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We report here the synthesis and physico-chemical characterization of a series of donor—acceptor
(D—A) copolymers consisting of 4,7-di(2-thienyl)-2,1,3-benzothiadiazole and isoindigo building blocks,
which have been progressively fluorinated with the aim of enhancing intrachain interactions and thus
increasing their electrical performances in organic field effect transistors (OFETs). The effect of the
polymeric partially locked conformations, upon fluorination, on the material properties has been
comprehensively analyzed by means of spectroscopic (UV-vis-NIR and Raman) and electrochemical
techniques and density functional theory (DFT) calculations. Raman spectroscopy highlights that the
impact of gradual fluorination on the molecular and electronic properties is highly dependent on the
building blocks into which the fluorine atoms are introduced, being a much more efficient strategy to

Received 29th November 2022, add them in the isoindigo unit. Electrical characterization of OFETs also shows that fluorination

Accepted 30th December 2022 progressively increases the polymer coplanarity and electron affinity, varying the electrical performance

DOI: 10.1039/d2tc05073k from low hole dominated charge transport in the unfluorinated polymer to balanced ambipolar charge

transport in the fluorinated ones. The best field-effect mobilities were recorded when fluorine atoms
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Introduction

The rapid development of polymeric semiconducting materials
for organic electronics is motivated by their pronounced advan-
tages over other types of materials, such as low cost, easy
molecular modifications, unique mechanical properties in
terms of flexibility and stretchability,"® material availability,
biocompatibility," ® and high solubility, which allows the use of
numerous processing conditions.”’

In the search for efficient polymeric materials for organic-
electronics, the synthesis of donor-acceptor conjugated poly-
mers has been the most widely used approach to date. Several
electron-accepting building blocks, such as diketopyrrolopyr-
role (DPP),"'" cyclic imides,'>"® benzothiadiazole (BT),"*™°
and isoindigo (IIG),"” have been demonstrated to be important
units and quite efficient. The combination of these acceptor
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with values of 0.1 cm? V™! s7 for both hole and electron transports.

units with different electron-donating groups has yielded either
p-type or n-type polymers with hole and electron mobilities now
exceeding 14 cm® v~ 1 s 11819

In polymeric materials, tuning the film morphology and
crystallinity has been found to be crucial for efficient charge
transport in devices.'® In this sense, planar backbones with
locked conformations, due to the presence of intramole-
cular interactions, are good candidates for high performing
polymers.”> > One of the most widely used approaches is the
introduction of fluorine atoms, which effectively lowers the lowest
unoccupied molecular orbital (LUMO) energy levels for efficient
and air stable n-type mobility, but also allows more ordered thin-
film morphologies and stronger intrachain interactions due to the
locked conformation of the polymer backbones.>**®

To be able to analyse the semiconductor order in thin films,
many experimental techniques have been developed. One of the
most widely used technique is X-ray diffraction, which is
well suited for analysing semi- and crystalline materials.”®*’
However, the signal obtained from organic materials is usually
weak, which limits practicality, and it does not provide any
information on the disordered phases.

Nevertheless, in the case of organic materials it is essential
to control both the ordered and disordered phases present in
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the films, since they are both responsible for the device
performance. Therefore, other experimental techniques are
required to get a broader insight into the transport mechanisms.
Optical spectroscopy methods, in particular resonance Raman
spectroscopy, have been demonstrated to be highly sensitive
techniques to study the molecular order (disorder) and its impact
on the optoelectronic, morphological and charge transport
properties.”® Thus, Raman spectroscopy is a powerful tool to
evaluate the effect of (i) annealing treatments in polymeric
samples®® and/or blends,**?° (ii) substitution with different
heteroatoms in conjugated polymers,®>"** (iii) fluorination
and (iv) side chain branching on molecular conformation and
polymer material properties.®?

