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ABSTRACT: Side-chain sequence enabled regioisomeric acceptors, bearing different side-chain
sequences on the same conjugated backbone, are herein reported. Two regioregular polymers
PTBI-1, PTBI-2, and one regiorandom polymer PTBI-3 were synthesized from these two
regioisomeric acceptors for a comparative study. UV-Vis-NIR absorption spectroscopy and

electrochemical study confirmed similar frontier molecular orbital levels of the three polymers in



their solid state. More intriguingly, absorption profiles suggest that the sequence of side chains
greatly governs the aggregation behaviors. Furthermore, the PTBI-2 film shows larger ordered
domains than PTBI-1 and PTBI-3 films, as supported by AFM and GIWAXS measurements. As
a result, PTBI-2-based FET devices achieved an average hole mobility of 1.37 cm?V-'s!, much
higher than the two polymers with other side-chain sequences. The regiorandom PTBI-3 exhibited
the lowest average hole mobility of 0.27 cm?V-!s™!. This study highlights the significant impact of
side-chain sequence regioisomerism on aggregation behaviors, morphologies, and subsequently

charge transport properties of donor-acceptor type conjugated polymers.

Introduction

Donor-acceptor (D-A) type conjugated polymers have attracted a great deal of attention as organic
semiconductors in printed and flexible electronics because of the versatile chemistry available to
tune their optical and electronic properties.!™ This potential has spurred the development of
numerous m-conjugated polymer systems.> In molecular design of D-A polymers, side chain
engineering has proved to be effective in tuning electronic and morphological properties of
resulting polymer thin films.!%"!® Rational combination of different side chains is one of such
strategies.!” 2! There are generally two approaches to introduce a combination of side chains. The
first approach deals with the copolymerization of two monomers bearing the targeted side chains
(Scheme 1a). For an example, Zhang et. al. developed a DPP (diketopyrrolopyrrole) monomer
bearing urea-containing alkyl chains.!> Changing the ratio of the urea-chain DPP monomers to the
branched-alkyl-chain DPP monomers in polymerization provided a series of DPP random
copolymers with enhanced charge mobilities. The second approach involves a single monomer

bearing two different side chains, which would produce alternating copolymers (Scheme 1a). We



previously reported such an isoindigo building block with one alkyl chain and one siloxane hybrid
chain.?? The corresponding polymer thin films adopted bimodal packing orientation and exhibited

improved charge transport performance.

The presence of different types of side chains brings up the issue of side-chain sequence
along the polymer backbones. It has been repeatedly shown in the case of polyalkylthiophenes that
the side-chain sequence affects both physical and electronic properties.>* (Scheme 1b) However,
little has been known about side-chain regioisomerism in D-A polymers.?*?> Herein, we
demonstrate for the first time side-chain sequence enabled regioisomeric acceptors for D-A
copolymers based on the bis-thieno-benzo-isoindigo (bis-TBI) acceptor-acceptor type building
block. (Scheme 1¢) Owing to its convergent synthetic approach, two pairs of side chains can be
efficiently mounted onto bis-TBI compound.?® In the current study, bulky branched alkyl chains
(B) and linear alkyl chains (L) are placed in two different sequences along the backbones,
providing side-chain regioisomeric monomers bis-TBI-1 with a branched-linear-linear-branched
(BLLB) side chain sequence and bis-TBI-2 with a linear-branched-branched-linear (LBBL) side
chain sequence. It is worth noting that the two monomers share an identical conjugated core but
with different side chain sequences away from the charge transport pathway, hence they are a
different category of isomers than P3AT-like regioisomers. The corresponding D-A copolymers
PTBI-1, PTBI-2, and a regiorandom copolymer PTBI-3 with mixed bis-TBI moieties are
subsequently prepared to investigate the impact of side-chain-sequence regioisomerism on

aggregation behaviors and charge transport properties of the polymers.

Scheme 1. Previous work, and illustration of the design rationale for bis-TBI regioisomeric

acceptors
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Results and discussion

Synthesis and characterization. The synthesis of PTBI polymers follows a similar
convergent synthetic route we previously developed for bis-TBI moieties,?® as illustrated in
Scheme 2. The core bis-thieno-isatin 3 bearing one type of side chain and the side moiety oxindole
5 bearing the other type were synthesized in good yields. After an aldol condensation reaction of
compounds 3 and 5, regioisomers bis-TBI-1 (with BLLB sequence) and bis-TBI-2 (with LBBL
sequence) were obtained in 76% and 86% yield respectively. Subsequently, Stille polymerization
of bis-TBI monomers with bithiophene ditin compound 6 provided two regioregular PTBI
polymers PTBI-1, PTBI-2 in 85% and 83% yields. The regiorandom PTBI-3 were also synthesized
from the 1:1 bis-TBIs mixture and compound 6, giving a 79% yield. Due to solubility issue, all
polymerizations were carried out for 1 h. The synthesis detail is described in the Supporting

Information. All polymers were purified by the Soxhlet extraction and fully characterized.



