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Polymer nanoparticles are an emerging class of materials with potential impact in sensing, catalysis,
imaging, cosmetics, and therapeutics. Here, a collection of graft polymers with conjugated polythio-
phene backbones were synthesized via a grafting-to approach. We functionalized polythiophene
backbones with side chains of either poly(3-hexylthiophene) (P3HT), poly(ethylene oxide), or poly(methyl
methacrylate) (PMMA) via copper-catalyzed azide—alkyne click chemistry. The backbones, graft polymers
and a linear poly(3-hexylthiophene) were fabricated into nanoparticles through precipitation in aqueous
media. We measured the absorption and emission spectra of the polymers dissolved in chloroform and

Received 11th April 2023, as nanoparticles suspended in water. Compared to linear P3HT, all graft polymer nanoparticles exhibit

Accepted 24th May 2023 higher quantum yields. Moreover, the addition of PMMA side chains increased the quantum vyield by
DOI: 10.1039/d3ma00165b more than two orders of magnitude. This versatile approach to conjugated graft copolymer synthesis

demonstrates a route for enhancing photoluminescence of conjugated polymer nanoparticles that could
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Introduction

Conjugated polymer nanoparticles are promising materials for
a broad range of applications, such as organic electronics,
medicine, catalysis, and chemical sensing."” Unlike many
conjugated polymer inks and solutions, conjugated polymer
nanoparticles can be suspended in aqueous media to avoid
harsh organic solvents and minimize environmental impact.*
Additionally, solutions of conjugated polymer nanoparticles
retain low viscosity at high polymer content when compared
to fully dissolved conjugated polymers, and thus potentially
improve processability. Many factors, such as particle size,
dispersity, crystal packing, phase behavior, and shape affect
the macroscopic function of conjugated polymer nanoparticles
and their possible applications. As a result, synthetic control
over nanoparticle morphology is critical.
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be beneficial for a variety of applications, such as biosensing and bioimaging.

Some of the most widely studied conjugated polymers
are based on polythiophene. Polythiophene and its derivatives
can exhibit high charge mobility, solution processability, and
good environmental stability.>® In thin films, polythiophenes,
such as poly(3-hexylthiophene) (P3HT), form crystalline domains
and aggregates.” Aggregate domains classified as H-aggregates are
dominated by short-range intrachain order and strong interchain
interactions, which lead to dominant interchain coupling (n-n
stacking). In contrast, J-aggregates are dominated by long-range
intrachain order and weak interchain interactions, leading
to strong intrachain coupling.>® The more ordered aggregate
domains lead to improved interchain charge-transfer through
intermolecular electronic coupling. This same coupling, however,
leads to non-radiative pathways for exciton quenching, which
limits the potential of P3HT (and many other conjugated mole-
cules) in applications that rely on photoluminescence.'®™

To address this limitation, modifying the chemical archi-
tecture of conjugated polymers from a linear into a graft
polymer (ie.,, a macromolecule with a polymeric backbone
and polymeric side chains) has been proposed to reduce
aggregate formation.”® Reduced aggregation lowers the prob-
ability of fluorescent quenching and improves the optoelectro-
nic properties of conjugated polymer nanoparticles.’*® As an
example, a previous study described end-capping of oligothio-
phenes with different branched carbosilanes. The branching
was used to calculate a bulkiness parameter and showed that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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increased bulkiness correlates with a decreased dissociation
temperature of aggregates, i.e., the formation of less aggregates
with weaker interactions.'” Another study synthesized poly(methyl
acrylate)-grafted poly(thiophene) and showed that grafted poly-
mers can indeed disrupt the typical ordering of P3HT and
improve photoluminescence of thin films by 40%."

Graft polymers can be synthesized using three different
approaches: grafting-to, grafting-through, and grafting-from.®
The grafting-through approach is based on the polymerization
of side chain macromonomers. In contrast, grafting-from
describes the polymerization of side chains from initiators that
are distributed along a polymer backbone. Finally, grafting-to is
the separate synthesis of side chain and backbone polymers
and the subsequent tethering reaction between the two, usually
through highly efficient reactions (e.g, click chemistry). Because
removing unreacted side chains in the grafting-to approach is
often challenging, grafting-through and grafting-from have been
the predominant approaches in the synthesis of graft polymers
with conjugated side chains.'>*° Nevertheless, grafting-to allows
for the distinct chemical analysis of backbone and side chains
and for easily comparable graft polymer products composed of
the same backbone but different well-characterized side chains.

