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1 | INTRODUCTION
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Abstract

This study reports the synthesis of novel poly(1-vinylimidazole)-b-poly(9-vin-
ylcarbazole) (PVI-b-PVK) block copolymers with varying monomer ratios
using reversible addition-fragmentation chain-transfer (RAFT) polymerization
and their incorporation in responsive composite materials. Specifically, non-
covalent exfoliation of two different conductive fillers, multi-walled carbon
nanotubes (MWCNTs) or reduced graphene oxide (rGO), was studied. The per-
colation threshold of the synthesized nanocomposites was dependent on the
polymer used for dispersion, showing a better affinity of the fillers for block
copolymers with higher relative carbazole content. Resistivity measurements
showed selective variation in the resistance signal when the materials were
exposed to various organic solvents and acids, providing a good basis for the
design of sensing devices.
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including reversible addition-fragmentation chain-
transfer (RAFT) polymerization.*® Furthermore, their

Stimuli-responsive polymers have the ability to change
morphologies and properties in different environments
once they are exposed to an external stimulus, such as a
change in temperature, pH, or light wavelength.'” Addi-
tionally, remarkable results have been recently achieved
in their synthesis using living polymerization techniques,

use in combination with graphitic fillers (GF) allows
straightforward access to responsive and conductive
nanocomposites. The latter display broad applicability as,
for example, molecular wires, molecular electronics, pro-
bes, high-strength fibers, field emission devices,”** and
as analytical sensors.'*
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One of the problems connected to the use of GF in
the synthesis of conductive nanocomposites is the ten-
dency to remain in a strongly aggregated state, which
makes it very difficult to obtain an effective dispersion
inside a polymer matrix.>>** To facilitate the dispersion,
it is possible to increase the GF affinity for the matrix
using two alternative approaches, namely covalent or
non-covalent dispersion. Covalent dispersion is based on
the covalent bonding between a stabilizing matrix—
typically a polymer—and the GF. For example, treating
carbon nanotubes (CNTs) with strong acid can generate
structural defects for anchoring of azide groups that serve
as reactive sites for polymers containing alkyne
groups.”>?® As another example, there are several reports
of functionalizing CNTs with bromide derivates®*’ or
RAFT agents®®° to graft polymer chains directly from
the surface of CNTs. However, covalent interactions inev-
itably affect the physical properties of GF due to the
resulting interference with the z-conjugation of GF. Even
so, the covalent approach is still highly valuable, due to
its efficient exfoliation of GF bundles and the ability to
successfully disperse GF in the polymer matrix.

In the case of the non-covalent approach, interactions
such as z-7 or H-bonding are used to disperse GF without
modifying the structural integrity of the GF.*! Contrary
to covalent methods, the stability of the resulting disper-
sions is often compromised over time. It has been
reported that the nondestructive functionalization of
CNTs can be achieved by coating the CNTs followed by a
polymerization step.>*** Likewise, several papers have
reported the functionalization of polymers and subse-
quent non-covalent grafting using aromatic structures,
such as pyrene, styrene, or perylene derivates.**°

Among the polymers that have been used for non-
covalent dispersion of GF, poly(9-vinylcarbazole) (PVK)
has shown outstanding results.*”>° Specifically, the com-
bination of PVK and GF makes it an interesting
nanocomposite material for the development of practical
semiconductor devices. Besides the ability to efficiently
exfoliate GF via z-z interactions, the carbazole moieties
can behave as electron donors, exchanging electrons with
the CNTs to form the corresponding charged counterions
and extending their electro-optical properties.>”***! For
example, Aydin et al. synthesized a nanocomposite of
PVK and graphene oxide (GO), obtaining a material that
displayed good conductivity properties.** Similar results
were obtained by preparing conductive nanocomposite
but using reduced GO (rGO) instead of the normal
GO.*** Advincula et al. has reported the preparation of
PVK-CNTs nanocomposites dispersions that showed
good stability for an extended time period (months) with-
out any precipitation of CNTs, suggesting PVK is a suit-
able matrix for conductive nanocomposites.>’

Another interesting polymer that has been used for the
dispersion of GF is PVL.***® The imidazole ring can form
intermolecular H-bonding between the GF and the poly-
mer, resulting in a stable dispersion. In addition, the imid-
azole is known for its sensitivity to analytes that are
capable of forming H-bonds and coordinate (in the case of
metal ions) with imidazole rings. This characteristic ren-
ders PVI well-suited for the synthesis of biosensors*’~>* and
membranes for metal ion complexing and removal.”***
Additionally, imidazole is a weak base,”° making it a
good candidate for acid-sensing devices.

Given the findings of these previous reports, we
hypothesized that the synthesis of copolymers containing
PVK and PVI could comprise versatile systems for the
preparation of analytical devices. While copolymerization
of 9-vinylcarbazole (VK) with other monomers has been
shown,*® the merging of PVK and PVI in a controlled
block copolymerization has yet to be achieved. Access to
such copolymer architectures would provide excellent
properties for the generation of conductive and respon-
sive GF materials, where the PVK block can help to pro-
duce highly exfoliated conductive nanocomposites,’” and
PVI provides stimuli responsiveness.

