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Abstract: Poly(N-vinyl carbazole) (PVK) homopolymer, poly(4-vinylpyridine) (PVP) homopolymer, and
PVK-b-PVP block copolymer were synthesized by reversible addition-fragmentation chain transfer (RAFT)
polymerization and the polymers were used to prepare non-aqueous graphene dispersions with four different
solvents, ethanol, N-methyl-2-pyrrolidone (NMP), dichloromethane (DCM), and tetrahydrofuran (THF). 'H- and
BC-NMR spectroscopy, size exclusion chromatography (SEC), and differential scanning calorimetry (DSC)
were carried out to confirm the chemical structure of the polymers. Stability of graphene dispersions was
measured by on-line turbidity measurement. Time-dependent Turbiscan Stability Index (TSI) values were
interpreted in terms of surface tension (o) and solubility parameter (3) among solvents, polymers, and
graphene. It was confirmed that the solubilities of polymer and surface tension between solvent and graphene
affected the dispersion stability of graphene. PVK-b-PVP block copolymer could effectively maintain the low
TSI values of graphene dispersions in ethanol and THF, which have been known as poor solvents for graphene
dispersions. It can also be noted that DCM shows good dispersion stability comparable to NMP, which has
been known as the best solvent for graphene dispersion.
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1. Introduction

Graphene is one of the most attractive materials in
these days due to its unique mechanical, chemical,
electrical, and thermal properties [1-4]. Due to these
distinctive properties of graphene, it has been introduced
in applications, such as nanoelectronics, transistor,
memory device, transparent screen, sensor, hydrogen
storage, and biomedical technology [5-10].

For the applications of graphene, several methods
producing single- or few-layer graphenes have been
developed and studied, e.g., SiC epitaxial growth,
chemical vapor deposition, mechanical peeling, and
liquid-phase exfoliation so on.[11,12,2] Among these,
liquid-phase exfoliation has emerged for mass production
of graphene with low cost. Sonication-assisted
liquid-phase exfoliation of graphene by surfactant or

solvent has been extensively studied due to minimal

defects, which cannot be achieved in chemical
functionalization including oxidation and reduction
[13-15].

Graphene can be prepared by surfactant-free
exfoliation of graphite via chemical wet dispersion,
followed by ultrasonication in organic solvents [16].
Organic solvents which have similar surface tensions
with graphite (e.g., NMP or DMF) seem to be suitable
to minimize the interfacial tension between the liquid and
graphene nanoplatelets [17]. However, a high boiling
point limits process efficiency in real manipulation,
particularly in organic electronics. In order to produce
graphene by liquid phase exfoliation in low boiling
solvents, several attempts have done like solvothermal-
assisted exfoliation process of expanded graphite in a
highly polar organic solvent and dispersion of graphene
in ethanol using a solvent exchange method [18,19].
Extensive studies have been done to exfoliate graphite
into graphene with small organic molecules and
conventional or synthesized polymers as surfactants in
water or in organic solvents with low boiling points
[20-22]. On the other hand, the yield of single-layer
graphene platelets is relatively low or long sonication
time is required. The surfactants used also can decrease
the electrical property of graphene.

To address this issue, our group have designed and
developed block copolymer dispersants for graphene
dispersions based on the knowledge of adhesion forces

between the basal surface of graphene and substituents of

various monomers [23-26]. Our approach has mainly been
blocks;
solvent-graphene and solvent-lyophilic block interactions

focusing on the graphene-philic however,
should be considered as critical factors determining the
dispersion stability of graphene. To the best of our
knowledge, there are a few works on the details of the
interactions between solvent-polymer or solvent-graphene
for stable graphene dispersion [27,28]. It is expected that
fundamental understanding of the polymer- solvent or
polymer-graphene systems will be of great help in expanding
the applications of graphene as well as producing stable
non-oxidized graphene dispersion with high concentrations.

In this study, poly(N-vinyl carbazole) (PVK) and
poly(4-vinylpyridine) (PVP) were synthesized by reversible
addition (RAFT)
polymerization. Synthesized PVK was used as a macro chain

fragmentation  chain  transfer
transfer agent (PVK-TTC) to synthesize block copolymer
of PVK-b-PVP by RAFT polymerization. Solvent-polymer
interaction was studied by solubility tests in four different
solvents, such as ethanol, NMP, DCM, and THF. The
prepared homopolymers and block copolymer were used
as dispersants for non-aqueous dispersion of graphene
platelets, and their dispersion stability was investigated and
compared by using on-line turbidity. Surface tension and
between
solvent-graphene were considered to explain the dispersion

solubility parameters solvent-polymer and

stability of graphene in different solvent-polymer pairs.

