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“Diluting branches” put to work: from synthesis to
properties control of multifunctional polymers
derived from triphenylamine, fluorene and
thiophenet
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A series of highly branched polymers was synthesized by Suzuki polycondensation of thiophene-,
fluorene-, and triphenylamine-based monomers, following the “A, + B, + C3z" pathway. A “dilution of
branches” approach allows branching density management and generates conjugated frameworks with
linear, alkyl-decorated segments of various lengths. This strategy affects solubility, morphology, and
thermal features and allows further control options. The building blocks are involved individually or in
combinations in the main electronic transitions and charge and energy transfer processes, as confirmed
by computational and experimental UV-vis and photoluminescence studies. The absorption and emission
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profiles are influenced by branching density, solvent, or the sample’s physical state. The structural units’
particular arrangement in each branched construct regulates the redox patterns and electrochemical
parameters. The polymers’ overall features and their variation with structure and branching density assem-
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Introduction

Over the past half-century, the field of conjugated polymers
has put forward manifold gripping challenges, spanning
several fields from fundamental and applied research alike.
The core of these materials is an assembly of mobile electrons
that drives macromolecules to take up, move, or accumulate
electrical charges and further activates remarkable light
absorption or emission and outstanding charge mobility or
stabilization.'™

The overall synthetic provocation and the chromo- and
electro-phore functions are the main incentives of a solid body
of research that follows interconnected goals: to come close to
structural perfection, to increase complexity and roles, to
access processability by wet techniques, to boost the control
degree over their chemical, optical, electronic and morphologi-
cal features.” The key principle is to master the chemical blue-
print and structure-property correlations of such architectures
as to tailor the functionalities and performance of optical and
electronic materials and (light-emitting, photovoltaic, transis-
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ble the foundation for engaging conjugated materials for (opto)electronic applications.

tor, energy storage, sensor, electrochromic) devices based on
them.*>®

Some of the most promising conjugated frameworks are
based on thiophene, fluorene, and triphenylamine building
blocks, each displaying optical- and electronic-related benefits.
Thiophene-based polymers provide tailorable optical features,
highly stable (un)doped states, reversible oxidation processes,
accessible structural modification, and satisfying process-
ability.®® Polyfluorenes and their derivatives are widely
appreciated for excellent photo-optical conduct, superior
luminescence quantum yields, photochemical stability, large
p-type mobility with trap-free transport, and facile structural
manipulation.”™" Macromolecular constructs incorporating
triphenylamine are equipped with attractive photo- and
electro-activity, high electron mobility, stable redox behaviour,
and good p-type transporting features.'>™* However, with such
great potential come burdensome (optical, electronic, and pro-
cessability-related) difficulties, and achieving the aforemen-
tioned goals is missing some key pieces, with conjugated poly-
mers being far from large-scale employment.

Most of the work dedicated to solving the challenges of con-
jugated polymers is centred on one-dimensional, linear frame-
works. Nevertheless, a divergent topological standpoint could
furnish some solutions: hyper- and highly-branched polymers
(HBPs; for a judicious disambiguation between the two terms,
please see the references within this paragraph).'®> HBPs bring
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a medley of compelling chemical and physical features derived
from their particular, multi-dimensional structure of a rather
globular nature. More importantly, this random distribution of
dendritic, linear, and terminal units generates substantial
advantages compared with the conjugated, linear analogues:
dissimilar steric hindrance, distinct intermolecular inter-
actions, abundant peripheral functional groups, prospects of
good solubility, improved luminescent and charge-transport
performances, alleviation of aggregation-induced quenching,
new possibilities to modulate chemical, thermal, electrical and
optical features.'®*® Additionally, the HBPs’ industrial rele-
vance is increased by the well-established, convenient syn-
thesis strategies and the facile (usually one-pot) preparation.®
Of course, the interconnected objectives detailed above for
conjugated linear polymers also apply to HBPs and the
detailed relationship between their architecture and the result-
ing features is the bottom line of research on the topic.

Building from these starting points, the present work intro-
duces new, highly branched, completely conjugated frameworks
simultaneously incorporating the three-starred players of conju-
gated linear macromolecules: thiophene, triphenylamine, and
fluorene. Our goal was to broaden the structural access to this
topological type of polymers since the literature on the topic
only provides a few examples of HBPs, exclusively containing
only one or pairs of the aforementioned building blocks. A con-
trolled branching density approach was used in this regard,
complemented by conjugated model compounds and theore-
tical calculations. The main research direction derived from the
innovative focus on the diluting branches effect and consisted
in evaluating the concurrence between structural elements or
their distinct combinations within the branched architecture
and some of the most important application-related character-
istics. The resulting in-depth connections between design and
solubility, thermal, optical, and electrochemical conduct gene-
rate the guidelines for developing particular conjugated HBPs
as active materials in (opto)electronic technologies.

Experimental section

Starting materials and synthesis of thiophene-based monomer
are detailed in the ESL ¥

Model compounds

Three model compounds (MC1, MC2, MC3) were synthesized
starting from a mixture of 2-bromo-3-n-octyltiophene (0.058 g,
0.182 mmol), 4-bromotriphenylamine (0.05 g, 0.182 mmol),
and 9,9-dihexyl-9H-fluorene-2,7-diboronic acid bis(pinacol)
ester (0.091 g, 0.182 mmol). The starting compounds were
charged carefully in a Schlenk flask to ensure complete trans-
fer and solubilized in N,N-dimethylformamide (DMF, 8 mL).
An aqueous NaHCO; solution (0.152 g, 1.81 mmol in 3 mL of
water), followed by the [1,1'-bis (diphenylphosphino) ferro-
cene| dichloropalladium(u), catalyst (Pd(dppf)Cl,, 6 mg,
5 mol%) were then added. The resulting light red suspension
was submitted to three freeze-pump-thaw cycles. The mixture
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was refluxed for 12 h at 100 °C under nitrogen and monitored
by TLC until completion. The reaction was quenched with
water and extracted with chloroform (4 x 25 mL). The organic
layer was washed with brine, dried over Na,SO,, and the
solvent was evaporated under vacuum. The residue was puri-
fied by silica gel column chromatography eluting with hexane/
dichloromethane (10 : 1) mixture to give MC1, MC2, and MC3.
The detailed 'H, **C, COSY, HSQC, and HMBC NMR spectra of
the three model compounds are presented in Fig. S1-S3.f
Their UV spectra are displayed in Fig. S4.F