In this study, amphiphilic copolymers of PVI-b-PVK
were synthesized via controlled radical polymerization and
used as polymer matrices for the preparation of stimuli-
responsive nanocomposites. The nanocomposites were
tested for the detection of chlorinated solvents and organic
acids. RAFT polymerization was used to obtain block
copolymers with different VI/VK ratios. The copolymers
were characterized by "H-NMR spectroscopy, gel perme-
ation chromatography (GPC), differential scanning calo-
rimetry (DSC), and UV-Vis and fluorescence spectroscopy.
In addition, two different nanocomposites were prepared
by non-covalent dispersion of multi-walled carbon nan-
otubes (MWCNTS) or reduced graphene oxide (rGO). The
final nanocomposites were characterized by thermal gravi-
metric analysis (TGA) to evaluate the amount of the gra-
phitic filler (GF) dispersed, and by resistance
measurements to quantify their conductivity. Finally, the
best nanocomposite was studied and compared with the
respective homopolymer-based nanocomposites (PVI and
PVK) to evaluate the role of the single blocks on the final
properties of the material.

2 | RESULTS AND DISCUSSION
2.1 | Synthesis and polymer
characterization

Initially, various macroRAFT agents of PVK and PVI
homopolymers having different length were synthesized
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by RAFT. Reaction schemes are reported in the experi-
mental section at the end of the manuscript. One
macroRAFT agent was selected for subsequent chain
extension and block copolymer formation. The condi-
tions and results are summarized in Table 1. It should be
mentioned that VI is a less active monomer (LAM) in
RAFT, since radicals generated during polymerization
cannot form resonance structures with the heterocyclic
ring, making it challenging to polymerize.*® It has been
recently shown that imidazole monomers can be

polymerized via RAFT with good results using glacial
acetic acid as solvent,’®®! therefore, we followed this
approach.

As reported in Table 1, the use of the methyl
2-(butylthiocarbonothioylthio)propanoate trithiocarbonate
(MCEBTTC) as the RAFT agent gave narrow dispersity
and good yield in the synthesis of PVI. This RAFT agent is
almost identical to the agent used in a previous report
about VI-based RAFT polymers, except for the substitution
of the terminal acid group with an ester one.”® Three

TABLE 1 Conditions and results of the polymerizations carried out in this work
Sample name t (h) Conv* (%) [M]y:[CTA]:[T]o M,,*™™*° (g:-Mol )® x 10° M,*® (g-Mol %) x 10° )
PVI6 k 22 90 151:2:1 59 5.7° 1.29
PVI12 k 22 70 265:2:1 9.1 8.5° 1.30
PVI21k 22 51 424:2:1 11.0 10.6° 1.41
PVK 10 k 7 74 110:2:1 7.7 3.2¢ 1.10
PVK 20 k 7 66 206:2:1 14.1 7.6¢ 1.37
PVK 30 k 23¢ 61 360:2:1 18.6 7.0¢ 1.58
PVI 6 k-b-PVK 23 60 246:2:1 20.1 8.9¢ 1.61
PVI 12 k-b-PVK 23 68 200:2:1 23.0 11.6° 1.51
PVI 21 k-b-PVK 23 39 170:2:1 16.7 11.0° 1.47
aConversions were determined by "H-NMR spectroscopy (spectra reported in the Slc.
°M, (theoryc at experimental conv values.
“Based on conventional calibration with PS standards.
9Based on conventional calibration with Pullulan standards.
“Longer polymerization time used, due to an initial inhibition period.
I L Aeve.
- ~ ~N
N MCEBTTC O%T
ng ('H:('OOU
VI
WX 1, o \ TG PVI-Ac 6k
——time 1h
——time 2h
[ ——time 3h
‘ ——time 4h
——— time 5h
——time 6h
| ——time 7h
l ‘ —time 22h
. OC " (' . L. ,“ ‘J M]qme(,).l.
O 135
trioxane
80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 70 7.5 8.0 8.5 9.0
f1 (ppm) Eluition Time (min)
FIGURE 1 (A)'H-NMR traces comparison of PVI-Ac-6 k. (B) GPC traces obtained in DMF of the kinetic studies of PVI-Ac-6 k shown

as example for the PVI polymerization
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different PVI macroRAFT agents were synthesized with
different M,, to evaluate the molecular weight effect of PVI
during the synthesis and on the final properties of the
nanocomposites with different GF.

The polymerization kinetics of VI was studied by
"H-NMR spectroscopy (Figures 1A and S3) and GPC
(Figures 1B and S4). The "H-NMR traces (Figure 1A) dis-
play a decrease of the signals associated with the imidaz-
ole vinyl bond (~7.2, ~5.5, and ~4.8 ppm) over time, and
the appearance of new signals (between 3.6 and 2.8 ppm)
associated to the -CH- and -CH,- of the polymer
backbone.

The plot of In([M],/[M],) as function of time displays
a linear increase, thus indicating pseudo-first-order kinet-
ics, indicative of a steady-state radical concentration. An
inflection of the curve is observed at relatively longer
times (¢t > 7 h, Figure 2A), indicating decreased radical
concentration, most likely due to termination events and
the depletion of initiator. The slope of In([M]y/[M],) ver-
sus polymerization time decreased with increasing target
molecular weight probably due to the lower AIBN con-
centrations in these polymerizations. The total monomer
concentration was kept constant, while the ratio of
monomer to AIBN increased, resulting in a lower AIBN
concentration for these polymerizations. It may be
noticed here that the conversions and final molecular
weights obtained in the kinetics experiments, differ
slightly from those reported in Table 1, despite the reac-
tion being performed in the same conditions. This may
indicate some effect due to the different scale at which
the reactions were performed, or generally lower repro-
ducibility, but we did not further investigate it.

(A)
= PVI-Ac 6K
1.2 - ® PVI-Ac12K .
A  PVI-Ac 21K L
1.0 -
A
~ 0.8 ] y=01103x+00059
S "% | Rr*=0992 =
5 ¥  y=00975x-00229
—° 0.6 4 ‘o™ 2
s s R'=0976
= NF
S 04+ yrEx v - 0.0787 x - 0.0206
)‘:,',A' R”=0.981
0.2 4 '4"‘
N
0.0 = X L) L) LJ o L] i L]
0 5 10 15 20 25
time (h)
FIGURE 2

The GPC chromatogram over time displays
monomodal peaks that shift to lower retention volume,
indicating a uniform growth of the polymer chains
(Figures 1B and S4).