2. Experimental

2.1. Materials

VP monomer (95%, Aldrich, USA) was used after
purification by an inhibitor remover column (inhibitor
removers, Aldrich, USA). VK monomer (98%, TCI,
Japan) was used as received without further purification.
2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid
(TTC, 98%, Aldrich, USA), 1,4-dioxane (99.5%, Acros,
USA), N,N-dimethyl formamide (DMF, 99.5%, Duksan,
Korea), hexanes (95%, Duksan, Korea), THF (99.5%,
Duksan, Korea), DCM (99.5%, Duksan, Korea), NMP
(99.5%, Samchun, Korea), and ethanol (99.8%, Duksan,
Korea) were used as received without further purification.
2,2’-Azobisisobutyronitrile (AIBN, 98%, Junsei, Japan)
was used after recrystallization in methanol. Non-
oxidative graphene (M-25, Graphene Nanoplatelets, XG
Sciences, USA) was used as a graphene platelets source.
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2.2. Syntheses of PVK-TTC, PVP-TTC, and PVK-b-PVP
PVK-b-PVP diblock copolymer was synthesized by
of VK and VP
monomers in sequence. To synthesize PVK-TTC, VK
(1.200 g, 6.210 mmol), TTC (0.023 g, 0.062 mmol), and
AIBN (5.099 mg, 0.031 mmol) with 100:1:0.5 molar
ratios were added with 1,4-dioxane (2.4 mL) into a 5 mL

stepwise RAFT polymerizations

dry glass ampule equipped with a magnetic stirring bar,
and then the
freeze-pump-thaw cycles. The ampule was then flame-

solution was degassed by three
sealed under vacuum after purging with N,, immersed
into a preheated oil bath at 70 °C, and stirred for 24 h.
The product was purified by precipitation in hexane three
times. For PVP-TTC, VP monomer was used instead of
VK and followed the same procedure mentioned
previously. The prepared PVK-TTC was used as a
macro-RAFT agent in the synthesis of PVK-b-PVP
diblock copolymer. VP (0.394 g, 3.75 mmol), PVK-TTC
(0.353 g, 0.03 mmol), and AIBN (0.49 mg, 0.003 mmol)
with 125:1:0.1 molar ratios were added with 1,4-dioxane
(1.5 mL) into a dry glass ampule equipped with a
magnetic stirring bar, and then the procedures were
performed as mentioned before. The resulting diblock
copolymer was characterized by 'H-NMR, “C-NMR, and
DSC. The reaction schemes for PVK-TTC and
PVK-b-PVP are shown in Scheme 1. Hereinafter,
PVK-TTC and PVP-TTC are simply referred to as PVK
and PVP, respectively.

1st step

= HooC. ’ P AP
. s AN wooc (L
\/\ TN+ on g 70°C, 24 h Q TN CigHay
L7 = “CoHhs 7N
VK TTC PVK-TTC
2nd step
N B L
Hooc N s 5 AIBN Hooc N S S
‘/s\( »/\ CoH,y + M \\N/; —70°C, o F‘ v’\’ ‘ /] CiHps
LT N L/ = N
PVK-TTC VP PVK-b-PVP

Scheme 1. Synthetic schemes of PVK-TTC homopolymers,
and PVK-b-PVP diblock copolymer. For the preparation of
PVP-TTC, predetermined amount of VP monomer was used
instead of VK and followed the same procedure.

2.3. Preparation of graphene dispersions

For a study on dispersion stability of graphene
platelets, non-oxidative graphene was dispersed with or
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without PVK-6-PVP diblock copolymer. In order to
study the effect of homopolymer on the dispersion
stability of graphene, PVK and PVP were also used
and compared. Four different solvents, ethanol, NMP,
DCM, and THF were used as dispersion media and the
dispersion stability of graphene in different solvent was
analyzed and compared. For the graphene dispersion,
20 mg of M-25, and 10 mg of homopolymer or block
copolymer in 4 mL of solvent were added into a vial.
The vial was then sonicated in a 40 kHz bath type
sonicator (SD 80H, 50 W, S-D Ultra Sonic Cleaner,
Korea) for 2 h. Ice was replenished every 30 minutes
to maintain the temperature in the sonication bath.
Right after the sonication, dispersion stability was
measured using on-line turbidity as a functional of time
for 24 h.