Here, we report a grafting-to approach to synthesize three
discrete graft polymers comprising a polythiophene (PT) back-
bone and either (i) polythiophene (P3HT), (ii) poly(ethylene
oxide) (PEO) or (iii) poly(methyl methacrylate) (PMMA) side
chains. P3HT, PEO, and PMMA were chosen to cover a wide
range of chemically different polymers, each providing distinct
insights into the mechanism of aggregation and exciton
quenching in the final graft architecture. P3HT as a side chain
eliminates the confounding properties of the copolymer, mean-
ing any changes from the linear P3HT can be attributed directly
to the different architectures. PEO is a semicrystalline, water-
soluble polymer with ion conducting properties, while PMMA is
an amorphous polymer with a high glass transition temperature.
The chemical compositions of poly(thiophene)-graft-poly(3-hexyl-
thiophene) (PT-g-P3HT), poly(thiophene)-graft-poly(ethylene oxide)
(PT-g-PEO), and poly(thiophene)-graft-poly(methyl methacrylate)
(PT-g-PMMA) were characterized and we report their optoelectronic
properties in chloroform. Further, the graft polymers and their
precursor backbones were fabricated into nanoparticles using a
modified precipitation method. The combination of absorption
and emission spectra shows that graft architectures exhibit reduced
aggregation that results in enhancement of the photoluminescent
quantum yield by orders of magnitude.

Results and discussion

The grafting-to approach to conjugated graft copolymers uti-
lizes copper-catalyzed azide-alkyne click chemistry (CuAAC).>
Scheme 1 illustrates the synthesis of the azide containing P3HT
backbone: poly(3-hexylthiophene-random-3-(6-bromohexyl)thio-
phene) (PT-Br) was prepared by a Kumada catalyst-transfer
polycondensation of equal molar amounts 2,5-dibromo-hexyl-
thiophene (T-Br) and 2,5-dibromo-3-(6-bromohexylthiophene)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(T-H) as previously reported (Scheme 1(a)).”® The resulting
PT-Br polymer was purified by precipitation in methanol,
followed by Soxhlet extraction in methanol, acetone, and hexanes
(12 hours each) prior to PT-Br product recovery and drying under
vacuum. The chemical structure was verified by proton nuclear
magnetic resonance ("H NMR) spectroscopy (Fig. S1, ESI{). The
molar ratio of T-Br to T-H was determined from the integral ratio
of the methylene protons adjacent to the bromine on T-Br (6 =
3.44 ppm) compared to the aromatic proton on the thiophene
ring (0 = 7.01 ppm). The ratio of T-Br: T-H at 4 : 3 suggests that the
polymer product contains approx. 58 mol% T-Br incorporation.

PT-Br was then treated with sodium azide in tetrahydrofuran
(THF) at 50 °C overnight to produce poly(3-hexylthiophene-
random-3-(6-azidohexyl)thiophene) (PT-N;). The product was
purified by precipitation in methanol and rinsed with water
to remove unreacted sodium azide. The post-polymerization
modification was verified through 'H NMR and Fourier-
transform infrared spectroscopy (FTIR) (Fig. S2 and S3a, ESI¥).
The presence of a new absorption band at 2200 cm ™! in the
FTIR spectrum is due to the asymmetric stretching of the azide
functional group and indicates successful polymer modification.
"H NMR experiments verified quantitative conversion from bro-
mine to azide by an upfield shift of the methylene protons
adjacent to the bromine (from 6 = 3.44 to 6 = 3.29 ppm). Gel
permeation chromatography (GPC) further indicated successful
modification without crosslinking due to the limited molecular
weight increase (see Fig. S3b, ESIf).

Scheme 1(b-d) illustrates synthesis of alkyne-terminated
PEO, P3HT, and PMMA side chains. P3HT was synthesized
following reported methods and the polymerization reaction
mixture was quenched with hydrochloric acid to produce
o-terminated P3HT with a bromine chain end.*"** According
to 'H NMR,* the P3HT side chains indeed contain primarily
monofunctionalized chains (-Br/H) (see Fig. S4, ESIf). The
resulting P3HT-Br polymer was purified by precipitation in
methanol, followed by Soxhlet extraction in methanol (12 h)
and hexanes (12 h). The hexane P3HT fraction was then used in
the following reaction, i.e., a Songashira coupling to modify the
monofunctionalized P3HT through the addition of a protected
alkyne. This functionalization was again confirmed by "H NMR
through appearance of trimethylsilyl protons (0.08 ppm)
(see Fig. S5, ESIt). In addition, high resolution matrix-
assisted laser desorption/ionization-time of flight (MALDI-
ToF) was conducted to verify monofunctionalization of P3HT
and avoid crosslinking in the subsequent CuAAC reactions
(see Fig. S6, ESIT).