MC1: "H NMR (CDCl;, 400.1 MHz, 25 °C, § (ppm)): 7.78-7.74
(2H, d, J = 7.8 Hz, H8), 7.62-7.55 (8H, m, H5-H7), 7.35-7.27 (8H,
m, H2), 7.23-7.14 (12H, m, H3, H4), 7.09-7.04 (4H, t, ] = 7.3 Hz,
H1), 2.1-1.95 (4H, m, H9), 1.35-1.2 (4H, m, H10), 1.2-1.01 (12H,
m, H11-H13), 0.79-0.72 (6H, t, ] = 6.7 Hz, H14).

MC2: "H NMR (CDCls, 400.1 MHz, 25 °C, § (ppm)): 7.84-7.8
(1H, d, J = 7.87 Hz, H22), 7.79-7.75 (1H, d, J = 8.24 Hz, H12),
7.7-7.67 (1H, d, J = 7.85 Hz, H21), 7.65 (1H, s, H20), 7.47-7.41
(2H, m, H11, H13), 7.28-7.23 (7H, m, H10, H23, H26),
7.12-7.08 (6H, m, H24, H25), 7.05-6.98 (3H, m, H9, H27)
2.74-2.68 (2H, t, J = 7.69 Hz, H8), 2.11-1.99 (4H, m, H14),
1.68-1.60 (2H, m, H7), 1.38-1.25 (14H, m, H2-H6, H15),
1.2-1.02 (12H, m, H16-H18), 0.95-0.82 (3H, t, J = 6.19 Hz, H1),
0.85-0.71 (6H, t, J = 6.65 Hz, H19).

MC3: '"H NMR (CDCl;, 400.1 MHz, 25 °C, § (ppm)):
7.75-7.72 (2H, d, J = 7.68 Hz, H12), 7.45-7.41 (4H, m, H11,
H13), 7.24-7.23 (2H, d, J = 5.22 Hz, H10), 7.01-6.99 (2H, d, J =
5.2 Hz, H9), 2.71-2.67 (4H, t,J =7.72 Hz, H8)7 2.10-1.96 [4H7
m, H14), 1.69-1.58 (4H, m, H7), 1.39-1.21 (24H, m, H2-HS6,
H15), 1.18-1.03 (12H, m, H16-H18), 0.95-0.87 (6H, t, J = 6.56
Hz, H1), 0.82-0.76 (6H, t, J = 6.82 Hz, H19).

Highly branched polymers

Three highly branched polymers (P1, P2, and P3) were syn-
thesized by Suzuki polycondensation of tris(4-bromophenyl)
amine, 9,9-dihexyl-9H-fluorene-2,7-diboronic acid bis(pinacol)
ester and 2,5-dibromo-3-octylthiophene in different molar
ratios. The reaction conditions (catalyst, time, temperature,
solvent) were selected based on previous reports on this type of
polymerization and monomers, showing them to provide high
molar mass and yield values or acceptable solubility.'"?°> A
typical synthesis procedure is detailed below.

P1: a 25 mL Schlenk flask (equipped with a magnetic stir-
ring bar, nitrogen inlet and outlet, and a condenser) was
charged with precisely weighed tris(4-bromophenyl)amine
(0.06 g, 0.141 mmol), 2,5-dibromo-3-octylthiophene (0.05 g,
0.141 mmol) and 9,9-dihexyl-9H-fluorene-2,7-diboronic acid
bis(pinacol) ester (0.177 g, 0.353 mmol). The monomers were
dissolved in DMF (14 mL) and an aqueous NaHCO; solution
(0.296 g, 3.52 mmol in 5.6 mL of water) was added to form a
white suspension. The Pd(dppf)Cl, catalyst (0.0129 g, 5 mol%)
was inserted, and the resulting light red reaction mixture was
degassed by three freeze-pump-thaw cycles. The temperature
was raised to 125 °C and the reaction proceeded by vigorous
stirring for 72 h in inert conditions to yield a green-yellow sus-
pension. After cooling to room temperature, the reaction

This journal is © The Royal Society of Chemistry 2024
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mixture was filtered to isolate a green solid. This raw product
was purified by washing it with hot MeOH (3 times) and dried
to afford the P1 polymer as a green powder (91% yield, from
which 34% was soluble in chloroform).

'H NMR (CDCl;, 400.1 MHz, 25 °C, § (ppm)): 7.78-7.57 (m,
Fl), 7.49-7.44 (m, TPA), 7.36-7.30 (m, Th), 2.78-2.72 (m, Th),
2.08-2.00 (m, Fl), 1.74-1.68 (m, Th), 1.39-1.25 (m, Fl, Th),
1.12-1.07 (m, F1), 0.89-0.83 (m, Th), 0.78-0.75 (m, FI).

P2: tris(4-bromophenyl)amine, (0.019 g, 0.4 mmol), 2,5-
dibromo-3-octylthiophene (0.05 g, 0.141 mmol), 9,9-dihexyl-
9H-fluorene-2,7-diboronic acid bis(pinacol) ester (0.101 g,
0.2 mmol), DMF (8 mL), NaHCO; (0.169 g, 2.01 mmol), water
(3.2 mL) and Pd(dppf)Cl, (0.007 g, 5 mol%) were employed in
the typical Suzuki polycondensation procedure detailed above
to obtain P2 as a green polymer powder (91% yield, from
which 55% soluble in chloroform).