Here we present the synthesis and characterization of a
novel series of polymeric materials composed of isoindigo
and benzothiadiazole with a flanking thiophene (T) monomeric
building block (Fig. 1). In our study, we compare the fluorina-
tion of IIG and BT units in order to analyze the effect of
intramolecular interactions on the materials’ electrical perfor-
mances. The impact of progressive fluorination on the opto-
electronic properties of these polymers has been rationalized
through combined spectroscopic (UV-vis-NIR and Raman),
electrochemical and DFT calculations. We hope that the results
of this study pave the way for the subtle control of the degree
of backbone m-conjugation, intra and interchain interactions
as well as thin-film morphologies, which are of fundamental

/\i1
F R= CioHz1

Fig. 1 Chemical structures of semiconducting polymeric materials used
in the current work.
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Table 1 Summary of the molecular weights (M,,), polydispersity indices
(D), and optical and electrochemical parameters of copolymers P1-P4

aMn b/lmaxsn1 C;Lmaxﬁlm dEHOMO dELUMO eEg ngpt
(kba) D  (nm) (nm) (eV) (eV) (ev) (ev)
P1 21 2.0 633 637 —4.81 -3.19 1.62 1.55
P2 24 2.0 614 630 —4.99 —3.28 1.71 1.63
P3 32 2.1 636 642 —5.05 —3.36 1.69 1.50
P4 29 2.1 634 637 —5.17 —3.46 1.71 1.61

“ Determined by gel permeation chromatography (against polystyrene
standards) in chlorobenzene at 80 °C. b Jmax in 10~% M chlorobenzene
dilute solution. ¢ Spin-coated from the chlorobenzene solution onto a
glass surface. ¢ Eromo/Erumo = [—(Fonset — Fonset (FC/Fc* vs. Ag/Ag")) —
4.8] eV, where 4.8 eV is the energy level of ferrocene below the vacuum
level and the formal potential Eqpgec (Fe/Fc” vs. Ag/Ag") is equal to 0.46 V.
¢ Electrochemical bandgap: E;I = Eoyjonset — Eredjonset-* Optical bandgap:
EgP' = 1240/ Jeqge-

importance for designing new derivatives with improved semi-
conducting performance.

Results and discussion
Synthesis and characterization

The copolymers P1-P4 were synthesized via cross-coupling
polymerization as described in the ESIf (Scheme S1). The
number average molecular weights (M,) and polydispersities
(P) of the copolymers P1-P4 were measured, resulting in
moderately high molecular weights in the range of M, =
21-32 KDa with a D of 2.0-2.1 (Table 1).

Density functional theory calculations

To gain a perception of the effect of progressive fluorination on
the molecular ground-state geometry, with the aim of under-
standing the intra- and intermolecular interplay interactions,
packing motifs and charge transport properties, DFT calcula-
tions were performed. Since backbone conformation strongly
depends on the rotational freedom of the single bonds con-
necting the (hetero)arene moieties, a preliminary conforma-
tional analysis for the monomeric units of P1-P4 polymers was
carried out (see Fig. S1, ESIT). Once the most stable conforma-
tion of each system was characterized, monomeric units
were next linked to create dimeric models corresponding to
the respective P1-P4 backbones, which were studied at the
B3LYP/6-31G** level of theory, as shown in Fig. 2. Note that the
calculations were double checked using the ®B97X-D func-
tional, and the results, which are comparable to the B3LYP
ones, are presented in the ESIt (Fig. S2).

The results obtained indicate a lack of severe distortions in
the conjugated skeleton of the parent P1 copolymer, with
dihedral angles that fluctuate between 0 and 21°.

Fluorination of the BT unit in P2 produces a slight planar-
ization of the dihedral angle between the acceptor moiety and
the adjacent thiophene rings compared to the nonfluorinated
counterparts (from 6° for P1 to 1° for P2). This can be attributed
to the through-space interaction between the sp® lone pair
electrons of the fluorine atoms and the C-S antibonding
orbitals of the adjacent thiophene ring.***> Note that the most

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Top and lateral views of the optimized geometries (at the B3LYP/
6-31G** level of theory) for the dimeric models of P1 (a), P2 (b), P3 (c) and
P4 (d) polymers. The dihedral angle values between selected rings are also
shown.