PEO and PMMA synthetic conditions were controlled to
produce molecular weights that resemble the P3HT samples.
Poly(ethylene oxide monomethyl ether) (M,, = 2100 g mol )
was modified using propargyl bromide and the addition of the
alkyne group was verified by "H NMR (Fig. S7, ESIt). Alkyne-
functionalized PMMA was synthesized using light-mediated
atom transfer radical polymerization (ATRP) from an alkyne
containing ATRP initiator following previously reported techni-
ques.”* "H NMR and GPC were used to verify the terminal alkyne
moiety and molecular weights (Fig. S8, ESIT). Table 1 summarizes
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Scheme 1

(a) Synthesis of polythiophene backbone through Kumada coupling and nucleophilic Sy2 substitution (b) synthesis of PMMA side chains

through light-mediated ATRP (c) synthesis of alkyne-terminated poly(ethylene oxide) through Sy2 substitution (d) synthesis of P3HT side chains through
Kumada coupling and alkyne addition with a Songashira coupling (e) grafting-to approach using CUAAC and graft polymer chemical structures.

the molecular weights of P3HT-alkyne, PEO-alkyne, and PMMA-
alkyne side chains.

The final graft polymers were synthesized via CuAAC from the
azide-functionalized PT-N; and the individual alkyne-terminated
side chains.”® PMMA and P3HT alkynes were deprotected using
a tetrabutylammonium fluoride solution (TBAF) the day before
(see Experimental information). The PT-N; backbone was added
to a THF solution containing the side chain polymers, and
subsequently a solution of copper bromide (CuBr) and
N,N,N' ,N" N'-pentamethyldiethylenetriamine (PMDETA) in
THF was added. The reaction was stirred at 65 °C. Each graft
polymer, i.e., poly(thiophene)-graft-poly(3-hexylthiophene) (PT-
g-P3HT), poly(thiophene)-graft-poly(ethylene oxide) (PT-g-PEO),
and poly(thiophene)-graft-poly(methyl methacrylate) (PT-g-PMMA)
was purified by initial precipitation in methanol. PT-g-P3HT was

2588 | Mater. Adv, 2023, 4, 2586-2594

then purified by Soxhlet extraction in methanol, acetone, and
hexanes (12 hours per solvent). Because the P3HT side chains
were soluble in hexanes, they were mostly extracted during this
purification. PT-g-PMMA was Soxhlet-extracted in methanol, in
which the PMMA side chains were soluble. PT-g-PEO was purified
from unreacted side chains by rinsing with methanol, a good
solvent for PEO, but not P3HT.

GPC elugrams verified an increase in molecular weight and
successful grafting-to reactions that lead to conjugated grafted
macromolecules. Graft polymers and side chains containing
PMMA and PEO were analyzed with THF as the GPC eluant,
while PT-g-P3HT and P3HT-alkyne were analyzed using a
chlorobenzene eluant due to the better solubility of P3HT in
chlorobenzene. GPC also helped confirm purification of the
grafts from unreacted side chains (see Fig. 1). By comparing to

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00165b

Open Access Article. Published on 06 2023. Downloaded on 06/11/25 02:15:23.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Materials Advances

Table 1 Summary of chemical composition of the side chains and graft polymers

N

)

Polymer M, sec (g mol™) M, nmr (g mol ) Mol% side chains Wt% side chains Wt% aromatics Grafting efficiency
P3HT-alkyne 5800 2300 100 100 48.8 —
PEO-alkyne 2100 1500 100 100 0 —
PMMA-alkyne 1700 2900 100 100 0 —
PT-g-P3HT 29000 32400 90.6 76.9 39.0 48%
PT-g-PEO 16300 46900 97.6 71.4 10.4 55%
PT-g-PMMA 24400 34200 94.1 88.3 4.3 86%
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Fig. 1 Normalized gel permeation chromatography (GPC) traces of graft polymers compared to backbone and side chains respectively: (a) PT-g-P3HT,
PT-Ns, P3HT-alkyne, PT-Ns, (b) PT-g-P3HT, PT-Ns, PEO (c) PT-g-PMMA, PT-N3, PMMA.

the side chain chromatograms, the absence of unreacted PMMA
and PEO side chains in PT-g-PMMA and PT-g-PEO, respectively, is
apparent. The presence of a small shoulder in PT-g-P3HT, however,
indicates minor unreacted P3HT side chain impurities. Table 1
summarizes the chemical composition of graft polymers.