'H NMR (CDCl;, 400.1 MHz, 25 °C, § (ppm)): 7.82-7.57 (m,
Fl), 7.51-7.48 (m, TPA), 7.35-7.30 (m, Th), 2.77-2.74 (m, Th),
2.09-2.00 (m, Fl), 1.74-1.66 (m, Th), 1.40-1.24 (m, Fl, Th),
1.14-1.06 (m, F1), 0.89-0.86 (m, Th), 0.79-0.75 (m, F1).

P3: tris(4-bromophenyl)amine, (0.009 g, 0.017 mmol), 2,5-
dibromo-3-octylthiophene (0.05 g, 0.141 mmol), 9,9-dihexyl-
9H-fluorene-2,7-diboronic acid bis(pinacol) ester (0.083 g,
0.16 mmol), DMF (6.6 mL), NaHCO; (0.139 g, 1.65 mmol),
water (2.7 mL) and Pd(dppf)Cl, (0.007 g, 5% molar) were
employed in the typical Suzuki polycondensation procedure
detailed above to attain P3 as a green polymer powder (93%
yield, from which 76% soluble in chloroform).

'H NMR (CDCl;, 400.1 MHz, 25 °C, § (ppm)): 7.80-7.59 (m,
Fl), 7.51-7.49 (m, TPA), 7.35-7.30 (m, Th), 2.78-2.72 (m, Th),
2.09-2.00 (m, Fl), 1.76-1.68 (m, Th), 1.39-1.25 (m, Fl, Th),
1.14-1.04 (m, F1), 0.89-0.83 (m, Th), 0.80-0.73 (m, FI).

Two notes must be mentioned: (1) no gelation was observed
during polymerization; (2) the yield was determined ignoring
the end functional groups whose nature is unclear.

Before any measurement, all polymers were extracted in chloro-
form using a Soxhlet installation. Two fractions were isolated: (1)
an insoluble one, which was used for all measurements involving
powdered samples, except solubility tests; (2) a highly soluble frac-
tion, which was further used for all investigations involving solu-
tions and coatings. Judging by the FTIR (for the insoluble frac-
tion) and NMR (for the soluble one; its gluey nature was incompa-
tible with FTIR analysis) investigations detailed later on, the two
fractions have a similar composition, incorporating all three build-
ing blocks. Such behaviour is common for highly conjugated pro-
ducts of Suzuki polycondensation and, to an even larger extent,
for hyperbranched, conjugated polymeric systems.'"'*?

The instruments and characterization techniques used in this
study are detailed in the ESIL.{

Results and discussion
Design and synthesis

We synthesized three new highly branched polymers (HBPs,
P1, P2, and P3) based on thiophene (Th), fluorene (Fl), and tri-

This journal is © The Royal Society of Chemistry 2024
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phenylamine (TPA) units by means of Suzuki polycondensa-
tion. An “A, + B, + C;” synthesis pathway was used based on
design- and processability-related reasoning. First, the branch-
ing density is regulated and the distance between branching
points is controlled by varying the molar ratio of the mono-
mers via the so-called “dilution of branches” concept
(Fig. 1).>® This concept is centred on the orderly reduction of
the relative number of branching points (in this case, TPA
units) from one highly branched polymeric framework to the
other. A transition from a rather compact HBP to a more seg-
mented one is consequently achieved by this route: P1 incor-
porates a high branching density and short linear fragments
between the branching centres, whereas P3 has a (statistical)
low degree of branching and long linear segments between
branches. In this scenario, the building blocks’ intrinsic elec-
tronic and optical features are anticipated to be availed in
different proportions. Second, this approach affords a gradual
increase in the number of structural entities used to mitigate
the solubility problem of such rigid, mostly planar constructs:
the pivotal N atom from the propeller-shaped TPA and the
short alkyl moieties anchored on Th (one octyl unit) and Fl
(two hexyl units).>"*

From another standpoint, we selected these three mono-
mers also based on their commercial availability, which makes
it possible for the HBPs to be produced at a larger scale and
increases their applicative relevance.

The “A, + B, + C3” pathway used in the preparation of P1-
P3 HBPs implies the one-pot Suzuki polycondensation of tri-
functional TPA (C;) with bifunctional Fl (B,) and Th (A,)
monomers in which the bis-pinacolato Fl derivative acts at
each reaction step as a n-bridge between the other two hetero-
aromatic blocks. A homologous series with decreasing TPA : Fl
and Fl: Th proportions was obtained by adjusting the ratios of
the three monomers (Scheme 1).

The complexity of such highly branched, largely aromatic
architectures makes their investigation very challenging.
Therefore, we designed model compounds as simplified ver-
sions of polymer fragments to ease the comprehension of
some particular aspects of these HBPs, as it will be further
detailed. The three model compounds (MC1, MC2, MC3)
mimic terminal and linear units from the HBP framework and
provide insights into the connectivity patterns within the
polymer, thus guiding the elucidation of the actual highly
branched structure. They were synthesized by the one-pot
Suzuki-Miyaura cross-coupling of monofunctional TPA and Th
with bifunctional F1 (Scheme 2).

Structural analysis

The structural confirmation of the P1-P3 HBPs was based on
FT-IR and '"H NMR spectroscopies. The FT-IR and 'H NMR
spectra of each HBP and the detailed assignment of every IR
absorption band are displayed in Fig. S5 and S6 and in
Table S1,T respectively.