Molecular weights of PTBI polymers were evaluated by high-temperature gel permeation
chromatography (Figure S1). All of PTBI polymers were estimated to have number-average
molecular weights around 9 KDa and polydispersity indices (PDI) around 1.5. Similar molecular
weight and polydispersity exclude the potential molecular weight effect when comparing PTBI

polymers.?’

Scheme 2. The synthetic route to bis-TBI monomers and PTBI polymers

CioHaq

CioHas

b-NH,

R,=R,, 1a R,=R,, 2a R,=R,, 3a
Ry=Ryp, 1b Ry=Ry, 2b R4=Ry, 3b

o] [o] N
o Ny — . N — " Ry=Ry, Ry=R,, bis-TBI-2
H R» Ry

R.=R,, R;=Ry, PTBI-1
6 Rz Ry=Ry, Ry=R,, PTBI-2
R{=R, Rz=R, or R4=R;, R;=R,, PTBI-3

R;=R,, R,=Ry, bis-TBI-1
R;=Ry,, Ry=R,, bis-TBI-2

a) potassium phthalimide, DMF, 80 °C, overnight, 90%; b) Hydrazine hydrate, MeOH, reflux,
12 h, 95%:; c) alkylamine, Cul, K3PO4, DMEA, 80 °C, 48 h; d) Oxalyl chloride, NEt;, DCM, 0 °C
to RT, overnight, 26% (2a) / 17% (2b) over two steps; e) AgF, Pd(OAc),, DMSO/dioxane, 90 °C,
24 h, 47% (3a) / 60% (3b); f) K»COs, alkyl halide, DMF, 100 °C, overnight, 69% (4a) / 83% (4b);
g) Hydrazine hydrate, DMSO, 130 °C, 24 h, 61% (5a) / 71% (5b); h) PTSA, Toluene, 110 °C, 12
h, 76% (bis-TBI-1) / 86% (bis-TBI-2); 1) Pdx(dba)s, P(o-tol)s, Toluene, 110 °C, 1 h, 79%-85%.



Electrochemical and Optical Properties. The redox properties of PTBI polymers were
evaluated by cyclic voltammetry (CV) and differential pulse voltammetry (DPV). Cyclic
voltammograms of all polymer thin films show similar redox profiles and quasi-reversible redox
behavior (Figure 1). HOMO/LUMO energy levels of PTBI polymers were estimated from the
respective redox onset potentials of both CV and DPV. As summarized in Table 1, all three
polymers show similar HOMO/LUMO levels within a range of 0.03 eV. The side-chain sequence
has little impact on electrochemical properties of PTBI polymers. It is worth noting that for
polymers having alkyl chain substitution positions directly on aromatic rings (i.e. P3AT-like side-
chain regioisomers), their regioisomers typically present a noticeable HOMO/LUMO energy level

difference.>**>%8
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Figure 1. a) Cyclic Voltammograms of PTBI-1 (black), PTBI-2 (blue) and PTBI-3 (red); b)
Differential pulse voltammograms of PTBI-1 (black), PTBI-2 (blue) and PTBI-3 (red). All
polymer thin films were tested in propylene carbonate with 0.2 M n-BusNPFs as supporting

electrolyte (scan rate: 20 mV s™').



Photophysical properties of bis-TBI monomers and their polymers were characterized by
solution and solid-state UV-Vis-NIR spectroscopy. As shown in figure 2a, two bis-TBI monomers
bis-TBI-1 and bis-TBI-2 exhibit identical absorption profiles in diluted chloroform solutions,
suggesting that their absorption properties are not influenced by the sequence of side chains in
solutions. This observation is in a good agreement with their 'H-NMR spectra collected in CDCl;
solutions, where the two isomers have identical chemical shifts in the aromatic region. (Figure S2)
Unexpectedly, the two isomers exhibit distinctly different absorption profiles in the solid states.
bis-TBI-1 film presents a large blue shift of maximum absorbance (Amax) from 726 nm to 652 nm
from solution to thin film, while bis-TBI-2 film shows a strongly red-shifted absorption with Amax
at 815 nm in thin films. The blue and red shifts are attributed to two different packing motifs with
predominant H- and J- aggregates respectively,?®? highlighting the crucial rule of the side-chain
sequence in the highly aggregated bis-TBI molecules. Side-chain sequence also impacts
photophysical properties of PTBI polymers, as shown by the solution and thin-film absorption
profiles (Figure 2b and 2c¢). All polymers exhibit typical charge transfer peaks from 600 nm to
1100 nm. Peaks at around 950 nm and shoulders at around 870 nm are attributed to origin 0-0 and
sideband 0-/ vibronic transitions respectively. Different from solutions of their monomers, the
absorption spectra of PTBI polymers in dichlorobenzene (0o-DCB) have a noticeable difference.
Although PTBI polymers show nearly overlapped solution absorption profiles and Amax, the
relative intensities of 0-0 and 0-1 vibrational peaks of these polymers are different. It suggests that
PTBI polymers form different pre-aggregates in solution. Thin-film absorption spectra of PTBI
spun from ODCB solutions also have clear 0-0 and 0-/ vibrational peaks, indicative of their