notable distortions in P1 and P2 were observed between the IIG
acceptor moiety and the adjacent thiophene ring, where no
sulfur—fluorine (S- - -F) interactions are possible. However, after
fluorination at the a-position of this acceptor IIG unit, this
dihedral angle was significantly decreased from 22° in P1 to 4°
in P3, demonstrating the presence of additional S---F inter-
actions, that further planarize the conjugated skeleton in P3.
Interestingly, the fluorination in P3 not only has a notorious
effect on the aforementioned interring torsional angle, but it
also has a slight effect on the internal planarization of the IIG
acceptor unit, with torsional angles of 12° and 9° for P1 and P3,
respectively. Following the progressive fluorination of the poly-
mer backbone, the tetra-fluorinated P4 copolymer shows an
almost planar skeleton due to the cooperative effects which
are observed for the di-fluorinated P2 and P3 systems, with
dihedral angles that fluctuate between 0 and 9°. It should
be noted that polymer coplanarity is directly related to the

This journal is © The Royal Society of Chemistry 2023
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percentage of backbone fluorination due to intramolecular
interactions. In fact, the presence of S---F intramolecular
noncovalent interactions on the D-A units can be confirmed
by the fact that the calculated S- - -F distances for the IIG-T and
BT-T units are significantly shorter (2.73 A) than the sum of the
van der Waals radii for S---F (3.27 A). In summary, the higher
the degree of fluorination, the more coplanar the polymer
backbone, and this effect is especially remarkable when
fluorine atoms are introduced into the IIG acceptor units.

Progressive fluorination may also have an impact on the
chemical aromaticity and electronic delocalization of the mate-
rials. To analyse this, the successive single-double CC bond
length alternation (BLA), as an aromaticity criterion, was calcu-
lated for the dimeric models. In this sense, BLA values closer to
zero indicate an increasing quinoidization.

On the basis of the calculated data, shown in Fig. S3 (ESIt),
the aromaticity of these systems is significantly affected by the
fluorination degree which translates into a modulation of the
n-conjugation extent. In particular, when compared to the
reference P1 copolymer, the DFT-calculated BLA values show
a gradual increment of the quinoidal character for the thio-
phene ring localized between both the IIG and BT acceptor
moieties upon progressive fluorination (with BLAg, values
range from 0.030 ppm for P1 to 0.018 ppm for P4), while the
acceptor groups still retain its partial aromatic character. This
can be explained in terms of the coplanarity enhance-
ment going from P1 to P4, as previously pointed out, which
improves the electronic delocalization in consonance with the
more quinoid-like structure of the polymeric backbone upon
fluorination.

The enhanced coplanarity and n-conjugation upon fluorina-
tion, observed in the studied compounds, can have intra- and
intermolecular effects, directly affecting the molecular and
electronic properties, molecular packing and active layer mor-
phology, which we will discuss in detail below.

Optical properties

A comparison of the UV-vis-NIR absorption spectra for the four
copolymers, P1-P4, in both solution and thin film states is
depicted in Fig. 3, and relevant data are summarized in Table 1.
The experimental absorption spectra were rationalized with the
help of time-dependent DFT (TD-DFT) calculations, and the
simulated UV-vis absorption spectra are shown in Fig. S4 and
S5 of the ESI.{ All the polymers exhibit similar spectral profiles
with typically dual-absorption bands (Bands I and II) in
solution and thin film states. The most intense absorption
band, extending from 400 to 800 nm, is mainly attributed to a
one-electron excitation from the highest occupied molecular
orbital (HOMO) delocalized over the n-conjugated backbone to
the LUMO mainly localized on both the IIG and BT acceptor
moieties. The absorption in both solution and solid states
follows the same trend. Scrutiny of the spectra reveals that
the maximum absorption wavelength (A,.x) of P2 was blue-
shifted (7 and 16 nm for the solution and solid state, respec-
tively) compared with the parent P1 (see Table 1). The observed
behaviour was contrary to the expected one, since fluorine

J. Mater. Chem. C, 2023, 11, 8027-8036 | 8029
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Fig. 3 UV-vis absorption spectra of 10~* M chlorobenzene solution vs.
thin film for copolymers P1-P4.

atoms are strongly electron-withdrawing with an induction
effect, and consequently the acceptor ability should have been
enhanced. However, in this case the introduction of the fluorine
atoms into the BT unit has a greater stabilization effect on the
HOMO (0.18 eV) than on the LUMO energy level (0.09 eV), giving
rise to an increase in the optical bandgap (see Table 1).