GPC analyses using linear polystyrene standards are inherently
skewed for graft polymers, whose more densely packed conforma-
tions yield smaller hydrodynamic radii compared to linear poly-
mers. Therefore, "H NMR was used to determine the mole percent
of conjugated monomers in the backbone to that of side chain
monomers and calculate the graft polymer molecular weight
(Fig. S9-S11, ESIt). The mole percentages were then converted
to weight percent of backbone to side chains. As expected, M, was
underestimated by the GPC analyses when compared to "H NMR.
Using M, nwur, the grafting efficiency of the click reaction was
calculated from the amount of expected reactive sites on each
backbone and the molar ratio of side chain monomer to back-
bone monomer (see Tables S1-S5, ESIt). The grafting efficiency of
PT-g-P3HT corresponds well with literature for grafting conju-
gated side chains onto a conjugated backbone.*® In comparison,
the efficiencies of PT-g-PEO and PT-g-PMMA are higher, which
could be due to their smaller Kuhn length and smaller hydro-
dynamic radius.>®> Because the grafting-to approach is mass
transport limited (i.e., the side chains must diffuse through those
already attached to the backbone to reach a reactive site), we
speculate that smaller hydrodynamic radii allow for improved
mobility of the PMMA and PEO side chains to the reactive sites on
the PT-N; backbone.

The steady-state UV-vis absorbance and photoluminescence
spectra of the graft polymers in chloroform at room temperature
were measured using UV-vis spectroscopy and fluorometry at

© 2023 The Author(s). Published by the Royal Society of Chemistry

different concentrations. Because of the copolymer nature of
the graft polymers, we use mass absorptivity (¢) to describe light
absorption properties instead of molar absorptivity. ¢ was
calculated using Beer-Lambert’s law from a linear fit of absor-
bance vs. concentration (Fig. S12-5S18, ESIt). We also calculate
the mass absorptivities of the grafts that is then normalized by
the weight percent of aromatics (or chromophores) in the graft
(see Table 2). Because all polymers contain exclusively thio-
phene as a chromophore, the absorption spectra are dominated
by the first singlet state of polythiophene (Fig. S19, ESIf).2°
In comparison to P3HT, both PT-Br and PT-N; show lower ¢
(Fig. 2(a), left). The photoluminescence spectra (cts) were
normalized to the quanta of light absorbed at the excitation
wavelength (l4sonm); f = 1 — 1074, where A is absorbance
(Fig. 2(a), right). The photoluminescence spectrum is domi-
nated by the radiative decay of the singlet exciton at around
2 =570 nm.”® The addition of an electron-withdrawing bromine
end group to P3HT has been shown to reduce ¢ and photo-
luminescence intensity.”” Quantum yields (¢) were calculated
from the linear fit of their integrated fluorescence to their
absorbance in comparison to a standard, in this case 4-(dicya-
nomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran
(Fig. S20-S23, ESIt). P3HT, PT-Br and PT-N; show very similar
photoluminescence spectra and ¢ ~ 0.26, indicating the -H to
-Br and -H to -N; substitution does not influence the electro-
nic structure of P3HT.

PT-g-PEO, PT-g-PMMA, and PT-g-P3HT all show reduced
mass absorbance and a lower photoluminescence intensity
compared to linear P3HT (Fig. 2(b)). The values of ¢ and ¢
of the graft polymers decreased compared to linear P3HT
(Table 2). This could in part be due to deviations of the

Mater. Adv., 2023, 4, 2586-2594 | 2589
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Table 2 Optoelectronic properties of polythiophene graft polymers

Max. mass absorptivity Normalized” max.