The molecular weights of the different PVI macro-
RAFT synthesized in this work increased with conver-
sion, typical of a living system, as shown in Figure 2B. It
needs to be mentioned that P increased slightly with the
polymerization progress for all the polymerizations, how-
ever, the final P values remained below 1.3 (except for
PVI 21 K which displays slightly higher D ~ 1.4). This is
in line with a previous report of VI RAFT polymerization
that showed broader molecular weight distributions
above 60% conversion.”® For all polymerization experi-
ments, we observed a deviation of the measured M,
values as function of the conversion from the theoretical
M, ones. This behavior could be explained by the fact
that M,, was obtained from Pullulan standards that likely
show a different hydrodynamic volume compared to PVI.
However, those results are comparable to a previous
report.*

Furthermore, macroRAFT agents of PVK character-
ized by different molecular weights were also synthesized
(Table 1). The success of the polymerization was proven
by 'H-NMR spectroscopy (Figure S5) and by GPC
(Figure S6). After both macroRAFT agent types were suc-
cessfully synthesized and characterized, they were evalu-
ated for their chain extension performance to prepare the
final diblock copolymers of VI and VK. The chain exten-
sion of PVK in DMF was unsuccessful due to a precipi-
tate formation after a short time. The symmetric
approach, i.e. chain extension of PVI with VK, was then

EBEED pVI-Ac 6k
B) AAA Mn pVI-Ac 12k
£2222 Mn theoretical pVI-Ac21k
1.40 v v v v v
; ’ ’ ' ! ! ! [ 24.00
135 4 L2200
] L 20.00
130 ) L18.00
1.25 - L 16.00 §
1 1400 =
W20 1200 €
] 3
1.15 1000 5
. L 8.00
110 1 L 6.00
1.05 L 4.00
] £ 2.00
1.00 0

conversion (%)

(A) Kinetics study of PVI macroRAFT agents at different target M, (6 kg/Mol, 12 kg/Mol and 21 kg/Mol) via thermo-

initiated RAFT. (B) Comparison of the corresponding M, (6 kg/Mol, 12 kg/Mol, and 21 kg/Mol), P and theoretical molecular weight

evolutions over conversion
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chosen. The kinetic study of the PVI chain extension
using VK was again studied by 'H-NMR spectroscopy
(Figures 3A and S7) and by GPC (Figures 3B and S8).
The '"H-NMR spectra display a decreasing of the signals
associated with the carbazole vinyl bond (~5.6 and
~5.1 ppm) and the appearance of new signals (between

(A &
[¢] AN,
d \ / N
\OJ\rNSTS\/\/
_ s DMF
‘ AIBN
70°C
PVI PVI-b-PVK

___,,._,V "‘i ’/‘@ . J‘\la@ '\V J,/d\g_lgé_h_

i :
ARy time 0
%

——UJ‘;if' C&).J_J___G*

DMF DMF

3.6 and 2.0 ppm) associated with the -CH- and -CH,- of
the polymer backbone. Moreover, it is possible to observe
broad signals between ~7.0 and ~5.8 ppm that are
assigned to the carbazole protons of the PVK block.

The kinetic plot shows a very reasonable fit with a
pseudo-first-order kinetics (Figure 4A), with the slight

PVI 6k-b-PVK

1 10 100

)858.0757.06.56.0555.04.54.0353.02520151.0

f1 (ppm)

FIGURE 3

Molar Mass (Kg/mol)

(A) "H-NMR traces of the chain extension reaction of PVI-Ac-6 k and (B) GPC traces obtained in DMF of the kinetic studies

of PVI 6 k-b-PVK shown as example for the chain extension reactions of this work

(A)
0.7 e PVI6k-b-PVK
{1 = PVIT2kb-PVK Vs
069 & PVI21k-b-PVK
054 y
$ jas y=0.0298x - 0.0283 7y 0064+ "y
—° ; R’=0989 _.
s ! R?=0.988 g
T 034 "
L P o
0.2 o ‘ g y=0.0046x + 0.010
] ‘/‘ " R*=0.954
0.1 :" e
4de / } _A——-""""H-/

time (h)

FIGURE 4

PVI 6k-b-PVK
PVI 12k-b-PVK
PVI 21k-b-PVK
L] - L] ol L) - | - -195
™ o F
- Fiso
™ [
..... . 165
e ’ 150
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(A) Kinetics study of chain extension of PVI macroRAFT agents with VK at different target M,, via RAFT. (B) Comparison of

the corresponding M,,, D and theoretical molecular weight evolutions over conversions for different PVI-b-PVK
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deviation from the linear fit being an indication of different
polymerization behavior (or experimental uncertainty).
PVI 6 k-b-PVK has a lower polymerization rate than
PVI 12 k-b-PVK, probably because of a lower number of
MCEBTTC-terminated chains, despite a higher monomer/
initiator ratio.

As shown in the GPC chromatogram in Figure S10,
the polymer peaks shift to higher M,, over time, despite a
small tail probably due to the presence of dead PVI
chains. Moreover, if the M,, is plotted as function of con-
version, it increases linearly as shown in Figure 4B,
except PVI 21 k-b-PVK, where the M, reaches a plateau
around 7% of the conversion value. The increase of D
values could be attributed to a combination of chain-
chain recombination side-reactions and due to the fact
that some polymer chains are not RAFT agent
terminated.