The overlapped FT-IR spectra of the three HBPs show the
same envelope since the variations in the polymers’ structure
are primarily determined by the different molar ratios of the

Polym. Chem., 2024, 15, 3763-3778 | 3765
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Fig. 1 Graphical representation of the dilution of branches concept used in the design of P1-P3 HBPs.
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M7 ]
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P2=x:y:z
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Scheme 1 Synthesis of P1-P3 HBPs. Each building block is represented with a different color, while the complementary reacting groups are

depicted in black.

same comonomers (Fig. 2). In the group frequency region,
the FT-IR spectra exhibit absorption bands associated with
the aromatic (stretching vibrations in the range of 3063-
3023 cm™") and aliphatic (asymmetric and symmetric stretch-
ing vibrations between 2931 and 2869 cm™') C-H bonds
within the polymer structure. These bonds present additional
characteristic signals in the fingerprint region (in-plane defor-
mation and rocking vibration at 1030 cm™", in-plane bending
vibrations at 1106 cm™", and out-of-plane bending vibrations
at 738 cm™'). The TPA unit (C-N stretching vibrations at
1314 cm™') and Th ring (C-S-C in-plane stretching vibrations
at 1376-1371 cm™'; Th-specific, in-plane and out-of-plane
deformation vibrations at 637 and 622 cm™") also display dis-
tinctive absorption bands in the same region.?>**

3766 | Polym. Chem., 2024, 15, 3763-3778

The FT-IR spectra show an increase in the relative intensi-
ties of the aliphatic C-H peaks (2841-2031, 1466, 1030,
and 812 cm™') with the Th content used as a branching
diluent. A similar trend is observed for two other absorption
peaks corresponding to Th-specific C-S bending (in the
800-600 cm ™" region). These changes confirm the variation of
the HBPs’ branching density in the order P1 > P2 > P3, in
accordance with the theoretical sequence proposed by design
and implemented by using distinct molar ratios.

The NMR evaluation of the HBPs was performed in connec-
tion with the monomers and model compounds. The "H NMR
spectra of the latter (Fig. S1-S3t) were interpolated with the
ones obtained for the soluble fraction of each polymer (Fig. 3
and Fig. S67). They confirm the polymer structure and validate

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 Synthesis of MC1-MC3 model compounds.
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Fig. 2 Comparative FT-IR spectra of HBPs P1-P3.

the successful incorporation of the starting TPA, Fl, and Th
building blocks.

The symmetrical MC3 model compound comprises one Fl
block interposed between two Th rings, readily identifiable by
"H NMR. Their specific signals are present at distinct reso-
nance fields in the aromatic region: 7.75-7.35 ppm for Fl

This journal is © The Royal Society of Chemistry 2024

(green boxes in Fig. 3) and 7.25-6.95 ppm for the more elec-
tron-donating Th (pink boxes). Furthermore, in the aliphatic
region, the signals of the methylene groups vicinal to Th
(2.71-2.67 ppm) and Fl (2.00-1.96 ppm) show the expected
1:1 ratio, denoting the incorporation of these two monomers
in a 2:1 ratio.

Polym. Chem., 2024, 15, 3763-3778 | 3767
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Fig. 3 Polymer P3: a repetitive unit (the monomer ratio was not considered for clarity) (a); the aromatic (b) and aliphatic (c) regions of the *H NMR

spectrum as compared to those of MC1-MC3 model compounds.

By replacing a Th ring with a TPA unit in the MC2
model compound, the symmetry disruption renders a
splitting of the Fl signals from the highest resonance
region and the appearance of new signals from the TPA
unit (blue boxes in Fig. 3). Simultaneously, the ratio of
the Th- and Fl-connected methylene signals changes to
1:2, evidencing the incorporation of the three monomers
in a 1:1:1 ratio.

3768 | Polym. Chem., 2024, 15, 3763-3778

Finally, the complete replacement of Th with TPA in MC1
and the re-establishment of molecular symmetry is evidenced
by the Fl-originating doublet signal (7.74-7.72 ppm) and the
overlapping of its specific multiplet (MC3: 7.41-7.38 ppm)
with the signals (7.57-7.53 ppm) of the aromatic rings from
the connecting TPA. At the same time, the Th-adjoining
methylene signal (2.71-2.67 ppm) disappears entirely from the
spectra.

This journal is © The Royal Society of Chemistry 2024
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The extrapolation of the MC1-MC3 "H NMR data afforded a
straightforward assignment of the signals from the polymers’
spectra. In the aromatic region, the multiplets placed at
7.83-7.63 ppm and 7.52-7.38 ppm (green boxes in Fig. 3) are
attributed to the Fl block, while the ones in the range
7.64-7.51 ppm (blue box) are ascribed to the TPA branching
core. The latter are associated with TPA-specific signals from
the model compounds: H-5 from MC1 and H-23 from MC2
(Fig. S1 and S2t). Additionally, the absence of any peaks orig-
inating from unsubstituted aromatic rings belonging to the
TPA unit, as the ones observed for MC1 (H-1, H-2 and H-3) and
MC2 (H-25, H-26 and H-27) between 7.20 and 6.97 ppm (blue
box), proves the complete substitution of TPA in all para posi-
tions. This pattern was observed for all three polymers and
points towards TPA-based structural symmetry: TPA serves
only as a branching unit, not as a linear or terminal one. More
importantly, it certifies the branched nature of these polymers’
soluble fractions.

The ratio of integrated signals coming from methylene
protons vicinal to Th and Fl was found to be 1:2 (P1), 1:2.5
(P2), and 1:3 (P3). This confirms the successful dilution of
branches by adjusting the monomer ratio and the shift from a
rather compact HBP (P1) to a more sparsely branched one with
longer linear segments (P3).

Solubility and molar mass

As detailed in the Experimental section, the polymers were
extracted in chloroform to separate a soluble fraction from an
insoluble one, a widespread practice in the field of
HBPs.>>?*?> As expected, the extraction yield was strongly
dependent on the concentration of branching points: from
34% for P1 to 76% for P3. This conduct comes from the
gradual increase in the number of structural entities used to
mitigate the solubility issue and confirms the envisaged posi-
tive effect of the dilution of branches strategy.

Qualitative solubility tests showed all HBPs’ soluble frac-
tions readily soluble at room temperature in low boiling point
solvents like chloroform, tetrahydrofuran, and dichloro-
methane (Table S27). Therefore, these HBPs can be processed
into thin films and coatings from convenient solvents, a note-
worthy advantage for many practical applications requiring
wet layer deposition techniques. Limited solubility was
observed when switching to more (N-methylpyrrolidone, N,N-
dimethylformamide, N,N-dimethylacetamide) or less polar
(toluene, hexane) solvents, additional heating, time or both
being necessary for the polymer samples’ dissolution. This
behaviour is common for HBPs incorporating these three
building blocks individually or in pairs.>*>%*”

We did not observe any correlation between the branching
density and the solubility determined by qualitative tests,
which indicates smaller molecular mass values for the more
compact polymers. Nevertheless, the least branched P3
showed superior solubility coming from the longer “hairy-rod”
segments consisting of repeating FI-Th substructures deco-
rated with two hexyl and one octyl chain per segment. These
flexible alkyl chains disrupt the coplanarity of the aromatic

This journal is © The Royal Society of Chemistry 2024
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rings and lower the interaction and packing between the rigid
rods. Furthermore, the smaller number of branching points
imparts additional movement freedom to these linear seg-
ments and also contributes to superior solubility.