In contrast, the inductive effect of the fluorine atoms
introduced into the IIG unit in P3 has an opposite effect,
resulting in the lowest optical bandgap across the series (1.50 eV).
This indicates the increase of the electron withdrawing ability of
the IIG acceptor, which is confirmed by the slight bathochromic
shift (of around 3-5 nm) observed in P3 with respect to the non-
fluorinated copolymer P1.>**® These two effects are cooperative in
P4, as the measured optical bandgap with a value of 1.61 eV is in
between those for the partially fluorinated P2 (1.63 V) and P3
(1.50 eV) polymers.

It is well known that for conjugated polymers, intermole-
cular stacking and conformational changes may significantly
shift the absorption spectra and change the vibrational peak
intensities.’” Interestingly, all the copolymers have structured
vibrational absorption peaks in the Band I region with three
obvious vibrational peaks 0-0, 0-1 and 0-2, in both solution
and as cast thin films. The gradual increase of the fluorine
functionality increases 0-0 and decreases 0-1 peak intensity in
both dilute solution and thin film, suggesting that fluorination
promotes the planarization of the polymer backbone, which is
in good agreement with the molecular modelling results.
Furthermore, the main absorption peaks of all the copolymers
are red shifted going from the solution to the film state,
indicating a further planarization of the polymer backbone in
the solid state. This is achieved to a maximum effect for the P2
copolymer, where a bathochromic shift of 16 nm from the
solution to the film state can be observed, suggesting that the
P2 copolymer might adopt a more different molecular confor-
mation and supramolecular organization in the solid state,
although they have very similar conjugated backbones. It is

8030 | J Mater. Chem. C, 2023, 11, 8027-8036
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worth noting that the relative intensity of the 0-2 vibrational
peak of the IIG-fluorinated copolymers (P3 and P4) increases in
films when compared to the solution state, being almost
negligible in the case of P1 and P2. This phenomenon may
be due to the more coplanar copolymer backbone of P3 and P4,
resulting in stronger inter-chain interactions, which usually
echoes with a highly ordered crystallinity in the solid state. This
fact highlights the importance of the fluorination on the IIG
acceptor unit in the molecular packing, in accordance with
further atomic force microscopy (AFM) and grazing incident
X-ray diffraction (GIXRD) analysis.

Polymer electrochemical properties

For high-mobility balanced ambipolar polymers, charge (hole
or electron) injection should be feasible from source and drain
electrodes. In this regard, charge injection was evaluated by
analysing the frontier molecular orbital (FMO) energy levels,
including the HOMO (Egomo) and the LUMO (Epymo) energy
levels, obtained from cyclic voltammetry (CV) measurements
(Fig. 4). Notably, all the copolymers exhibited considerable
oxidation and reduction peaks (Fig. 4a), being amphoteric
redox materials. The Eyomo and Epymo were calculated from
the onsets of oxidation and reduction potentials in compari-
son with the ferrocene oxidation/reduction potential under
a vacuum of —4.80 eV as determined from the equation
E = —[e (Bonset — Ey3) + 4.80 eV] and are shown in Fig. 4b.

It is found that fluorination of the IIG unit induces a much
more pronounced deepening of the HOMO and LUMO energy
levels than fluorination on the BT acceptor unit. In particular,
fluorination of the BT acceptor unit in P2 further stabilizes the
HOMO with respect to the LUMO, leading to a higher band gap
(E5) with respect to the P1 counterpart (1.62 eV for P1 vs.
1.71 eV for P2), as previously found in the absorption spectra
and in the theoretical calculations. In contrast, both the HOMO
and LUMO energy levels of P3 (E, = 1.69 eV) are lowered to a
similar extent with respect to those of P1. Further extended
fluorination degree in copolymer P4 leads to the lowest HOMO
and LUMO energy levels, which are —5.17 and —3.46 eV,
respectively. The Eg of P4 was estimated to be 1.71 eV, similar
to that of the BT-fluorinated P2 copolymer.

The FMO topologies plotted in Fig. 5 show that both the
HOMO and the LUMO present remarkable contributions to the
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Fig. 4 (a) Cyclic voltammograms as a thin film (scan rate 100 mV s~%) and
(b) HOMO-LUMO energy levels of the copolymers P1-P4.
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Fig. 5 DFT-calculated HOMO (right) and LUMO (left) topologies for the

dimeric models of P1 (a), P2 (b), P3
6-31G** level of theory.