As matter of fact, the control on the synthesized
copolymers resulted to be poor. Indeed, despite the GPC
traces (Figures 3B and S8) for all the copolymers shift to
higher molar mass compared to the corresponding
macroinitiators, the presence of tails and bimodal peaks
suggests a poor control. Although the synthesis was not
optimized, the results show that block structures were
successfully obtained, thus the polymers were used to
prepare the intended nanocomposites, which represents
the main focus of this work.

Once the kinetic studies of macroRAFT agents and
their chain extension were carried out a larger batch of
polymers (~5 g each of the final polymers) was synthe-
sized and characterized by "H-NMR spectroscopy, GPC,
and DSC analysis (Figures S9, S10, and S11) in order to
get enough material for the preparation and characteriza-
tion of the conductive nanocomposites. As reported
above, the polymers obtained have slightly different M,
D, and conversion values than the one used to study their
kinetics.

To evaluate the effect of the block copolymer compo-
sition on the dispersion of GF, it is important to estimate
the monomer molar ratio VI/VK. Unfortunately, this was
difficult to estimate by 'H-NMR spectroscopy, since the
signals of VI and VK rings are mostly overlapped. How-
ever, based on the GPC analysis in DMSO (Figure S10), it
was possible to estimate the ratio VI/VK as reported in
Table S3.

Finally, since carbazole-derivate polymers are known
for their optical features, to give a full characterization of
these new materials, some spectroscopic properties of
interest were measured as reported in the supporting
information of this work. The results show that the pres-
ence of carbazole groups render all the prepared mate-
rials fluorescent, behaving similarly to what reported in
literature for analogous polymers.®***

2.2 | Preparation of electrically
conductive rGO/polymer composites

Dispersions of the GFs rGO and MWCNTs in PVI 6 k,
PVK 10 k and PVI 6 k-b-PVK polymers were made in
NMP mixing 30 mg of GF and 110 mg of polymer follow-
ing the procedure reported in the experimental section of
this work. Some considerations can be drawn from the
TGA curves comparison between the pristine polymers
and their composites. Notably, the polymers PVI and
PVI-b-PVK showed 5 wt% mass loss at 160 °C, instead
PVK was stable up to 350 °C with the same mass loss
(Figure S14a). Moreover, as shown by the first derivative
of the thermogravimetric curves in Figure S14b, the PVI
and PVI-b-PVK show two different temperature regions
for degradation. The PVI shows the first degradation step
around 180 °C and the second around 450 °C. Instead,
for PVI-b-PVK two degradation temperatures around
450 °C and 490 °C were observed. Since the PVK homo-
polymer displays one degradation temperature at 470 °C,
we assumed that the first degradation temperature for
the PVI-b-PVK is mainly associated with the PVI block
and the second one to the PVK block. Of course, thermal
degradation is a much more complex phenomenon, and
the two blocks likely influence each other. However,
based on this assumption, we tried to qualitatively esti-
mate the VI/VK ratio in the synthetized copolymers. It is
interesting to notice that the ratio VI/VK based on the
TGA analysis seems to have the same trend of the same
ratio obtained by GPC Table S3.

Another important result gathered from the TGA
investigation was the thermal stabilization of the
nanocomposites compared to the pristine copolymers. It
was worth noting that the scavenging characteristics of
MWCNTs® delayed the initial thermal degradation of
the nanocomposite by approximately 200 °C, while the
use of rGO pushed the initial thermal degradation of the
nanocomposites by approximately 150 °C. However, this
enhancement in polymer stability was not observed for
the second degradation steps of both polymers (PVI 6 k
and PVI 6 k-b-PVK).

We evaluated the amount of polymer interacting with
the GF by TGA (Figure 5). Comparing the final residue
of PVI 6 k and PVI 6 k-b-PVK before and after the disper-
sion of GF, it is possible to estimate the amount of poly-
mer that interacted with the GF after the filler
dispersion step.

Table 2 shows that the PVI 6 k seems to interact more
with rGO than MWCNTs, as indicated in the higher mass
loss (10.9 against 8.0 wt%). Conversely, PVI 6 k-b-PVK
shows an opposite trend because the PVK block helps to
create stronger interactions with MWCNTs (about 26 wt
% against 7.2 wt%, only). This result is in line with the
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FIGURE 5

TGA analysis of pristine polymers synthesized in this work and their composites. In the specific (A) reports TGA analysis of

nanocomposites with GO and (B) reports TGA analysis of nanocomposites with MWCNTs

TABLE 2 Summary of the amount of PVI 6 k, PVK 10 k and
PVI 6 k-b-VK interacting with the filler at the end of the dispersion
procedure

Polymer (Wt%)
GF PVI6 k PVK 10 k PVI 6 k-b-PVK
rGO 10.9 1.2 7.2
MWCNTs 8.0 28.7 25.8

data obtained by the TGA of PVK 10 k that displays a
strong ability to interact with MWCNTs.

It is possible to explain the results considering the nature
of the interactions between the GF and the polymers. rGO
contains residual polar groups at its surface, providing a bet-
ter interaction with the PVI moieties for MWCNTs. On the
other hand, MWCNTs being characterized by a more gra-
phitic character than rGO, effectively enabling the formation
of z-z interactions with the carbazole groups of PVI 6 k-b-
PVK, analogous to reports of other aromatic
compounds.®®®® Those considerations seem to be confirmed
by SEM analysis of the nanocomposites with rGO and
MWCNTs (Figure 6). When rGO is used as GF, no remark-
able differences are observed in the homogeneity of the filler
dispersion in PVI 6 k (Figure 6A) and (PVI 6 k-b-VK;
Figure 6B). On the contrary, it is possible to see a more
homogenous dispersion of MWCNTSs without bundles when
PVI 6 k-b-PVK is used as polymer matrix (Figure 6D)
instead of PVI 6 k (Figure 6C).