2.4. Characterization

'H-.NMR and "C-NMR spectra of PVK, PVP, and
PVK-b-PVP were collected on a 500 MHz NMR
spectrometer (AVANCE III 500, Bruker, Germany) in
chloroform-d (CDCls, with 0.05% TMS, Aldrich, USA).
(M,) and
dispersity (Py) of PVK were measured by size exclusion
chromatography (SEC, Alliance ¢2695, Waters, USA)
equipped with three different columns (Styragel HR3,
Styragel HR4, and Styragel HRSE; Waters) in series.
THF was used as an eluent (35 °C, 1 mL * min™).
Polystyrene narrow standards (1,060 and 3,580,000 g -
mol™, waters, USA; 1,320-2,580,000 g - mol”, Shodex,
Japan) were used for calibration. For PVP, SEC system
(P-4000, AT-4000, RI-101, Futecs, Korea) was used in
DMF (KD-803’s; Shodex, Japan) with 1 mL - min™ at
40 °C. Poly(ethylene glycol) narrow standards
(1,400-69,100 g - mol”!, PSS GmBH, Germany) were
used for calibration. The M, of PVK-b-PVP was
calculated from the 'H-NMR data of PVK-h-PVP and
the SEC data of PVK because PVP and PVK have
different solubility. Glass transition temperature (Ty) of

The number-average molecular weight

PVK-b-PVP was confirmed by differential scanning
calorimetry (Q20, TA instruments, USA) with a
temperature range from 80 to 280 °C and the heating rate
of 10 °C * min™.

For the solubility tests, 10 mg of polymer was
dissolved in 4 mL of solvent by gentle stirring or bath
sonication (SD 80H) for 2 h at room temperature. The
solubility of polymers was analyzed by optical turbidity
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of transmittance and did not analyzed quantitatively.
In order to compare the stability of graphene
dispersions of PVP, PVK, and PVK-b-PVP, 20 mg of
M-25 in 4 mL of solvents was mixed with 10 mg of each
polymer, and then sonicated for 2 h. For dispersion
stability analyses, time-evolution back scattering data
were measured by on-line turbidity (Turbiscan LAB,
L’Union,
conditions. From the back scattering data, the Turbiscan
Stability Index (TSI) in the pre-defined zone (middle) of

the sample vial bottle versus ageing time was obtained

Formulaction Co., France) at ambient

using the following equation:

Z|scani (h)—scan,_, (h)|
TSI = Z : 7 )

where H is the length of the sample vial, 4 is the height
of the measuring point, and scan; and scan;; are
Turbiscan intensities at measured time points. If the
dispersion becomes unstable, the Turbiscan intensity
difference becomes large, leading to an increase in the
TSI value. aggregation,
creaming of the dispersion can be detected based on the

TSI value.

Therefore, precipitation, or

3. Results and Discussion

3.1. PVP, PVK homopolymers, and PVK-b-PVP diblock copolymer

Structure of PVP and PVK homopolymers was
confirmed by 'H-NMR and shown in Figure 1(a) and
Figure 1(b), respectively. As shown in Figure 1(a), the
proton peaks from pyridine group were observed at 8.3
and 6.4 ppm. The proton peaks at the S-CH,-C in TTC
seems very weak but found around 3.2 ppm (refer to the
inset), and the other proton peaks in TTC were observed
at 0.5-1.0 ppm [29]. Further, *C-NMR was performed
to confirm the chemical structure of PVP and the
assignments were described (the spectra were omitted):
the carbon peaks of pyridine were found at 152.2 (/,
VP), 150.2 (unassigned, between 2 and 4 in pyridine
unit, refer to the structure in Figure 1(a)), and 122.7 (2,
VP). The M, and Py of PVP were determined by SEC
analyses (M, pvp = 10.9 kg * mol”' in DMF, Py = 1.1).

In Figure 1(b), the chemical shifts for the aromatic ring
of VK were assigned [30]. The f peak was overlapped
with the peak of S-CH,-C from TTC at 3.2-2.5 ppm.
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Figure 1. 'H-NMR spectra for (a) PVP-TTC, (b)
PVK-TTC, and (b) PVK-h-PVP diblock copolymer.