The macromolecular nature of P1-P3 was confirmed by
GPC in CHCI; against polystyrene standards. The three pro-
ducts show weight-average molar mass values (M,,), between
8.05 and 14.3 kg mol™", and dispersity (M,,/M,,) values in the
range 2.53-3.44 (Table S2t). While the M, values might be
considered rather low, it is known that TPA and Th alone do
not render HBPs of higher M,,.>**” Moreover, such values are
common for (the whole material or soluble fraction of) HBPs
incorporating paired combinations of the building blocks used
herein.>*?*?” The evolution of the M,, values from P1 to P3
indicates that higher M,, values are accessible by further lower-
ing the content of the trifunctional core and building more
soluble, highly linear HBP structures, as also observed by
other authors.”® On the other side, these values are not fully
representative for the synthesized HBPs since they were
obtained for the chloroform-soluble fraction of each polymer,
and it is judiciously expected that the insoluble part incorpor-
ates a higher number of repeating units.>> More importantly,
these molecular mass values should be treated as rough,
minimum estimates and used only for cautious comparisons
involving polymers of similar topologies. This is due to the
large differences between the HBPs’ tree-like architecture and
that of the linear standard used in terms of molecular density,
hydrodynamic radius, chemistry, and even interactions with
the column material.*

Morphology

Regardless of their linear or branched nature, the microscopic
morphology of films and coatings developed from conjugated
polymers is an important determinant of their macroscopic
functions and critical properties as organic semiconductors.>
The few articles on HBPs incorporating some of the building
blocks discussed herein show that, in the absence of crystalli-
nity, the morphology of such materials varies between two
extremes: from a highly porous surface to a very smooth
one.’™*" The former usually comes with a large, variable
specific surface area and is thus of interest for applications
that require a high adsorption capacity, such as sensors. The
latter is useful for electrochemical applications, given the high
uniformity that promotes counterion diffusion, doping, and a
larger contact area.

The P1-P3 series is able to accommodate both morphologi-
cal uttermost cases. Scanning electron microscopy (SEM) and
atomic force microscopy (AFM) investigations show systematic
variations in morphology and topography obtained in the
same deposition conditions, depending on the branching
dilution degree (Fig. 4).

P1 shows a highly porous, agglomerated, granular mor-
phology, with large height variations, derived from the high
content of branches based on TPA units lacking a planar back-
bone.?? The higher proportion of more rigid, planar Fl blocks
and softening alkyl chains (F1 and Th) from P2 levels the
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Fig. 4 SEM micrographs (first row) and AFM images (second and third row, from left: P1, P2, P3) showing the morphology of HBPs thin coatings

obtained by drop-casting from DCM solutions.

surface morphology towards a smoother, irregular one with a
waved appearance.®® Further drop in the TPA : Fl ratio, together
with an increase in the less rigid Th content and a consistent
softening from the high concentration of alkyl chains in P3
even the surface further to a very planar one, with a high
density of holes having two types of size distribution. The
origin of these holes is not completely clear, with the more
mobile chains in P3 and the faster evaporation of the low
boiling point solvent from the very smooth surface being a
judicious explanation. The morphological trend is therefore
consistent with the branching density and the length of the
hairy rods connecting the branching points. At high branching
density, the TPA influence is prevalent and imparts direction-
ality to the n-rm interactions between the heteroaromatic
motifs. This effect abates once the branches are diluted, and
the morphological arrangement is influenced more by alkyl
chain softening and the composition of linear segments.
These large disparities in surface aspect and topography
point towards the possibility of controlling the morphology
and, consequently, other application-relevant features of the
synthesized HBPs by fine-tuning the building blocks ratio.

Thermal behaviour

The thermal behaviour of the HBPs was investigated by differ-
ential scanning calorimetry (DSC) and thermogravimetric ana-

3770 | Polym. Chem., 2024,15, 3763-3778

lysis (TGA) experiments under a nitrogen atmosphere.
Table S371 presents the most important thermal parameters.

The HBPs did not reveal any thermal transition that could
be correlated with a clear glass transition or melting phenom-
enon during DSC analysis up to 300 °C (Fig. S8%). This was an
expected feature given the high T, values (180-230 °C) of
linear TPA-FI polymers of similar M, or no detectable T, for
HBPs based on paired combinations of the same building
blocks reported by other studies.”**®**?> Such behaviour
comes from the overall stiffness of the heteroaromatic polymer
segments and their limited mobility within the highly
branched framework. Moreover, the relatively opened,
branched architecture and the extended rigid rods obstruct the
participation of chain ends in any thermal relaxation.>* The
TG and DTG curves (Fig. 5) show high thermal stability for all
HBPs, with some peculiarities related to branching density,
molecular packing, chain dimensions, and flexible units
content.