It is also interesting to note that both SEM micro-
graphs of PVI 6 k-b-PVK show the presence of, most
probably, polymer nanoparticles having a radius of
~20 nm. Such assemblies are possibly formed by PVK
domains that are phase-separated from PVI due to the

different nature and polarity of the two blocks. However,
further investigations are needed before drawing a final
conclusion. It is important to highlight that Raman spec-
tra carried on the GF before and after the dispersion in
the polymer matrix display no variation in the D/G band
ratio (Figure S16). This confirms that the condition used
for the dispersion of the GF did not adversely affect the
graphitic nature of the GF fillers.

The ability to efficiently disperse GF was then evalu-
ated by determining the percolation threshold in solid
composites. The electrical behavior of the solid composite
was evaluated by depositing the dispersion via solution
casting over an electrical circuit (Figure S2). The device
was then connected to a digital multimeter with a data
logger. Since the resistance of the composite containing
rGO (Figure S16) was considered too high due to the low
conductivity of the filler (around GQ, possibly due to the
mostly intact insulating GO structure), further discussion
was addressed only to the solid dispersions containing
MWCNTs, only. Interesting results were obtained from
the comparison of the MWCNTs-solid dispersion in
the different polymers. The solid mixture based on
MWCNTs dispersed in PVI 6k displays the highest
percolation threshold of about 1 wt%, whereas the
PVI 6 k-b-PVK and PVK 10 k composites containing the
more interacting VK units show the formation of effec-
tive percolation pathways already at MWCNTSs contents
of 0.5-0.7 wt% (Figure 7).

It is possible to conclude that the lower percolation
threshold measured in the case of the copolymers
reflects the higher interaction features of the polymer
matrix with the MWCNTSs, thus confirming the initial
hypothesis of this work about the affinity of VK with
MWCNTs.



MIGLIORE ET AL.

JOURNAL OF

345 ym | 9.5 mm | 5.70¢-3 P

) W ot det mode | mag
V7 1 2000KkV | 2.0 | STEMII  BF 120 0

FIGURE 6

POLYMER SCIENCE —WI LEYM

L —

XKV 2.0 STEMII | BF 1200¢0x | 345pn | 8.1mm  8.05e< Pa

Y

— 400 nm —

20.00kVv 20 STEMII BF 240000x  1.73ym  80mm | 1.13¢-3 Pa

SEM images of the nanocomposites at 1 wt% of GF synthesized in this work. (A) PVI 6 k 1 wt% rGO. (B) PVI 6 k-b-PVK

1 wt% rGO. (C) PVI 6 k 1 wt% MWCNTSs. (D) PVI 6 k-b-PVK 1 wt% MWCNTs

2.3 | Resistance responsiveness of the
MWCNTs-composites with organic
chemicals

Since the MWCNTs nanocomposites showed higher con-
ductivity and lower percolation threshold, they were cho-
sen as resistive composites for testing their potential
interaction with chemicals. Organic solvents and acids
were tested to determine the resistance response of the
derived composites. The amount of 1 wt% of GF was cho-
sen for the experiments being close to the percolation
threshold and therefore suitable for resistive sensing.®®
The device coated with the nanocomposites was immersed
in different organic solvents at room temperature for about
1 min. No polymer leakage from the solid support nor dis-
solution occurred during the sensing experiments. Notably,
the prepared polymers resulted soluble in certain organic
solvents after heating, only. From this first experiment,
interesting results can be observed (Figure 8). When PVK
10 k was immersed in chlorinated solvents (CHCl; and
CH,Cl,) and THF, a higher resistance variation was
recorded in the nanocomposites. This behavior can be

10°q B--..
‘A &, O PVI6k
' e O PVI 6k-b-PVK
~ O A PVK10k
CE: 10y Q‘ L
§ 10° K R
k7] .
fi 107 %
1071 R
\‘~~. P, $_
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0.0 0.5 1.0 15 2.0 2.5 3.0
MWCNTSs content (%)
FIGURE 7

Percolation threshold of MWCNTSs nanocomposites
with PVI 6 k and PVI 6 k-b-PVK

possibly attributed to the high affinity of the VK repeating
units with this class of solvents characterized by the highest
polarity index (i.e., CHCl; = 4.1, CH,Cl, = 3.1, and
THF = 4.0).”° The high interaction allows substantial
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FIGURE 8 Resistance variation of the sensor composed by PVI
6 k-b-PVK or PVK 10 k and 1 wt% of MWCNTSs when immersed in
organic solvents

swelling that adversely affect the percolative pathways of
the composite and, in turn, results in an increase of electri-
cal resistance.”” In the case of PVI 6 k-b-PVK, the presence
of the VI block dilutes the amount of PVK block, thus pro-
viding a less pronounced resistance variation, albeit the
same trend. The highest sensitivity displayed by using dic-
hloromethane is very promising for further investigations
of the prepared device as sensors, for example, of volatile
organic compounds.

The presence of imidazole moieties in the copolymer
suggests testing the resistive response also towards
organic acid compounds. In view of lack of solubility in
solvents with lowest resistive response (Figure 8), the
experiments were carried out by using toluene. This
enabled the use of three different acid compounds with
an increasing pKa (i.e., trifluoroacetic acid > chloroacetic
acid > acetic acid) and without a detrimental interference
due to the solvent, especially in the case of PVI 6 k-b-
PVK, as resulted by preliminary experimental test.

