical contribution from the three possible substructures i, i,
and iii. Overall, these data are consistent with the proposed
regioregular structures of P1 and P2 and reveal that a consider-
ably less precise arrangement of comonomer units is obtained via
the standard protocol in Scheme 2c.

Solution and thin-film UV—vis—near-infrared absorption
spectra of P1, P2, and P3 are presented in Figure 2. With the
samples both in 1,2-dichlorobenzene (0-DCB) solutions at 25 °C
and as thin films, the maximum absorption (4,,.,) exhibits a
gradual bathochromic shift from 880 nm for random P3, to
885 nm for P2, and 930 nm for P1. No distinct red shift in A, is
observed for all three polymers after transitioning to the solid
state. In comparison to the solution at 25 °C, heating the 0-DCB
solutions to 110 °C reveals hypsochromic shifts to 810 nm for
P1, 805 nm for P2, and 800 nm for P3, which suggest breakup
of aggregated chains (Figure S4).'° The optical band gaps
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Figure 2. Absorption spectra of P1, P2, and P3 (1.0 x 10 ° g/mL) at
25 °C in 0-DCB (a) and as thin films (b).

Table 1. CV, Photophysical, and FET Measurements of
P1-P3

polymer P1 P2 P3
Enomo/ELumo® [6V]  —5.07/-3.70  —5.16/-3.70  —523/-3.69
E™ [eV] 1.37 1.46 1.54
A/ A ™ [nm]  930/920 885/885 880/870
ESP [eV] 1.09 L12 115
U’ [em®> V1 s7] 0.4 (0.3) 0.6 (0.5) 0.005 (0.005)
Lon/Log 2 x 10° 2 x 10* 1 x 10*

“ Highest occupied molecular orbital energy level calculated from the
onset of oxidation, and lowest unoccupied molecular orbital energy level
calculated from the onset of reduction. ” Energy band gap calculated from
the difference between Epomo and Epymo. “Maximum absorption at
25°C in 0-DCB and in films. ¢ Energy band gap calculated from the onset
of film absorption band. “ Highest FET hole mobilities in the saturation
regime; average values based on 20 devices are shown in parentheses.

determined by the absorption onset in films are 1.09—1.15 eV.
Altogether, these data indicate that regioregularity decreases the
band gap of the polymers; however, it is unclear at this stage
whether this change is due to increased delocalization, i.e.,
improved coplanarity of the repeat units, or to effects associa-
ted with the influence of organized dipoles on the efliciency of
charge transfer among the donor and acceptor substructures.

Cyclic voltammetry (CV) measurements were carried out to
probe the influence of polymer structure on the frontier molec-
ular orbitals.'* A summary of the results is in Table 1; full details
can be found in the SI (Figure SS and Table S2). P1—P3 exhibit
similar lowest unoccupied molecular orbital (LUMO) energy
levels (Epumo =~ —3.7 eV), because E;ymo of such donor—
acceptor colpolymers mainly resides on the electron-withdrawing
PT unit.**'? However, the highest occupied molecular orbital
(HOMO) is raised in energy by ~0.16 eV for P1 (Egomo =
—5.07 eV) relative to P3 (Egomo = —S5.23 eV). The slightly
raised Eyomo for P1 and P2 could be attributed to the more
ordered PT orientation, which would improve the HOMO
wave function delocalization along the polymer main chain."* We
recognize that there are inherent problems in determining accurate
Exomo and Ejpymo energies from CV measurements.'’ None-
theless, the electrochemically determined band gaps correlate well
with those determined by optical spectroscopy (see SI).

Of primary interest to us was to determine to what degree the
backbone structure would impact the charge carrier mobility.
Bottom gate, top contact field effect transistors (FETs) with the
architecture Si/SiO,/OTS8/copolymer/Ag were fabricated by
spin-casting from 0.5 wt % of polymer solution (o-DCB for P1,
chlorobenzene for P2 and P3; these solvents provide the best
performance for each polymer structure) at 2000 rpm for 1 min
at room temperature. Note that the high molecular weight
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Figure 3. FET characteristics of P1, P2, and P3 spin-coated on OTS8-
treated SiO,/Si substrates (L = 20 um, W = 1 mm): (a) output curves
taken at Vg = —60 V, curve for P3 was the result multiplied by 100; (b)
transfer curves displaying the saturation regime with Vi, = —60 V. The
mobility values were calculated from the dashed lines in panel b.