The polymers with higher branching densities, P2 and P3,
started to decompose above 410 °C and lost 10% weight in the
434-438 °C range. The aromaticity-driven rigidity and branch-
ing-directed molecular packing are the elements responsible
for these thermal parameters. The branching dilution effect
expected when switching from P1 to P2 is compensated by the
higher M,, values of the latter. However, this is not the case for

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 TGA and DTG (inset) curves for HBPs P1-P3.

the more segmented P3, which showed a two-step weight loss
starting at much lower temperatures due to the reduced
number of branching points, greater concentration of flexible
alkyl chains, and subsequent disturbed molecular packing.
Nevertheless, the longer hairy-rod segments still impart some
stiffness, and P3 reaches 10% weight loss above 410 °C. The
DTG curves mirror this conduct and evidence a multi-step
degradation process along a maximum decomposition rate
between 455 and 460 °C for all HBPs. Previous work has
shown that the initial decomposition stages correspond to the
degradation of the n-hexyl and n-octyl chains pendant to the F1
and Th units and the extrusion of terminal groups,
respectively.""** The last decomposition step corresponds to
the degradation of the main, heteroaromatic polymer chain.
These results indicate additional pathways to finely tune the
thermal conduct towards lower or higher decomposition
onsets by further increasing the alkyl concentration via
branching dilution/longer alkyl chains or by capping the
bromide/boronic terminal groups with complementary mono-
functional aromatics. Furthermore, a high char yield, between
54.6 and 62.11%, was attained at 700 °C due to the dominant
aromatic nature of the HBPs (Table S37). Its values agree with
the branching density and the amount of aliphatic chains, P1
and P3 giving the highest and lowest values.

The high decomposition temperatures and lack of any
thermal transitions serve as technological advantages for
(opto)electronic devices that are produced and operate at high
temperatures. The three polymers provide the thermal and
consequent morphological and mechanical integrity for a
stable performance and increased lifetime of such devices.

This journal is © The Royal Society of Chemistry 2024

Electronic structure computation

The electron density distribution along the P1-P3 polymeric
chains was evaluated by computational tools based on density
functional theory (DFT). A simplified macromolecular segment
consisting of a single, theoretical, repetitive polymeric unit
incorporating all three building blocks was employed to expe-
dite computation time and its ground-state geometries were
fully optimized in vacuum. This optimized geometry was
further used to evaluate their molecular orbitals (HOMO:
highest occupied molecular orbital; LUMO: lowest unoccupied
molecular orbital), which are presented in Fig. 6 together with
the degenerated orbitals (HOMO—x; LUMO+y) involved in the
primary transitions from the simulated UV-vis absorption
spectra.

The HOMO orbital exhibited uniform delocalization
throughout the TPA unit, showcasing its electron-donor capa-
bility. Degenerated HOMO orbitals of lower energy, HOMO—1
and HOMO-2, were localized mostly on the Th-Fl substruc-
ture. The slightly higher density observed on the Th cycle
denotes its role as a secondary electron-donating entity.
Conversely, the LUMO orbital was localized on various regions
of the macromolecular segment and particularly centred on
the Th-Fl substructure acting as an electron-deficient assem-
bly. An extended profile of the LUMO orbital was also distribu-
ted over the TPA-neighbouring benzene rings. Two other
LUMO degenerations, LUMO+1 and LUMO+2, were confined
on each arm of the branched structure. All these distributions
induce significant oscillator strength to the charge transfer
transitions involving HOMO and LUMO orbitals and their

Polym. Chem., 2024,15, 3763-3778 | 3771
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Fig. 6 The optimized geometry of a simplified HBP segment and a selection of its molecular orbitals, as computed with DFT using the B3LYP/6-

31++G(d,p) basis set (isovalue of 0.3).

degenerations, as elaborated in the next sections. At the same
time, the identified degenerated LUMO+5 orbital, with TPA-
specific shape and distribution, is involved in the n-n* tran-
sition of this building block.

Experimental and theoretical UV-vis analysis

The optical behaviour of the HBPs was examined by UV-vis
experiments carried out in various polarity-indexed, dilute
solutions and on thin coatings obtained from different sol-
vents. A summary of the most important data collected in
this investigation can be found in Tables S4 and S5.7 P1-P3
displayed almost identical, broad, and slightly unsymmetrical
absorption profiles generated by specific electronic tran-
sitions involving each building block or combinations
therefrom.

The three HBPs showed one major absorption maxima
peaking between 386 and 405 nm as a function of solvent,
branching density, or sample’s physical state. A small-scale (up
to 7 nm variation) absorption dependence on solvent polarity
points toward positive solvatochromic tendencies (Fig. S97).
This is most visible in the case of P1, with a gradual change in
absorption maxima to longer wavelengths from toluene to
NMP solutions. The magnitude of the bathochromic shift is
shortened in the case of the more segmented HBPs, P2 and
P3. Branching density also has some influence on the absorp-
tion maxima, a modest redshift (Al,,s = 1-6 nm) being dis-
cernible with branching dilution, both in solution (especially
in less polar solvents like toluene, THF, and DCM) and in film
state (Fig. 7 and Fig. S107%). Finally, the change from solution
to condensed phase further alters the absorption maxima due
to some reduced aggregation, as evidenced by the weak batho-
chromic shifts (up to 7 nm for films obtained from THF and
9 nm for films obtained from DCM) in absorption (Table S47).
Concurrently, the sole absorption maxima of P1-P3 are red-
shifted with 30 and 50 nm compared to the one of HBPs based
only on TPA-Fl and TPA-Th pairs.>>* This is ascribed to a

3772 | Polym. Chem., 2024, 15, 3763-3778

more extended m-conjugated architecture derived from longer
rigid rod segments and the introduction of Fl units,
respectively.

The experimental evaluation was complemented by a
theoretical assessment to gain additional insights into the
photo-optical behaviour and the nature of the main electronic
transitions (Fig. 8). These are further useful to unfold energy
transfer implications concerning photoluminescence, as
detailed in the following section. The computed transitions
show bathochromic shifts compared with experimental ones.
This minor mismatch comes from using a simplified theore-
tical structure (trimeric entity) and calculations performed in
vacuum. Therefore, any interaction with the environment is
negligible, and the molecules adopt a more planar structure,
favouring transitions at higher wavelengths.