Interesting results are obtained from the acid sensitivity
of the composites. As expected, the PVK 10 k composite
does not display any detectable resistance variation
(Figure 9) since it cannot be protonated. It is likely that by
protonating the VI, the resistance value of the derived com-
posites changes significantly. It was expected that the stron-
ger the acid, the more pronounced was the resistance
variation. Conversely, the experimental data shows an
unexpected behavior, as the chloroacetic acid (pKa = 2.87)
gives the highest average resistance variation than that pro-
vided by the trifluoroacetic acid (pKa = 0.52).

This phenomenon was tentatively attributed to the
stronger interaction of chlorinated compounds with the
polymer matrices. Namely, notwithstanding the lower
acid constant, the chloroacetic acid, thanks to its higher
affinity with the polymer matrix, could diffuse within the

40 -

35 4 I PV 6K
I PV 6k-b-PVK
I PVK 10k

30 A

AR/R (%)
e

Chloroacetic acid
pKa 2.87

Trifluoroaceticacid  Acetic acid

pKa 0.52 pKa 4.75

FIGURE 9 Resistance variation of the sensor composed of PVI
6 k, or PVI 6 k-b-PVK or PVK 10 k and 1 wt% of MWCNTs when
immersed in 0.2 M organic acids in toluene

solid MWCNTs/polymer mixture and reach a higher
amount of VI moieties. Overall, the protonation adversely
affects the electrical conductivity of the composites,
possibly due to charge repulsion among macromolecules
that tend to keep apart the electrically conductive
MWCNTs.*® No striking differences between the resistive
behavior of PVI 6 k-b-PVK or PVK 10 k are present
except for TFA, where the higher compatibility provided
by the VK units towards the strongest acid could be bene-
ficial in enhancing the responsiveness of the copolymer.
Moreover, the acid-treated devices were unaffected by the
presence of bases. For example, no variation of resistance
occurred by adding highly concentrated DABCO (pKa is
8.82) solutions in toluene.

3 | CONCLUSION

In this work, block copolymers of 1-vinylimidazole and
9-(vinylcarbazole) have been successfully synthesized by
RAFT polymerization for the first time. The products were
extensively characterized by GPC, 'H-NMR, TGA, DSC,
and UV-Vis. The monomer conversion was followed over
the course of the polymerization, showing the expected
pseudo-first-order kinetics, and GPC traces confirm contin-
uously increasing molecular weights with moderate dis-
persity for the polymers, suggesting a certain degree of
control. The synthesis of both macroRAFT agents (PVI and
PVK) with different molecular weights was achieved. The
greater D for the PVI was likely due to the high conversion
values (>60%) achieved.®* When both macroRAFT agents
were chain-extended, only PVI gave an acceptable result
due to precipitation in case of PVK. However, the final
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dispersity of the block copolymers was less than optimal for
RAFT polymerization. This can be attributed probably to
the poor livingness of the starting RAFT macro-initiators
used. Fluorescence measurements of the synthesized copol-
ymers were in agreement with literature reports for
carbazole-containing polymers.®> Since the carbazole is
directly attached to the polymer backbone, the presence of
a mainly “sandwich-like” conformation fluorescent excimer
is registered in liquid and in solid-state. Two different GF
were tested to prepare responsive conductive composites,
rGO and MWCNTs, with the latter showing better interac-
tion with the PVI-b-PVK, due to the different polar affinity
with PVI-b-PVK compared to the rGO. Moreover, when
SEM analyzed the responsive conductive nanocomposites
with MWCNTSs, it is clear that the use of PVK as second
block help to prevent the formation MWCNTs bundles.
Moreover, the GF's scavenging characteristics help improve
the thermal stability of the polymers up to 350 °C. The
CNTs show a low percolation threshold (~ 0.85 wt%) due
to the good non-covalent interaction with VK. Indeed,
nanocomposites of PVI display a much higher percolation
threshold value as proof of the inefficient ability of the VI
to exfoliate MWCNTSs.

Finally, the composites were tested in terms of electri-
cal response when exposed to organic acid and chlori-
nated solvents to evaluate them for possible use in
sensing devices. They showed good selectivity for differ-
ent organic solvents, especially those based on the PVK
10 k homopolymer, with DCM and THF giving signifi-
cantly higher variation than other solvents. This is a good
starting point for further studies. On the other hand, the
block copolymers display sensitivity and selectivity to
organic acids due to the presence of the basic VI block,
further expanding the possible practical applications.

4 | EXPERIMENTAL SECTION

4.1 | Materials

2-Butylthiocarbonothioylthio propanoate trithiocarbonate
(MCEBTTC) was synthesized according to the procedure
reported in the supporting information of this paper.
1-Vinylimidazole (VI, Sigma-Aldrich, >99%) was purified
by filtration over basic alumina. Carbon disulfide (Sigma-
Aldrich, anhydrous, >99%), 1-butanethiol (Sigma-Aldrich,
99%), methyl 2-bromopropionate (Sigma-Aldrich, 98%),
9-vinylcarbazole (VK, Sigma-Aldrich, 98%), 1,3,5 trioxane
(Sigma-Aldrich, 99%), 2,2'-azobis(2-methylpropionitrile)
(AIBN, Sigma-Aldrich, 98%), triethylamine (Sigma-Aldrich,
>99%), magnesium sulfate (Sigma-Aldrich, anhydrous,
ReagentPlus®, >99.5%), hydrochloric acid (ACS reagent,
37%), acetic acid (Sigma-Aldrich, glacial, ReagentPlus®,