BC-NMR also confirmed the chemical structure of PVK:

& 140.0, 137.5, 125.0 (¢,c”), 123.8, 121.9, 120.2 (a’),
118.7 (a,b,b’), 110.3 (d), and 108.1 ppm (d). The
chemical shifts for C-N-C were observed at 140.0 and
137.5 ppm, respectively. The other unassigned carbons of
carbazole group were observed at 123.8 and 121.9 ppm
[30]. M, and Dy of PVK macro-RAFT agent were
obtained by SEC analyses (M, pyx = 11.7 kg - mol” in
THF, Py = 1.4). The Py values of PVP and PVK indicate
that the RAFT polymerization of PVK would be
successful although they seem relatively high as compared
with usual Py ranges of controlled living polymerizations.

The 'H-NMR of PVK-b-PVP diblock
copolymer are shown in Figure 1(c). Proton peaks from

spectra
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Figure 2. DSC curves for PVP, PVK-b-PVP, and PVK.

carbazole group were clearly observed except the
overlapped peak of d at 6.2-6.5 ppm. Proton peaks from
pyridine group were observed at 8.3 and 6.4 ppm.
BC-NMR was also performed to confirm the chemical
structure of PVK-h-PVP and the carbon peaks of
pyridine were found at 152.3, 150.2, and 122.7 ppm with
pre-existing peaks from carbazole group. Due to the
solubility problem of PVP block in THF, the M, of
PVK-b-PVP was estimated from the proton peak area
ratio of VK (a+a’) to VP (I) peaks in the 'H-NMR
spectra (M, pykspve = 20.7 kg + mol™).

To confirm the block copolymer structure further,
DSC analyses were carried out for PVP, PVK, and
PVK-b-PVP, and the results are shown in Figure 2. Glass
transition temperatures (T,s) of the PVK and PVP blocks

( a) THF Ethanol

After stirring

PVK-TTC PVK-b-PVP

PVR-TTC PVK-TTC PVK-b-PVP | PVPR-TTC
THF Ethanol

(b —

ot

=t
']

B-F

24 h after sonication

PVK-TTC PVK-b-PVP | PVP-TTC

PVR-TTC

Figure 3. Photographic images of polymer solutions with PVP-
TTC, PVK-TTC homopolymers, and PVK-b-PVP diblock copolymer
prepared by (a) gentle stirring and (b) 24 h after sonication
for 2 h. The red ovals indicate aggregates or precipitates of
polymer.
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in PVK-b-PVP were clearly observed at 208 °C and 140
°C, respectively. The T, of PVP was 137 °C, and which
was shifted to 140 °C in PVK-6-PVP. The T, of PVK
was 211 °C, and which was also shifted to 208 °C. The
distinct Ty and their shifts of each block confirmed the
formation of PVK-h-PVP.

3.2. Solubility of PVP, PVK, and PVK-b-PVP

Heterogeneous systems, such as dispersion, emulsion,
and suspension can be kinetically stabilized in the
presence of surfactants or dispersants. In order to disperse
lyophobic materials, dispersants or dispersing agents
would meet the criteria for amphiphilicity, i.e., one should
be lyophilic and the other should be lyophobic [31-33].
From the previous work on force-distance analyses in
AFM, it was found that pyridine group showed relatively
higher adhesion force with the basal surface of
non-oxidative graphene surface. The adhesion force values
were found to be 9.3 nN and 5.5 nN for VP and VK,
respectively [24]. Therefore, it can be suggested that PVP
block is graphene-philic block and PVK block is
lyophilic, respectively. However, solvent-solubility of
PVK or PVP can also affect the dispersion stability of
graphene, thus the solvent-solubility of homopolymers and
diblock copolymer was studied with four different
solvents. All three polymers were clearly dissolved in both
NMP and DCM, and NMP has been known as a good
solvent for graphene dispersions [17]. It was confirmed that
PVP was dissolved well in ethanol but insoluble in THF.
PVK was also dissolved completely in THF but insoluble
in ethanol. PVK-b-PVP was not soluble in either ethanol
or THF even after sonication. The photographic images of
the polymer solutions in these two solvents are shown in
Figure 3. As shown in Figure 3(a), both PVP in THF and
PVK in ethanol were insoluble after gentle magnetic stirring
and a large portion of insoluble precipitates were left, which
were as highlighted as red ovals. Due to the partial affinity
of PVK-b-PVP toward solvents, both THF and ethanolic
solutions containing PVK-b-PVP show precipitates as well
as turbidity.