The simulated spectra begin with unresolved absorptions
close to 300 nm corresponding to localized n-rn* transitions
of individual aromatic rings and some conjugated structural
elements of the polymers. These are followed by an absorp-
tion attributed to an n-n* transition involving the nonbond-
ing electrons of TPA. The shape and localization of the
associated orbitals (the HOMO and LUMO+5 degenerated
orbitals are distributed on the TPA structure (Fig. 6))
confirm the nature of this transition. The main absorption
band represents a combination of several transitions with a
charge transfer character as based on the associated orbi-
tals. The first two adjacent transitions at 435.4 and
435.2 nm take place between the TPA-located HOMO and
the LUMO and LUMO+1 orbitals placed on the weak elec-
tron-accepting Th-Fl substructures. This correspondence is
strengthened by the very small blue shift of the main experi-
mental absorption bands. Under the main (simulated and
experimental) absorption band, additional transitions are
produced by excitations from HOMO-1 and HOMO-2 to
LUMO, involving the Th rings as secondary electron donor
units. These two main theoretical transitions have high

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Experimental and simulated (at TD-DFT/B3LYP/6-31++Gl(d,p) level) absorption spectra and associated oscillator strengths of P3.

oscillator strengths due to the favourable overlap between
contributing orbitals. Ultimately, the present polymers
exhibit good transparency in the visible domain, with low
charge transfer implications, which is a solid advantage for
(opto)electronic applications.

This journal is © The Royal Society of Chemistry 2024

Photoluminescence investigations

The photoluminescent (PL) behaviour of the HBPs was
assessed in the same conditions as the UV-vis experiments,
with excitation being done at various wavelengths corres-
ponding to the absorption maxima (Tables S4 and S57).
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All polymers exhibited the same emission profile in the
solution comprising one major maximum and two shoulder-
like bands, with some small variations in band position or
intensity as a function of solvent polarity, excitation wave-
length, or branching density (Fig. 9, Fig. S11 and S12%).

A narrow redshift (up to 6 nm) in emission maxima with
solvent polarity was observed in the case of the highly
branched P1, the other two polymers being less sensitive to
environmental change. A similar spectral pattern appeared
when switching to longer excitation wavelengths. The most sig-
nificant difference was noticed in emission intensity as a func-
tion of both solvent polarity and excitation wavelength. A more
intense emission was observed in less polar solvents (e.g,
toluene) when excited at 295 nm due to a decline in polarity-
induced emission quenching caused by an intramolecular
charge transfer (ICT) involving a twisted conformation.
However, this conduct was disrupted and no clear dependence
appeared when the excitation was done at longer wavelengths
(Fig. 9, Fig. S11 and S127). These diverse interactions with the
local environment during the excited state lifetime at various
excitation energies originate from several elements that com-
petitively contribute to the PL response: distinct fluorophoric
units, structural arrangement variation, and divergent planari-
ties in solutions of various polarities.

The branching density slightly affects the emission behav-
iour in solution, with some slight shifts (up to 7 nm variation)
of the emission maxima appearing with branching dilution,
especially in less polar solvents.

An energy transfer was noticed when excited at 295 nm, the
wavelength characteristic of the n-n* transitions of individual
aromatic rings. Their specific PL band overlaps with the ICT
one, and the polymers experience only ICT emission. This
assumption is validated by the polymers rendering the same
emission band, with slightly higher intensities, upon exci-
tation at longer wavelengths corresponding to the ICT absorp-
tion maxima (385-395 nm).

The reference-free, absolute fluorescence quantum yields of
the polymers in NMP solutions decreased from 44.5% for P1

3774 | Polym. Chem., 2024, 15, 3763-3778

to 28.8% for P3, as detected by excitation at the ICT absorption
maxima (Table S47). The direct dependence of these moderate
quantum yield values on the branching density illustrates the
precise tuning achievable by controlling the building blocks’
ratio within HBPs of the same chemical blueprint. It also
shows that a high branching dilution degree pushes the HBPs’
features closer to the ones of their linear analogues.

Similar spectral patterns were observed when the solvents
were removed to obtain various coatings (Fig. 10, and
Fig. S131). The solid-state emission was red-shifted (Adey, =
32-48 nm) as compared with the one in solutions, and its
intensity was reduced by one order of magnitude. The thin
polymer coatings obtained from toluene displayed the most
intense emission (up to 6x vs. films drop-cast from other
media), attributable to a more relaxed macromolecular
arrangement. Conversely, the polymer chains adopt a more
planar conformation in films drop-cast from solvents of higher
polarity, which results in more red-shifted emission bands and
a higher propensity for aggregation-induced fluorescence
quenching. This shows that the macromolecules adopt
different degrees of planarity during solvent evaporation con-
tingent on the polarity of the environment. Such behaviour
enables further tuning of their photo-optical features by
material processing. The solid-state experiments did not
provide any straightforward correlation between the PL
response (emission maxima or intensity) and branching
density (Fig. 10 and Fig. S147).

The absolute fluorescence quantum yields of the HBPs
polymers showed a severe contraction from solution to solid
state, with values below 2% being obtained upon excitation at
the ICT maxima (Table S5t). This fluorescence decrease is
attributed to the formation of excimers and subsequent non-
radiative decay via intermolecular energy transfer, particularly
under molecular H-aggregation conditions.?” The lowest value
corresponds to P3 and shows that an extended use of the dilut-
ing branches approach works against mitigating the fluo-
rescence quenching limitation of linear conjugated polymers
in solid-state.

This journal is © The Royal Society of Chemistry 2024
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At the same time, the emission maxima of P1-P3 show a
significant bathochromic shift both in solution (20-30 nm)
and in solid state (up to 75 nm) as compared with branched
analogues based only on TPA-FI and TPA-Th pairs.”* This
further increases the colour domain achievable through HBPs
based on these three building blocks and contributes to their
applicative potential. The HBPs’ PL response covers broad
areas of the blue and green colour domains of the chromaticity
diagrams in solution and solid-state, respectively (Table S67).

Electrochemical properties

The electrochemical characteristics of P1-P3 were assessed by
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) measurements to survey their potential as electroactive
materials. Table S71 presents the most important parameters
coming from these experiments (HOMO and LUMO energy
values, bandgap energies, E,). For correlative and interpretive
purposes, the CV of each polymer is presented in comparison
to its associated model compound (Fig. 11, Fig. S157).