>99%), N,N-dimethylformamide (DMF, Sigma-Aldrich, for
HPLC, >99.9%), diethyl ether (Sigma-Aldrich, anhydrous,
> 99.8%), dichloromethane (Sigma-Aldrich, for HPLC,
>99.9%), trifluoroacetic acid (Sigma-Aldrich, ReagentPlus®,
99%), toluene (Sigma-Aldrich, ACS Reagent, >99.7%), hex-
ane (Sigma-Aldrich, for HPLC, >97.0%), dimethyl sulfoxide
(DMSO, Sigma-Aldrich, dried <0.02% water), 1-methyl-
2-pyrrolidinone (NVP, Sigma-Aldrich, ReagentPlus®, 99%),
tetrahydrofuran (THF, Carlo Erba), chloroacetic acid
(Sigma-Aldrich, ACS reagent, >99.0%) were used as
received. Reduced graphene oxide (rGO, Abalonyx, R-9P,
by ELEM. ANAL: C 68.84%, H 1.41%, O 29.14%, and N
0.48%), Multi-Walled Carbon Nanotube (MWCNTSs,
Aldrich, as-produced cathode deposit, >7,5%) were used as
GF. Dimethyl sulfoxide-ds (DMSO-dgs, Sigma-Aldrich,
anhydrous, 99.9 atom % D) and chloroform-d; (CDCls,
Sigma-Aldrich 99.8 atom%D) were used as deuterated sol-
vents for NMR studies.

4.2 | General procedure for the synthesis
of poly(1-vinylimidazole) and poly
(9-vinylcarbazole) macroRAFT agents

The monomer (VI or VK; Scheme 1), MCEBTTC, AIBN
and 1,3,5-trioxane (as an 'H-NMR internal reference,
1.5 wt% compared to the monomer) were dissolved in the
reaction solvent (acetic acid for VI polymerization and
1,4-dioxane for VK polymerization) to a final monomer
concentration of 1.6 M and transferred in a three-necked
round-bottom flask according to the stoichiometric ratio
reported in Table 1. The solution was purged with argon
for 45 min and then submerged in an oil bath at 70 °C
(in the case of PVI) and 60 °C (in the case of PVK;
Table 1). Aliquots of the reaction solution were taken in
regular time intervals to follow the reaction kinetics and
analyzed by GPC and "H-NMR spectroscopy. The reac-
tion was stopped by cooling the reaction mixture to room
temperature and opening the flask to air. The monomer
conversion was determined via '"H-NMR spectroscopy
by dissolving crude solution in DMSO-dg (PVI) or CDCl;
(PVK). The PVI solutions were dialyzed against MilliQ
water, changing the water at least three times over a
period of 2 days, using a Spectrum™ Spectra/Por™ RC
membrane with a 3.5 kDa molecular weight cut-off
value. The final PVI macroRAFT agents were recovered
as yellowish solid by removing MilliQ water using a
freeze drier. PVK was purified by precipitating the solu-
tions in cold diethyl ether. The final PVK macroRAFT
agents were recovered by filtration as yellowish solids
and dried overnight in a vacuum oven at 40 °C. All the
products were characterized by '"H-NMR spectroscopy
and GPC.
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4.3 | Synthesis of PVI-b-PVK using
thermo-initiated RAFT

According to the following procedure, the synthesis of PVI-
b-PVK (Scheme 2) with different ratios of VI/VK was car-
ried out. PVI macroRAFT, VK, and AIBN (according to the
stoichiometric ratio reported in Table 1) were dissolved in
DMF to a final monomer concentration of 1 M and trans-
ferred in a three-necked round-bottom flask. The solution
was purged with argon for 45 min and then placed in an oil
bath at 70 °C for 23 h. The kinetics of the reaction was
followed by 'H-NMR, dissolving the crude solution in
DMSO-ds. The polymer solutions were dialyzed against
DMF, changing DMF at least two times over a period of
2 days, using a Spectrum™ Spectra/Por™ RC membrane
with a 3.5 kDa molecular weight cut-off value. The final
polymers were recovered by precipitation in diethyl ether.
The final polymer was recovered by filtration, washed with
THEF, and recovered as a whitish solid. The polymers were
dried overnight in a vacuum oven at 40 °C. The products
were characterized by "H-NMR spectroscopy and GPC.

4.4 | Interaction tests between GF and
polymers

110 mg of PVI 6 k (where 6 k stands for 6 kg/mol), PVK
10 k (where 10 k stands for 10 kg/mol) or PVI 6 k-b-PVK
were dissolved in 15 ml of NMP in a 20 ml vial and
30 mg of rGO or MWCNTs were added. The mixtures
were then sonicated for 5 min at 400 W. During sonica-
tion, the vial was immersed in an ice bath preventing an
excessive temperature rise. Then, the dispersion was

(A) Polymerization of VI in acetic acid followed by dialysis in MilliQ to obtain PVI macroRAFT agents. (B) Polymerization
of VK to obtain PVK macroRAFT agent with different molecular weights

transferred in a 50 ml round-bottom flask equipped with
a condenser and a stirring bar. The mixture was left to
stir for 24 h at 70 °C under nitrogen. After cooling, the
carbonaceous-polymer dispersion was precipitated in 1 L
of water dropwise and recovered via filtration using a
Sartorius filter (Durapore®) with a PVDF filter mem-
brane with a pore size of 0.22 pm and a diameter of
47 mm. The product was washed with 250 ml of DMSO
to remove the unreacted polymer, left under stirring
overnight and then filtrated. The procedure of washing
was repeated twice. The carbonaceous-polymer products
were then dried for 48 h under vacuum and characterized
by Raman spectroscopy and TGA.