(mL mg~"em™* mass absorptivity Quantum yield
Polymer  at Amay (NM) (mL mg~ ' em™)  at Apay (nM)
P3HT 54.8 (447) 112.0 0.25 (576)
PT-Br 27.4 (444) 72.1 0.27 (571)
PT-N; 35.8 (445) 99.4 0.26 (571)
PT-g-P3HT 25 4 (443) 53.6 0.12 (574)
PT-g-PEO 9 (440) 28.1 0.06 (570)
PT-g-PMMA 3 8 (439) 100.0 0.18 (572)

“ Normalized by weight fraction of aromatic groups.

backbone planarity with the addition of sterically hindered side
groups leading to a decreased effective conjugated length of
the graft polymer backbone. The absorption and emission of
PT-g-PEO (¢ = 28.1, ¢ = 0.06), however, decrease more than the
other studied grafts. PEO can exhibit coil-to-globule transitions
in organic solvents at 30 °C.>®*?° At room temperature, we
speculate the PEO side chains could be in a globular form
inducing increased steric hindrance and further reducing the
effective conjugation length of the polythiophene backbone
compared to P3HT and PMMA side chains.

[=2]
o
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Conjugated polymer nanoparticles from the graft polymers
were prepared in deionized water using a modified precipitation
method (Fig. S24, ESIT)."*° (PT-g-PMMA)yp and (PT-g-PEO)yp
were prepared by dropwise addition of 10 mL water to
1 mg mL™" and 2 mg mL™" solutions in THF under vigorous
stirring, respectively (see Fig. 3(a)). THF was then evaporated
under a flow of argon. PT-Br, PT-N;, P3HT, and PT-g-P3HT did
not form stable nanoparticles using the dropwise technique,
instead forming large aggregates and precipitating out of
solution. As an alternative, PT-Br, PT-N;, P3HT, and PT-g-
P3HT were prepared into a 0.1 mg mL ™" solution of THF and
1 mL of this solution was added to 10 mL of water under
ultrasonication (Fig. 3(b)). THF was then evaporated under
argon flow. With this modified protocol for PT-Br, PT-Nj,
P3HT, and PT-g-P3HT, all polymers formed stable suspensions
of nanoparticles in water and did not precipitate or settle on the
sides or bottom of the vials over multiple days, as previously
shown.*

Conjugated polymer nanoparticle size was measured using
dynamic light scattering (DLS) with three independent mea-
surements (Fig. S25, ESIf). The three measurements were
averaged and overlayed, displaying similar diameters of the
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(a) Nanoparticle formation for (PT-g-PMMA)yp and (PT-g-PEO)np by dropwise addition of water, (b) nanoparticle formation for (P3HT)\p.

(PT-Br)np, (PT-Nz)np, and (PT-g-P3HT)yp utilizing ultrasonication, (c) nanoparticle depiction of graft polymers, (d) DLS size distributions for (P3HT)np

(PT-B)np, (PT-Nz)np.
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, (e) DLS size distribution for (P3HT)np, (PT-g-PEO)Np, (PT-g-PMMA)\p, (PT-g-P3HT)yp (inset: Cryo-EM of (PT-g-PMMA)yp).
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different nanoparticles from d = 80 to 120 nm (Fig. 3(d) and (e)).
(PT-g-PEO)np form significantly larger nanoparticles, which
could be due to the extended conformation of water soluble
PEO side chains. Additionally, cryogenic electron microscopy
(Cryo-EM) results show (PT-g-PMMA)yp ranging from about
70 nm to 130 nm (Fig. 3(e) - inset), confirming the DLS experi-
ments describing the nanoparticle size.

UV-vis absorbance and photoluminescence spectra of
conjugated nanoparticles were measured using UV-vis spectro-
scopy and fluorometry at different concentrations. The normalized
absorbance and photoluminescence spectra and photophysical
properties (¢ and ¢) were calculated as outlined above and are
quantitatively summarized in Table 3, along with the size and
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the polydispersity index (PDI) obtained from DLS (Fig. S26-S38,
ESIT). The broad, featureless absorption in chloroform is asso-
ciated with the a twisting of the polymer backbone from repul-
sive steric interactions between repeat units.*° In the solid state,
however, intrachain and interchain interactions result in the
formation of structured aggregates. Aggregates are most appar-
ent in (P3HT)yp, (PT-Br)np, and (PT-N;)yp, where their absorption
spectra show bathochromic shifts towards lower energy wave-
lengths (Fig. $39, ESIT) and three distinct features are present
(A = 600, 550, 490 nm).”*"** The lowest energy absorption
(A = 600 nm) corresponds to the 0-0 transition related to
J-aggregates. The 0-1 transition occurs at 4 = 550 nm corres-
ponding to H-aggregates. The J- and H-aggregates lead to