(c) and P4 (d) polymers at the B3LYP/

IIG and BT acceptor units, thus explaining the deepening of
both orbitals upon fluorination.

DFT calculated data gave similar trends of HOMO and
LUMO energy levels within the series of copolymers (see
Fig. S6-S9, ESIT).

Their strong oxidation peaks, in addition to their high-lying
HOMO levels (< —4.80 eV), suggest that these polymers may be
useful for developing p-channel OFETs. Furthermore, some of
the fluorinated polymers may be useful as semiconductors
for ambipolar OFETs due to their low-lying LUMO levels
(<—3.30 eV) and their quasi-reversible reduction peaks. With
the above considerations, adjusting the fluorination degree

View Article Online
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would be advantageous for tuning the electronic energy levels
and reducing the band gaps of the resulting materials.

OFET charge transport characterization

Polymer OFETs were prepared using a bottom-gate top-contact
(BG-TC) device structure to investigate the effect of fluorination
on the charge transport characteristics. In each case, the device
performance was systematically optimized by modifying sub-
strate treatment and annealing conditions (see the ESI} for the
exact OFET fabrication details). The representative transfer and
output curves, measured under vacuum conditions for the best-
performing devices, are illustrated in Fig. 6 and Fig. 7, and the
corresponding device performance parameters, extracted from
transfer curves in the saturated regime, which include hole
mobilities (uy), electron mobilities (u.), threshold voltages (V)
and on-off intensity ratios (I,n/Io¢r), are summarized in Table 2
and Tables S1-S4 in the ESL{ P1 shows typical p-channel
behaviour with a modest hole mobility of ~107> cm* V' 57"
and an I,/Iog ratio of 10% The low mobility can be attributed to
the slightly lower molecular weight, higher energy band gap
and a substantial backbone torsion that produces inefficient
orbital overlapping and thus low electronic coupling, which is
detrimental to efficient charge transport in OFET devices.*®>°
The incorporation of fluorine atoms into the backbone
enhances the polymer coplanarity and electron affinity, thus
decreasing the electron-injection barrier from the gold electrode
to the organic semiconducting layers. Consequently, the electro-
nic properties change from a low hole-dominated to a balanced
ambipolar charge transport on going from P1 to P4. As a result,

4
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Fig. 6 Typical p-type field-effect transistor transfer (top) and output (bottom) characteristics for polymers P1 (a), P2 (b), P3 (c) and P4 (d). The transfer

characteristics were measured at a source—drain voltage (Vps) of
intervals of 10 V and over a Vps range of O to —80 V.
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Fig. 7 Typical n-type field-effect transistor transfer (top) and output
(bottom) characteristics for polymers P2 (a), P3 (b) and P4 (c). The transfer
characteristics were measured at a Vps of 80 V. The output curves were
measured at a Vs from 0 to 80 V in intervals of 10 V and over a Vps range of
0to 80 V.

typical V-shaped transfer curves and characteristic output curves
of ambipolar OFETs were recorded. The latter is characterized by
the superposition of standard saturation behaviour for one type of
carrier at a high gate voltage (V) and a superlinear current
increase at a low Vg and high source-drain voltage (Vpg), due to
the injection of the opposite carriers. Most importantly, weak
dependence of both y;, and (. on Vs was also observed. Besides no
contact resistance was detected in the output curves, suggesting a
good contact between the polymer and the gold electrode.

In contrast to the reference copolymer P1, the di-fluorinated
copolymer P2 exhibited well-balanced ambipolar transport
characteristics (un/te = 0.82), with hole and electron mobilities
of 3.3 x 107° and 4.0 x 10> cm® V' 57" respectively, and an
Ion/Iog Tatio of 10° in both p- and n-channel operations.