4.5 | Preparation of the different GF/
polymer nanocomposite

Dispersions of 1 mg/ml of rGO or MWCNTSs were pre-
pared in NMP and sonicated for 5 min at 400 W and
24 kHz with UP 400 S titanium probe with a 3 mm diam-
eter tip and 100 mm length (Hielscher's H3). During soni-
cation, the vial was immersed in an ice bath preventing
an excessive temperature rise (Figure S1). Then, 50 mg of
the polymer was dissolved in 5 ml of NMP and the right
amount of GF (rGO or MWCNTs) dispersed in NMP was
added in order to reach 0.2, 0.6, 1 and 3 wt% with respect
to the polymer, respectively. The mixture was then ultra-
sonicated (UP400S from Hielscher) for 5 min at full
power (400 W, frequency of 24 kHz), dipping the vial in
an ice bath to prevent solvent evaporation during sonica-
tion. The GF/polymer dispersions were left stirring at
80 °C under nitrogen and one aliquot (20 pl) was drop-
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casted on copper plated electrodes supported on a
Kapton® film®® (Figure S2) and then left to evaporate at
120 °C. This procedure was repeated five times. After the
last deposition, the device was left dried for 2 h at 120 °C
and 6 h under low pressure (mechanical pump).

4.6 | Characterization

The '"H-NMR spectra were recorded on a Varian Mer-
cury Plus 400 MHz spectrometer. TGA was carried out
in a nitrogen environment with a PerkinElmer TGA
4000 from 20 to 900 °C at a heating rate of 10 °C/min.
Glass transition temperatures (Ty) were determined for
all samples using a TA-Instruments DSC25 under nitro-
gen atmosphere. T, was calculated as the point of
inflection in the DSC curve. Two cycles were per-
formed, and heating and cooling rates were set to
10 °C/min throughout the DSC measurements in the
range of temperature of 15°C to 280 °C according to
the polymer measured.

The molecular weights of the polymers were mea-
sured by GPC analysis. The measurements were per-
formed using several instruments with different solvent,
depending on the polymer. The series of PVK were mea-
sured with an HP1100 from Hewlett Packard, equipped
with three 300 x 7.5 mm PLgel 3 pm MIXED-E columns
in series. Detection was made with a GBC LC 1240 IR
detector. The samples were prepared by dissolving the
polymers in THF at 1 mg/ml concentrations and using
toluene as the internal standard. The samples were eluted
with THF at a flow rate of 1 ml/min, at a pressure of
140 bar. Molecular weights and dispersity (P) were deter-
mined using the software PSS WinGPC Unity from Poly-
mer Standard Service. Polystyrene standards (M,, = 1180,
2360, 4490, 9920, 19,720, 46,500, 96,000, and 188,700 Da)
were used for calibration. The series of PVI were mea-
sured with Agilent Technologies 1200 Series, equipped
with PLgel Mixed B 300 x 7.5 mm. Detection was
achieved with a GBC LC 1240 IR detector. The samples
were eluted with DMF with 10 mM of LiBr at a flow rate
of 1 ml/min, at a pressure of 30 bar. Molecular weights
and dispersity (D) were determined using the software
PSS WinGPC UniChrom V8.20. A standard pullulan kit

(PSS, Mainz, Germany) with molecular weights from
342 to 805,000 Da was employed to generate a calibration
curve. The molecular weights of the PVI-b-VK were mea-
sured using a GPC system consisting of an isocratic
pump, auto sampler without temperature regulation,
online degasser, 0.2-ym inline filter, refractive index
detector (G1362A 1260 RID Agilent Technologies), vis-
cometer (ETA-2010 PSS, Mainz), and MALLS detector
(SLD 7000, PSS, Mainz). The samples were injected with
a flow rate of 0.5 ml/min into a MZ Super-FG 100 SEC
column and two PFG SEC columns 300 and 4000. The
columns were held at 80 °C, and the detectors were held
at 60 °C (Viscometer) and 45 °C (RI). A standard pul-
lulan kit (PSS, Mainz, Germany) with molecular weights
from 342 to 805,000 Da was employed to generate a cali-
bration curve. The data were processed with the WinGPC
Unity software (PSS, Mainz). The samples were dissolved
in the GPC solvent DMSO with 50 mM LiBr at a concen-
tration of 1 mg/ml by overnight stirring at room tempera-
ture. All samples were filtered through a 0.20-um PTFE
membrane before injected.

The fluorescence and absorbance spectra of the copol-
ymers were measured both on solutions at 0.01 mg/ml in
NMP, and on solid films. The polymer films were pre-
pared by press molding at 1500 psi and using a tempera-
ture of 20 °C above their T for 5 min. The fluorescence
spectra were recorded on a Horiba Jobin-Yvon
Fluorolog®-3 spectrofluorometric and the absorbance
spectra on a Cary 5000 UV-Vis-NIR spectrophotometer.
Scanning transmission electron microscopy (STEM) was
performed using a FEI Quanta 450 ESEM FEG
(ThermoFisher scientific, Hillsboro, Oregon, USA) with
an accelerating voltage of 20 kV similar to procedures
previously.®> The percolation threshold of the various
nanocomposites and the resistive behavior as a function
of the different chemicals were determined by 2-point
resistance measurement with a Solartron 7081 Precision
Voltmeter, as analogously reported in previous experi-
ments*® Raman spectra were recorded on a BX51 upright
microscope fiber coupled to a shamrock163i spectrograph
and iVac-DR-316B-LDC-DD CCD camera (ANDOR
Technology) with an 850-nm blazed 235 L/mm grating.
An Ondax Mini-Benchtop Laser at 785 nm with 5 mW at
sample.
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