Table 3 Size and optoelectronic properties of grafted polythiophene nanoparticles

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Sample Z-averaged size (nm) PDI Emaxnormalized (ML Mg~ " em™") at Jpay (nm) Quantum yield at A,y (nm)
(P3HT)yp 120.0 0.29 65.2 (478) 0.001 (562)
(PT-Br)np 124.6 0.18 108 (512) 0.001 (646)
(PT-N3)np 81.7 0.27 92.3 (498) 0.001 (636)
(PT-g-P3HT)xp 95.6 0.49 31.8 (463) 0.005 (566)
(PT-g-PEO)np 335.4 0.27 16.1 (429) 0.019 (582)
(PT-g-PMMA)xp 123.3 0.05 8.0 (459) 0.247 (570)
a b c

PT-g-P3HT;
CHCI3
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Fig. 4 Normalized absorbance and emission spectra for (a) (PT—g—PISHT)O_.Cl3 (black), (PT-g-P3HT)np (grey), (b) (PT—g-PEO)CHCl3 (black), (PT-g-PEO)np
(grey), (c) (PT—g—PMMA)CHCl3 (black), (PT-g-PMMA)\p (grey); (d) mass absorptivity and normalized PL spectra of P3HT, (P3HT)np, (PT-g-PEO)np, (PT-g-
P3HT)np. (PT-g-PMMA)p; () quantum yield of the conjugated nanoparticles, error bars were obtained from the standard error of the slope from the

linear fit of absorbance vs. integrated fluorescence.
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reduced photoluminescence through non-radiative recombina-
tion pathways.**** The large reduction in quantum yields (from
f=0.260 to f=0.001) for (P3HT)yxp, (PT-Br)xp, and (PT-N;)xp can
be attributed to the formation of these aggregates.

The absorption spectra of (PT-g-P3HT)yp is red-shifted and
shows similar aggregation structures as (P3HT)yp; however, the
0-0 transition at 4 = 600 nm was reduced in the normalized
spectra (Fig. 4(a)). This could indicate the reduction of aggre-
gate formation and be the reason for an improvement in the
quantum yield (¢ = 0.005). It has been suggested that low
molecular weight P3HT contains more photophysically uncoupled
polymer chains than its high molecular weight counterpart.**~*®
Therefore, by grafting smaller P3HT side chains to a long back-
bone, the chain—-chain coupling effects are diluted and could also
contribute to an improved quantum yield. Additionally, since P3HT
and PT-g-P3HT share the same monomer structure, the improved
quantum yield of PT-g-P3HT can be directly attributed to the
difference in architecture.

In contrast, the absorption spectra of (PT-g-PMMA)yp do not
show signatures of aggregation (Fig. 4(c)). In fact, the absor-
bance of (PT-g-PMMA)yp resembles that of P3HT in chloroform,
suggesting the PT backbone is trapped in an isolated or
“solution-like” state (solvated by the PMMA side chains) when
in nanoparticle form.>” The quantum yield of (PT-g-PMMA)xp
(¢ = 0.247) is higher by a factor of about 250 when compared to
(P3HT)np, which can be attributed to the reduced aggregation
(Fig. 4(d)). The quantum yield is close to that of P3HT in
chloroform, when completely unaggregated (Fig. 4(e)). The
solid-state absorption of PT-g-PMMA further confirms the iso-
lation of the PT backbone by the relatively unchanged peak
absorption wavelength (1 &~ 450 nm) compared to absorption
in solution and as nanoparticles (Fig. S40, ESIt). Solid-state
photoluminescence measurements that have been normalized
by the number of photons absorbed also show a large increase
to the photoluminescence of (PT-g-PMMA)yp compared to
(P3HT)Np (Fig. S41, ESIT). The solid-state absorbance and
photoluminescence indicate these materials could be useful
not only as nanoparticles, but also as photoluminescent thin-
films and devices. In addition, we speculate that the similarity
of the absorption spectra and quantum yield between solubi-
litzed P3HT and (PT-g-PMMA)yp suggests that the grafting
density (86% of backbone sites) is high enough to effectively
isolate individual polythiophene backbones. Further work is
needed to identify the minimum grafting density needed to
enhance the photoluminescence of polythiophene in nano-
particles and films.