Among the four polymers, P3 exhibited the highest and well-
balanced ambipolar charge-transport characteristic (up/pe =
1.36) with hole and electron mobilities of 0.145 and
0.106 cm® V' s7', respectively (approximately 2 orders of
magnitude higher than those of the P2-based copolymer), on
account of its high molecular weight, low energy band gap and
high backbone planarity. An Io,/Ios ratio of 10> in both p- and
n-channel operations was measured for P3. To the best of our
knowledge, this is one of the best balanced ambipolar perfor-
mances in terms of the electron and hole mobilities among the
solution processed OFETs prepared with IIG-based polymers in
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a BG-TC device structure.'”*°*3

However, further extended
fluorination degree in P4 reduces the OFET performance, with
hole mobilities nearly 5-fold higher than electron mobilities
(0.07 vs. 0.01 cm® V' s, respectively), even though their lower
energy levels and slightly increased coplanarity than those
of P3. This fact suggests that other factors such as solid-state
morphology are also influencing the charge transport proper-
ties. Moderately high I/l ratios of 10° and 10® were found for
P4 for p- and n-channel operations, respectively, which is
considered to be important for applications of ambipolar
OFETs in complementary logic circuits.**

Thin-film morphology characterization

To clarify the effect of fluorination on the device performance,
the microstructure of the thin films, under the deposition
conditions that render the best device performances, was first
characterized via GIXRD, as depicted in Fig. 8. Note that even
when the films are quite amorphous, the moderate film crystal-
linity is directly related to the amount of fluorine atoms
incorporated into the polymeric backbone. In particular, the
non-fluorinated copolymer P1 shows an amorphous nature in
the film state, whereas a certain degree of crystallinity appears
for all the fluorinated systems. Hence, the fluorinated copoly-
mers P2, P3 and P4 present a main lamellar (100) reflection at
20 = 3.28, 3.64 and 3.10° corresponding to interchain distances
(d100) Of 26.92, 24.25 and 28.48 A, respectively. A peak corres-
ponding to m-m stacking was not observed in the GIXRD
patterns of polymer thin films, suggesting that these copoly-
mers self-organize into lamellar planes consisting of edge-on
orientations relative to the substrate, which is beneficial for
charge transport along the horizontal transport channel in
BGTC OFETs. The smallest d,,, values were observed for P3,
improving the interchain charge transport for OFETs, and thus
exhibiting higher mobilities.** Interestingly, a second diffrac-
tion peak at 20 = 4.24° (d40 = 20.82 A) can be observed for films
of P3. The higher crystalline tendency upon the progressive
fluorination has been attributed to the increment of torsional
barriers between the subunits, limiting rotation and enforcing
coplanarity, effects that lead to a better molecular packing
in the solid state. These factors were recognized here in the
computational analysis, showing almost flat polymer back-
bones for P3 and P4 in line with their slightly enhanced
crystallinities.

AFM images also support that fluorinated polymers
display higher homogeneous texture, in comparison with their

Table 2 OFET electrical data for thin films of copolymers P1-P4 prepared under optimal device fabrication conditions and measured under vacuum.
The average and maximum (in parentheses) values are shown. The average values were obtained from at least 6 devices for each material. The tested
devices have a channel width of 2000 pm while channel lengths vary from 60 to 100 um

p-channel n-channel

th (em®> v s Ion/Iog Ve (V) Method te (em?> VvV ts™h Ton/log Vr (V) Method
P1 1.1 x 107°(1.4 x 107°) 8 x 10*(1 x 10%) 4(-3) 0TS, 150 °C,2h — — — —
P2 2.9 x 107%(3.3 x 107%) 1 x 10°(2 x 10’) —1(-17) OTS, 150 °C,2h 3.8 x 107°(4.0 x 107%) 4 x 10%(9 x 10%) 58(52) OTS, 150 °C, 2 h
P3 1.2 x 10 (1.5 x 107") 2 x 10*(4 x 10*) —26(—31) OTS, 200 °C,2h 9.8 x 10 %(1.1 x 10°") 8 x 10'(1 x 10%) 57(53) OTS, 200 °C, 2 h
P4 3.3 x 10 %(7.4 x 107%) 1 x 10°(4 x 10°) —11(-29) OTS, 150 °C, 2 h 1.1 x 10 *(1.3 x 10?) 2 x 10%*(7 x 10*) 17(8) OTS
8032 | J Mater. Chem. C, 2023, 11, 8027-8036 This journal is © The Royal Society of Chemistry 2023
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Fig. 8 GIXRD patterns of P1-P4 thin films prepared under optimal device

performance conditions. An intensity spectral range from 0 to 350 a.u. was
used for all polymers.