samples were used for this purpose. The substrate comprised a
highly n-doped silicon wafer with a 200 nm thick SiO, gate dielectric
treated with octyltrichlorosilane (OTS8). Figure 3 shows the
resulting output and transfer I—V characteristics obtained by
sweeping the gate bias (V;) from —60 to 10 V under a sour-
ce—drain bias (V) of —60 V. Both linear and saturation regimes
demonstrate p-type-dominated FET behavior. The regioregular
polymers exhibited excellent hole mobilities of 0.4 and 0.6 cm”
Vs~ ! for P1 and P2, respectively. Comparatively, the mobility of
the regiorandom polymer P3 was estimated to be 0.005 cm® V'
s, significantly less than that of the regioregular structures. The
current on/off ratios (I,,/Iog) for all FETs are 10°—10* Mobility
values and current on/off ratios at room temperature are in Table 1.
The ~2 orders of magnitude increases of hole mobility for P1 and
P2, compared to that of the regiorandom copolymer P3, indicate
the importance of regioregularity for achieving optimal electronic
properties. Hole-only diodes (Figure S6) showed a similar trend,
where the mobilities of P1 (1.8 X 10 *em*V 's™ ') and P2 (2.9
x 10~ *cm® V' s7") are comparable and are 1 order higher than
that of P3 (1.5 x 10 ° cm®* V™ 's7").

Figure 4 shows the surface topography images obtained by
atomic force microscopy (AFM) of P1, P2, and P3 films used to
obtain the best-performing FETSs. It was found that all three
polymers form smooth films with surface roughness of 2.4, 0.62, and
0.67 nm, respectively. P1 exhibits connected fiber-like structures
with average length of 177 nm and width of 34 nm. The P2 thin film
also shows shorter fibers, with width and length of ~127 and 45 nm,
respectively, and is slightly smoother than P1. Even though the
roughness of the P3 film is similar to that of P2, ordered structures
are observed only in smaller regions of the film. These images show
evidence that the regioregular structures provide higher order bulk
organization, at least at the surface of the films.

Grazing incident wide-angle X-ray scattering (GIWAXS) measure-
ments of P1—P3 were also carried out to obtain further insight into
possible differences of structural order within the bulk (Figure S7).**
Reflections with strong intensities are observed, which indicate the
presence of crystallographic planes with sufficiently large correlation
lengths. Distinct differences can be observed for peaks at low g values
(2—6 nm™ ") that report on the separation between the polymer
chains as determined by the alkyl side chains.” Specifically, in the
second-order alkyl reflection region, g = 492 nm ' for P1and P2 and
g = 507 nm ™" for P3. Such differences suggest that P3 forms a
crystallite with a different stacking arrangement than P1 and P2. The
results are consistent with the idea that backbone regioregularity bears
a direct impact on the structural arrangement of the chains.

In summary, two regioregular copolymers built using
CDT and PT structural units have been prepared by using
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Figure 4. Tapping-mode AFM height images (2 X 2 um) of P1 spin-
coated from 0.5% o-DCB solution (a), P2 spin-coated from 0.5%
chlorobenzene solution (b), and P3 spin-coated from 0.5% chloroben-
zene solution (c) atop a Si/SiO,/OTS8 substrate.

polymerization reactions involving reactants specifically designed to
avoid random orientation of the PT heterocycle. It is also found that
the standard polymerizations involving PTBr, and distannylated
CDT reagents yield products with less precise structures. Regioregu-
larity modifies the optical properties and the electronic structure of the
materials. More relevant to the design of materials for optoelectronic
devices, it is found that the regioregular P1 and P2 exhibit much larger
hole mobilities, within both FET and diode configurations. These
observations are consistent with the higher degree of structural order
within the resulting thin films, as indicated by AFM and GIWAXS
characterization. We recognize that further structural characterization
is required for understanding the exact interchain organization at the
dielectric interface in the FET devices, and this is the subject of an
ongoing study. From a broader perspective, it is worth highlighting
that these guidelines for achieving structurally more precise narrow
band materials are relevant within the context of bulk heterojunction
polymer solar cells, where balanced charge carrier transport improves
power conversion efficiencies."®
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