The absorption spectra for (PT-g-PEO)yp show new features
at higher energy not corresponding to J- and H-aggregation.
The new features (1 = 450, 415, 405) could be caused by the
increased crystallinity of the PEO side chains, which could
disrupt the conjugated backbone and make the monomers
act essentially as individual chromophores (Fig. 4(b)). Thermal
analysis by differential scanning calorimetry shows PT-g-PEO
exhibits a crystallization temperature at 32.9 °C, providing
evidence that there could be crystalline PEO domains in
(PT-g-PEO)xp at room temperature (Fig. S42b and Table S6, ESIT).
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Nevertheless, the reduction of aggregation in the thiophene back-
bone still serves to improve the quantum yield (¢ = 0.019).
Additionally, just as (PT-g-PMMA)yp exhibits reduced aggregation
and improved photoluminescence in the solid-state, so does
(PTg-PEO)yp (Fig. S40 and S41, ESI}).

Conclusion

We demonstrate a versatile method to modify conjugated poly-
mers through side chain engineering. Leveraging a grafting-
to approach, different alkylated side chains with a conjugated
backbone were synthesized: poly(thiophene)-graft-poly(3-hexyl-
thiophene), poly(thiophene)-graft-poly(ethylene oxide), and
poly(thiophene)-grafi-poly(methyl methacrylate). P3HT side
chains were selected to produce a fully conjugated graft homo-
polymer, thereby directly relating the architectural change (from
linear to grafted) to changes in the optoelectronic properties. The
scope of grafted conjugated polymers was expanded through the
addition of non-conjugated PEO or PMMA side chains. These
polymers were fabricated into nanoparticles through two modified
nanoprecipitation methods. Linear P3HT, PT-Br and PT-N; show
aggregation in their absorbance spectrums leading to small quan-
tum yields. In contrast, each graft polymer we synthesized shows
improved quantum yields. By changing the architecture of P3HT
from linear into a grafted architecture, aggregation was reduced.
This was found to result in a quantum yield increase in the
emission from conjugated nanoparticles by a factor of about 250.
Overall, this work shows that graft copolymer architectures can
enhance fluorescence emission of polymer nanoparticles that could
enable them as viable materials for applications in various sensors,
therapeutics, and imaging.

Experimental information

For a detailed list of chemicals refer to the ESI.{

PT-N; was synthesized according to a literature procedure.®
P3HT-alkyne, PMMA-alkyne, and PEO-alkyne were also synthe-
sized according to literature procedures.>***°

General synthesis of graft polymers

An oven dried 20 mL vial was charged with a stir bar and
PMMA-alkyne or P3HT-alkyne. The polymers were dissolved in
THF and tetrabutylammonium fluoride solution 1.0 M in THF
(TBAF) was added. The mixtures were stirred overnight at room
temperature to deprotect the alkynes. This step was skipped for
PEO-alkyne polymers. The azide containing backbones were
added to the polymer mixture, then 10 equivalent of a CuBr/
PMDETA catalyst solution was added to the mixture. The
reaction was stirred at 50 °C overnight. The polymers were then
precipitated in methanol/water mixtures.

Synthesis of PT-g-PEO

120 mg of PEO-alkyne (M, = 1500 g mol ') was added to a
20 mL oven dried vial and dissolved in 10 mL THF. 19.2 mg
PT-N; (M, = 6900 g mol ') was added to the vial and 123 mL of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the catalyst solution (60 mg CuBr, 87 mL PMDETA, 2 mL THF)
was added. The reaction was stirred overnight at room tem-
perature. The product was precipitated in methanol : water 1: 1.

Synthesis of PT-g-PMMA

100 mg of PMMA-alkyne (M, = 2900 g mol ') was added to a
20 mL oven dried vial and dissolved in 10 mL THF. 0.4 mL 1 M
TBAF was added to the mixture and stirred overnight at room
temperature. 19.2 mg PT-N; (M,, = 6900 g mol ') was added to
the vial and 123 mL of the catalyst solution was added. The
reaction was stirred overnight at room temperature. The pro-
duct was precipitated in pure methanol and purified by Soxlet
extraction in methanol for 12 hours.

Synthesis of PT-g-P3HT

100 mg of P3HT-alkyne (M, = 2300 g mol ') was added to a
20 mL oven dried vial and dissolved in 10 mL THF. 0.5 mL 1 M
TBAF was added to the mixture and stirred overnight at room
temperature. 19.2 mg PT-N; (M, = 6900 g mol ) was added
to the vial and 123 mL of the catalyst solution was added.
The reaction was stirred overnight at room temperature. The
product was precipitated in methanol and purified by Soxlet
extraction in methanol, acetone, and hexanes for 12 hours each.