non-fluorinated counterparts which present a poor uniformity
with larger deformations on the surface (Fig. 9). However,
discernible differences in the domain shape and size were
observed for each fluorinated polymer. It is generally known
that well interconnected large domains can minimize crystal-
line grain boundaries, leading to higher OFET mobilities."®
In this sense, the higher OFET performance of P3 devices can
be explained by their higher homogeneity (with an RMS of
3.64 nm), as a result of a better interconnection of the crystal-
line domains and thus soft grain boundaries. For films of
P2, although bigger size polymer grains can be observed, their

2060m

193n0m NG
196 nm
1280m |9

1330m

34.50m

481nm 3

RMS=11.30Mh

00 Height 1.0 um

00 Phase. 10 pm

Fig.9 1 x 1 um? tapping-mode AFM images of 3D-topography (left),
height (middle) and phase (right) for (a) P1, (b) P2, (c) P3 and (d) P4 films
prepared under optimal device performance conditions. The corres-
ponding root-mean-square (RMS) roughness is also shown.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

surface height and angle vary by a higher extent compared to
that of P3, reducing the OFET performance of the devices.
Similarly, P4 films clearly displayed larger surface roughness
(RMS =11.30 nm) and domain sizes compared to the P3 analog,
presumably due to the high degree of self-assembly and thus
higher crystallinity of P4, which is consistent with the GIXRD
results. These differences can be observed in the 3D-topography
images presented for the polymers and may account for the
lower hole and electron mobilities measured in P4-based
OFETs with respect to those of P3. This fact corroborates that
larger irregularities and bigger grain domains in the film sur-
face, such as in P4, are detrimental, in this case, for BG-TC
OFET devices.*’

Thermal annealing at different temperatures resulted in
negligible changes in film morphologies (see Fig. S15-526,
ESIt). These considerations indicate that the introduction
of fluorine atoms not only modulates the energy levels,
but also influences the interchain interactions of polymers,
creating different polymer packings in the solid state.
Therefore, the difference in crystallinity between the polymers
under study may also support the differences found in device
performances.

Raman spectroscopy study

Raman spectroscopy is considered a useful tool that renders
valuable intramolecular information, such as conjugational
degree, skeleton planarity, etc. but also provides indirect infor-
mation on intermolecular properties, allowing the analysis of
ordered and disordered phases within films. Therefore, we
recorded the Raman spectra of P1-P4 copolymers as solid
powders and as thin films (Fig. 10 and Fig. S28-S30, ESIY)
prepared under optimal device performance conditions.

Fig. 10 shows the FT-Raman spectra of P1-P4 copolymers
as solid powders. First, we will focus our attention on the
two representative Raman bands: (i) the most intense
Raman peak, recorded at 1433-1426 cm ' and, as seen in
the eigenvectors in Fig. S32-S35 (ESIY), ascribed to a sym-
metric normal mode mostly located on the thiophene rings
including the BT acceptor unit (highlighted in light blue in
Fig. 10a) and (ii) the band recorded at 1455-1435 c¢cm ™,
corresponding to a normal mode located on the IIG acceptor
moiety (highlighted in grey in Fig. 10a). As seen in Fig. S31
(ESIt), this second band is predicted to gain intensity and
gradually merge with the most intense Raman band on going
from P1-P2 to P3-P4, perfectly agreeing with the experimental
data, where it is recorded as a high energy shoulder for P3 and
P4 polymers.

Note however that the most intense Raman band is found to
be wider for P1 and P2 copolymers, indicating the presence
of different phases within the sample, which may include
disordered and ordered phases. In order to prove this,
a deconvolution of the band was attempted and it was found
that the fitting is optimal when two different components are
assumed for polymers P1 and P2, while a single component,
due to the presence of only an ordered phase, is needed for the
fitting of polymers P3 and P4 (Fig. 10b). Therefore, Raman
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Fig. 10 Solid-state FT-Raman spectra (lexe = 1064 nm) of copolymers
P1-P4 with (a) a simple two-component deconvolution of representative
Raman bands and (b) the optimal deconvolution which best fits the
experimental data.

spectra indicate that fluorination of the BT unit is not enough
to significantly increase the supramolecular order within the
sample, while fluorination on the IIG unit is a much more
effective way to promote skeleton planarity.