different solid-state packing. Identical film absorption onsets at 1047 nm suggest all polymers have



the same optical bandgap of 1.18 eV, consistent with the electrochemical estimations.
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Figure 2. a) Solution and film Absorption spectra of bis-TBI-1 (blue) and bis-TBI-2 (red) in
chloroform (1.0 x 10> M) (dashed line) and as film (solid line); b) Absorption spectra of PTBI-1
(black), PTBI-2 (blue), PTBI-3 (red) in 0o-DCB (1.0 x 107> M); ¢) Absorption spectra of PTBI-1

(black), PTBI-2 (blue), PTBI-3 (red) thin films spun from 0-DCB solution.

Table 1. Optical and electrochemical properties of PTBI polymers

Film absorption . [b] Differential Pulse
spectroscopy Cyclic Voltammetry Voltammetry!®!
Polymer
Onset (nm) Eg LUMO HOMO E, LUMO HOMO Eg

(eV)ld (eV) (eV) (eV) (eV) (eV) (eV)
PTBI-1 1047 1.18 4.01 5.42 1.41 4.06 5.28 1.22
PTBI-2 1047 1.18 4.01 5.43 1.42 4.07 5.25 1.18
PTBI-3 1048 1.18 4.01 5.42 1.41 4.08 5.26 1.18

[a] Optical band gaps are estimated from Eg = 1240 nm/Aonset; [b] The HOMO and LUMO energy
levels are estimated from HOMO = — (5.10 + Eox — Erc/rer) and LUMO = — (5.10 + Ered — Erc/rer),
where Eox and Erq are onset potentials.

Film morphology and microstructural analysis. Polymer thin film morphologies were
analyzed by tapping-mode atomic force microscopy (AFM). All PTBI polymer films were spin
coated from 0-DCB solution on OTS-modified Si/SiO» substrates. As depicted in Figure 3, surface

topography images of the PTBI-2 film show a smooth surface with crystalline fibrillar intercalating



networks, while PTBI-1 and PTBI-3 films show less ordered structures and mesh-like
morphologies. PTBI-1 and PTBI-2 have similar root-mean-square (RMS) roughness of 0.69 and
0.64 nm respectively, while PTBI-3 has a slightly rougher surface with RMS roughness of 1.1 nm.
Varying the annealing temperature didn’t change film morphology features (Figure S5). The
comparison of PTBI polymer films provides clear evidence that the microstructure is affected by

side-chain sequence regioisomerism.

Figure 3. AFM height images of PTBI polymer thin films and the corresponding film roughness

along white line profiles in the graphs for each film.

Grazing Incident X-ray Diffraction (GIXRD) measurements of thermally annealed PTBI
polymer films were also carried out to obtain further insights into molecular packing in thin films.

All three polymers show bimodal packing with both edge-on (y = 90° ) and face-on (y = 0° )

orientations of m-m stacking. Such bimodal orientation is considered to be beneficial for charge

transport in the previous reports (Figure S6).!%*%3! Long range ordered lamellar packings up to



(400) peak along face-on direction were also observed for all three polymers. As summarized in
Table 2, the observed shortest -n stacking distance among the three polymers is 3.51 A of PTBI-
2, only slightly shorter than PTBI-1 (3.52 A) and PTBI-3 (3.53 A). The small difference of GIXRD
patterns is distinctly different from P3 AT-like regioisomerism.?*?°8 PTBI-2 in-plane n-7 stacking
was estimated to have a significantly lower full-width half-maximum (FWHM) of 0.098 than
PTBI-1 of 0.129 and PTBI-3 of 0.140, as shown in Figure 4. The same trend was also observed
for out-of-plane (200) lamellar packing peaks. Although the three polymer films were estimated
to have similar lamellar packing distances, PTBI-2 has a much smaller lamellar packing FWHM
than other two polymers. According to Scherrer’s equation, FWHM is inversely proportional to
the crystal coherence length.’> Thus, a lower FWHM value usually implies larger crystalline
domains. These observations are in a good agreement with AFM images, where PTBI-2 film

appears to have a morphology with larger ordered domains.
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Figure 4. In-plane (010) and out-of-plane (200) plots of PTBI-1 (black), PTBI-2 (blue), PTBI-3

(red) and their fitted curves.