In the anodic region, the polymers revealed one or two
reversible redox couples with particular distributions, patterns,
and intensities associated with the generation of the TPA- and
Th-derived oxidized species. Additionally, the polymers’ redox
behaviour is aligned with that of associated model com-
pounds. P1 showed two oxidation peaks at 0.73 and 0.95 V,
while P2 and P3 registered only one peak at 1.02 and 0.89 V,
respectively. This rather ambiguous nature of the polymers’ CV
conduct required DPV experiments at a very low scan rate.
Thus, it was possible to highlight linearity in the curves’ evol-
ution as a function of the TPA amount and the resulting
branching density. Polymer P3, which contains the lowest

This journal is © The Royal Society of Chemistry 2024

amount of TPA, presents an oxidation maximum at 1.07 V and
two shoulders of the same nature at 0.83 and 1.21
V. Considering the large number of Th units within this HBP,
the maximum and the shoulder at higher potential are associ-
ated with the oxidation of a Th-FI-Th substructure. Hence, the
shoulder at 0.83 V is linked to TPA oxidation, as further corro-
borated by the evolution of the DPV profiles of P1 and P2.
Accordingly, the addition of TPA units from P3 to P1 increases
the intensity of the oxidation at 0.83 V and generates another
oxidation peak at a lower potential. Simultaneously, the magni-
tude of the oxidations from 1.07 V and 1.21 V starts to decline.
As a result, P1 ends up showing up to 4 oxidation processes, at
0.66, 0.87, 1.02, and 1.26 V, respectively, the first two processes
coming from two TPA units interconnected by one Fl block.
Given its composition, the behaviour of P2 is expressed between
the boundaries provided by the other two HBPs.

Correlations with the electrochemical response of the syn-
thesized model compounds (also evaluated by CV and DPV
experiments, Fig. S161) further validated this assertion. For
example, P1 and its associated model compound MC1 (having
a TPA-FI-TPA structure) show similar CV profiles, with small
variations in oxidation potentials and CV patterns (Fig. 11c).
The same trend is approximately observed for the P2/MC2 and
P3/MC3 pairs (Fig. S151). MC3 only shows oxidation processes
of its two Th units (interconnected by a Fl block), comparable
to those of P3. Accordingly, MC2’s conduct is placed between
the two extremes, similar to P2. The minor differences
between the polymers and model compounds (in terms of
maximum oxidation potentials, current intensities, and pat-
terns) are generated by structural (Schemes 1 and 2) and
experimental differences (polymer samples are deposited on
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ITO substrate vs. model compound are evaluated in DCM and
TBAP solution).

The HBPs showed experimental HOMO energy values
between —5.01 and —5.23 eV, and E, values (estimated based
on Agnser Values from optical measurements, see ESIt) between
2.67 and 2.73 eV. Based on these, the experimental LUMO
energy values varied between —2.27 and —2.52 eV. All these
values are typical for p-type conjugated polymers. The pattern
of the HOMO and LUMO energy distribution is driven by the
variation of the TPA (and, to a less extent, Th) content of each
polymer and the corresponding branching density. In this
regard, P1 showed the highest HOMO and LUMO energy
values, while P3 revealed the lowest ones, even though E,
remained almost the same. This feature underlines a stronger
p-type character for P1 as result of the higher electron-donat-
ing ability provided by the more consistent TPA amount.

Additionally, the particular structural arrangements of
these electroactive HBPs provide superior oxidation potentials

3776 | Polym. Chem., 2024,15, 3763-3778

and energy level values compared with branched or
linear analogues based only on TPA-Th or TPA-Fl pairs,

respectively.>*3>38

Conclusions

We developed a series of HBPs based on thiophene, fluorene,
and triphenylamine units by following the “A, + B, + C3”
pathway. These templated conjugated frameworks ensure
various benefits for the design and synthesis of organic semi-
conductor materials.

The “dilution of branches” concept regulates branching
density and subsequent transition from a rather compact HBP
to a more segmented one, comprising longer “hairy-rod” sec-
tions. The approach mitigates the solubility issue of such
highly aromatic constructs and affords the gradual exploitation
of the intrinsic electronic and optical features of the three

This journal is © The Royal Society of Chemistry 2024
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building blocks. Furthermore, the possibility to control the
polymer coatings’ surface aspect and topography by finely
tuning the monomers ratio allows to tailor their morphology
depending on the envisaged application. The high decompo-
sition temperatures and lack of any thermal transitions con-
tribute to achieving (opto)electronic devices with stable per-
formance and increased lifetime.

In-depth, computational and experimental photo-optical
and electrochemical investigations (performed in comparison
to model compounds or analogue frameworks based on pairs
of the same building blocks) tackle a crucial issue in the field
of HBPs as organic semiconductor materials: the comprehen-
sion of structure-property correlations. The building blocks or
their combinations are precisely associated with the main elec-
tronic transitions and luminescent behaviour, together with
charge and energy transfer implications. Moreover, the absorp-
tion and emission profiles display several particularities as a
function of solvent, branching density, or the sample’s physi-
cal state. The HBPs exhibit good transparency in the visible
domain, and their emission covers a broad portion of the blue
and green colour areas of the chromaticity diagrams in solu-
tion and solid-state, respectively. The fluorescence quantum
yield values point towards some limitations of the branching
dilution strategy. Cyclic voltammetry experiments aided by
differential pulse voltammetry analysis reveal distinct oxi-
dation patterns directly connected to the triphenylamine
amount and the resulting branching density. They also show
electrochemical parameters with values typical for p-type con-
jugated macromolecules.

In summary, the present work delivers the foundation for
the predictable development and judicious control of a broad
range of conjugated HBPs as active materials in (opto)elec-
tronic applications. Further structural engineering and proces-
sing endeavours are considered to address new queries derived
from this work. These questions refer to solvent-induced mor-
phology manipulation, solvato(fluoro)chromic features, fluo-
rescence quenching control, redox stability, and optical- and
energy-related capabilities.
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