This also becomes evident by the comparison of the Raman
spectra recorded upon excitation with different laser wave-
lengths (Fig. 11). Note that when using 473 nm, 532 nm or
633 nm wavelengths, resonance conditions occur with more
disordered or less planar copolymer skeletons (see Fig. S27,
ESIT), and thus, their Raman signal should be enhanced. This
was actually observed for P1 and P2 copolymers, being more
evident in the former. In particular, the contribution in the P1
copolymer (Fig. 11a) corresponding to the more disordered
phase, registered at around 1440 cm™ ", substantially increases
its intensity when using high energy wavelength lasers. This
also happens in copolymer P2 (Fig. 11b), although in this case
the increase is less obvious, indicating some skeletal planariza-
tion due to the insertion of the fluorine atoms on the BT unit.
However, no disordered phases were observed for copolymers
P3 and P4, independently of the wavelength used, thus,
indicating efficient skeleton planarity.
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Fig. 11 Resonance Raman spectra of copolymers P1 (a), P2 (b), P3 (c) and
P4 (d) under different laser excitations.

Other details, found in the Raman spectra, also support the
planarization induced by the addition of fluorine moieties, as
seen in Fig. 10:

(i) As fluorine atoms are sequentially introduced into the
conjugated skeleton, the most intense Raman band not only
sharpens but also gradually downshifts, indicating a higher
n-conjugation degree conferred by the planarization induced by
the presence of S- - -F interactions. The most remarkable down-
shift of 7 cm ™! is recorded for P3, where the fluorine atoms are
located on the IIG acceptor unit. Therefore, fluorination on this
monomeric unit is the most effective approach to induce
planarity and increase m-conjugation.

(i) The Raman band recorded at 1454 cm ™" for the copoly-
mer P1 (corresponding to a normal mode located on the IIG
acceptor moiety) greatly downshifts for copolymers P3 and P4
(by approx. 17-20 cm™ ') where the fluorine atoms planarize the
IIG unit and the neighbouring thiophene rings. In contrast, a
slight downshift of only 3 cm ™" is recorded for P2 with respect
to P1, which is in consonance with the moderate backbone
planarization when the fluorine atoms are included on the BT
acceptor unit (Fig. 2).

(iii) The Raman band corresponding to the {C—O0) vibration,
recorded at ca. 1608 cm ™" in P1, significantly upshifts in P3 and
P4 (by 13-15 cm ™). This is due to a much improved intrachain
n-electronic delocalization due to planarization, which diminishes
the cross-conjugation in the IIG moiety.

Conclusions

A series of D-A copolymers consisting of 4,7-di(2-thienyl)-2,1,3-
benzothiadiazole and isoindigo building blocks have been
synthesized and characterized by means of spectroscopic (UV-
vis-NIR and Raman) and electrochemical techniques combined
with DFT calculations. We have demonstrated herein that

This journal is © The Royal Society of Chemistry 2023
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sequential fluorination of the monomeric building blocks not
only stabilizes the frontier molecular orbitals but also partially
locks the polymer conjugated skeletons through S---F non-
covalent interactions. However, the impact of the gradual
fluorination on the electronic properties is highly dependent
on the building blocks into which the fluorine atoms are
introduced. In this sense, Raman spectroscopy has been used
to analyse both ordered and disordered phases of the polymeric
samples upon gradual increase of fluorine atoms. The results
indicate that fluorination of the BT unit is not enough to
significantly increase the supramolecular order within the
sample, while fluorination on the IIG unit is a much more
effective way to promote skeleton planarity and enhance
m-conjugation.

Electrical characterization in OFETs further supports that
fluorination progressively increases the polymer coplanarity
and electron affinity, varying the electrical performance from
a low hole dominated charge transport in P1 to a balanced
ambipolar charge transport in P2-P4. The best performance
was recorded for the most effective-locked P3 copolymer, with
remarkably balanced hole and electron field-effect mobilities of
~0.1 cm® V™' s ", The higher degree of molecular locking in P4
renders less efficient OFETs, which is ascribed to the slightly
decreased molecular weight and morphology effects.
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