Table 2. Summary of 2D-GIXRD data and FET device performance of PTBI polymers

10



- FWHM | lamellar FWHM Mave Wmax v
Polymer | distance | in-plane | distance out-of- (cm?*V! | (cm*V! | Lowosr (Vt';
(A) (010) (A) plane (200) s s
0.40 £ 4 | -8
PTBI-1 3.52 0.129 24.6 0.109 0.065 0.53 10 4
PTBL2 | 3.51 | 0098 | 246 0.095 L3751 50 |10t | 3F
0.36 3
0.27 + 4 | -8%
PTBI-3 3.53 0.140 24.8 0.114 0.070 0.43 10 3

Charge transport measurements. To what extent side-chain sequence would impact
charge transport properties is our primary interest of this study. Therefore, both field effect
transistor measurements and space-charge-limited current (SCLC) method were employed to
characterize charge mobilities of PTBI polymers. Details of the device fabrication are described
in the Supporting Information. FET Devices of all PTBI polymer thin films with bottom-gate
bottom-contact (BGBC) architecture and Au contacts under ambient conditions displayed p- type
characteristics. (Figure 5) Charge mobilities of all polymers were calculated based on more than
15 devices. The average mobilities of PTBI-2, PTBI-3 and PTBI-3 were estimated to be 0.40, 1.37
and 0.27 cm®*V-!s™! respectively, and their corresponding highest mobilities were 0.53, 2.22 and
0.43 cm?*V-!s!. The current on/off ratios for all FETs are around 10*. The SCLC mobilities
measured from hole-only diodes showed consistent trend with FET mobilities, where the
mobilities of PTBI-2 (2.04 x 102 cm*V's™!) were highest, PTBI-1 (1.85 x 102 cm*V's™!) being

the second highest and PTBI-3 (4.67 x 103 cm?*V-!s™) being the lowest. (Figure S7)

11
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Figure 5. Representative transfer and output curves of PTBI-1, PTBI-2 and PTBI-3 thin film

transistor devices.

The highest performance of PTBI-2 can be attributed to its fibrillar morphology and largest
crystalline domain, as observed from AFM and 2D-GIXRD measurements. Similarly, poor

performance of PTBI-3 film may result from the smallest crystalline domain, reconfirming

negative effects of regiorandom structures on polymer optoelectronic properties.?**>** Intriguingly,

although PTBI-1 is also a regioregular polymer like PTBI-2, noticeable differences were observed

in solid state aggregation, morphology, crystalline domain size, and consequently device

12



performance of the two polymers. A possible reason for such differences is the steric effect of side
chains between repeating units, as supported by many reports.?!**~3 Density functional theory
calculations predicted a good planarity within the bis-TBI accepting moiety and twisted
conformation between the donors and acceptors.? It is likely that the steric repulsion of side chains
between bis-TBI and bithiophene (rather than inside the bis-TBI moiety) has a larger impact on
the polymer chains. If the steric repulsion of side chains plays a role, the example of PTBI1- and
PTBI-2 pairs provides a scenario implying that moving bulky solubilizing side chains inside the
planar or rigid moiety could help improve charge transport properties. Considering most long
rigid/fused conjugated building blocks have bulkier branched side chains at sides of moieties,***

this side-chain regioisomerism strategy may serve as versatile tool to optimize the structure for

enhanced charge transport purposes.

Conclusion

In summary, side-chain sequence enabled regioreisomeric acceptors for D-A type
copolymers are first demonstrated. Starting with these bis-TBI monomers, three polymers PTBI-
1, PTBI-2 and PTBI-3 were synthesized and fully characterized. The three polymers are similar in
their frontier orbital energy levels but have distinct aggregation states in thin films. AFM and 2D-
GIXRD measurements indicate that the PTBI-2 thin film shows smooth fibrillar morphology and
the largest ordered domains. As a result, PTBI-2 FET devices achieved the highest hole mobility
of 2.22 ecm?V-!s™!, much higher than other two polymers with different side-chain sequences. We
anticipate that the strategy of side-chain sequence regioisomerism could be applied in future design

of building blocks for functional D-A type semiconducting polymers.
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