Nanoparticle preparation

Conjugated nanoparticles were prepared in DI water using
a modified nanoprecipitation method.”" (PT-g-PMMA)yp and
(PT-g-PEO)yp nanoparticles were prepared by dropwise addition
of 5 mL water to 1 and 2 mg mL ™" solution in THF, respectively.
The concentrations become 0.2 and 0.4 mg mL™*, respectively.
The THF was then allowed to evaporate under argon flow.
An Branson Sonifier 450 ultrasonicator at 20 Watts (was used
to process all other polymers: (P3HT)xp, (PT-Br)xp, (PT-N3)xp,
(PT-g-P3HT)yp. 0.1 mg mL ') solutions were prepared in THF
before 1 mL of this solution was added to 10 mL of water under
ultrasonication. Subsequently, the THF was allowed to evapo-
rate under argon flow. The final solution concentrations were
0.01 mg mL ™.

Measurements

Liquid-state "H NMR spectra were recorded on a Bruker AVIII-
HD-500 MHz spectrometer in deuterated chloroform (CDCl;).
"H NMR was used to determine M,, via end-group analysis and
monomer molar ratio as needed. Specified GPC elugrams were
obtained on a TOSOH EcoSEC Elite High-performance system
running THF as the eluant at a flow rate of 1.0 mL min~" and
using a TSKgel H Type column as the solid phase. SEC molar
mass distributions were determined relative to polystyrene
standards. GPC was also performed on an Agilent 1260 system
with an Agilent PLgel-MIXED-LC column running chloroben-
zene as the eluant. The Agilent system was equipped with a
refractive index detector (RID), viscometer (VS), light scattering
detector (LS), and multiwavelength detector (MWD). Chloroben-
zene was run at 0.5 mL min~ " and the detectors were calibrated
with linear polystyrene standards (Agilent EasiVial PS-M). UV-vis
spectroscopy was measured on an Agilent Technologies Cary 60
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UV-Vis spectrophotometer. Steady-state fluorescent emission
spectra were measured at an excitation wavelength of Ay =
450 nm on a Photon Technology International QuantaMaster
300 fluorimeter equipped with a Xe arc lamp and a 914 photo-
multiplier detection system. Quantum yields were measured by
calculating the linear slope of integrated fluorescence to absor-
bance and comparison to a standard of known quantum yield,
4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)}-4H-pyran
(¢ = 0.35 in chloroform).*® Nanoparticle sizes were measured using
dynamic light scattering (DLS) of the nanoparticle solution at their
current concentrations. DLS was performed on a Malvern Zetasizer
Nano ZS equipped with a 4 mW diode laser (1 = 632.8 nm). The size
was obtained by measuring the Brownian motion of the particles,
fitting the autocorrelation function and using the Stokes-Einstein
equation. PDI, a measure of the average uniformity of the
nanoparticles, was obtained as the square of the standard
deviation divided by the z-averaged diameter of the nano-
particles. Because (PT-g-PMMA)yp shows some evidence of
aggregation after multiple days, the size of (PT-g-PMMA)yp
was measured on a separate batch as the rest of the studies
presented here, to allow for the use of a fresh solution and
ensure minimal aggregation. Cryo-EM images of nanoparticles
were acquired by vitrification of a 0.2 mg mL™" PT-g-PMMA
solution on Quantifoil Holey Carbon Grids, 300 mesh, with
1.2 um hole size and 1.3 pm spacings (Quantifoil MicroTools,
Jena, Germany). The grids were glow discharged in a plasma
cleaner for about five minutes before vitrification. An FEI
Vitrobot (FEI Company, Hillsboro, OR) was used for the vitri-
fication of the PT-g-PMMA solution. After blotting the grids
with mounted papers for 3 seconds, the grids were plunged into
cryogenic ethane. The samples were preserved in vitreous ice in
liquid nitrogen before acquiring the Cryo-EM images. High-
resolution cryogenic transmission electron microscopy was
performed on the FEI Talos Arctica G2 at the Huck Institute
of Life Sciences at Pennsylvania State University. The measure-
ments were conducted using a 200 kV electron source and a
Falcone 3ec direct electron detector in linear mode. Binning
of 1 (no camera pixel binning) was used for the images with
4096 x 4096 pixels.
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