In Figure 3(b), polymer solutions prepared by using
sonication are shown. In the case of sonication, amounts
of the precipitates were significantly reduced, but the
solutions still remained as turbid. For PVP-TTC in THF,
the solution prepared by using sonication has no
precipitate but less clear when compared with PVP-TTC
in THF prepared by using gentle magnetic stirring. This
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Figure 4. Time-dependent TSI values of graphene
(M-25) dispersions with PVP, PVK, PVK-b-PVP, or
without polymers in (a) NMP, (b) DCM, (c) ethanol,
and (d) THF. The inset of (b) describes detailed TSI
value variations with a magnified y-axis scale.
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Figure 5. Time-dependent TSI values of graphene
dispersions with different solvents: (a) without
PVK-b6-PVP and (b) with PVK-6-PVP diblock copolymer.

tendency was similarly observed in ethanolic solution
containing PVK-TTC. For PVK-b-PVP solutions with 2h
sonication, both THF and ethanol solutions were turbid
without any precipitates, which indicates that PVK-b-
PVP block copolymers self-assemble to micelles in both
THF and ethanol.

These results were explained by solubility parameter
(8). For a polymer to dissolve spontaneously, AGmix
should be negative (AGmix = AHmix — TASmix) and AHnix
must be small [34], and which can be expressed as
below:

A]_]mix = Vmix (81 - 62)2 ¢1 ¢2 (2)

where Viix is the total volume of the mixture and ¢ is
the volume fraction, respectively. Therefore, (d; - d2)2
goes to the minimum when d; = d,, and in which
solubility can be governed solely by entropy effects.
Prediction of solubility is therefore based on finding
solvents and polymers with similar solubility parameters.
The d of PVK was reported as 20.1 MPa'? [35] and
that of PVP is known as 23.0 MPa'? [36]. For solvents,
the ds of ethanol, NMP, DCM, and THF were reported
as 26.5, 22.9, 20.3, and 19.4 MPa'?, respectively [37].
Considering the difference (d, — d), the d value of PVP
is close to ethanol and NMP, while the d of PVK is close
to DCM and THEF.

3.3. Stability of graphene dispersions with PVK, PVP, and
PVK-b-PVK

Time-evolution TSI values of the graphene dispersions
in four different solvents were measured using Turbiscan
and summarized in Figure 4. As expected, NMP shows
good graphene dispersion stability with low TSI values
as compared with the TSI values of the dispersions in
ethanol and THF (Figure 4(a)). Interestingly, DCM also
shows lower TSI values for all samples than the TSI
values of the dispersions in NMP, and which reveals that
DCM is a better solvent than NMP for dispersing
graphene (Figure 4(b)). The surface tension (o) of NMP
is known as 40 mN * m™ [17], and which is almost the
same as that of graphene [16]. This may affect the
dispersion stability of graphene since the solvent system
can minimize the interfacial tension between exfoliated
graphene surface and the surrounding medium. However,
graphene dispersion without polymer in DCM shows
lower TSI value than NMP as shown in Figure 4(b),

2 gl vl Z18H 35, 20174
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Figure 6. Photographic images of graphene dispersions in four
different solvents with or without polymers. X and BCP
indicate ‘without polymer’ and ‘PVK-H-PVP block copolymer’,
respectively.

although the o of DCM is 27 mN - m™. These results
can be rationalized by solubility parameters, 8. The 8 of
graphene was estimated as 21 MPa'? from Hansen
solubility parameters [38]. As mentioned before, the
order of the &s of solvents is as follows: ethanol (26.5
MPa'?) > NMP (22.9 MPa'?) > DCM (20.3 MPa'?) >
THF (19.4 MPa'?). Therefore, DCM can be good solvent
for graphene in terms of solubility parameter along with
NMP. Thus, the results of dispersion stability in the
presence of polymers can also be explained clearly by
solubility parameter.

The os of ethanol and THF are 22 mN * m” and 26
mN - m”, respectively; therefore, one can expect that the
TSI values in ethanol and THF would be higher than
those of NMP. The & of PVK is 20.1 MPa'?, and which
is in between DCM and THF; PVP is 23.0 MPa'?, which
lies in between EtOH and NMP. Therefore, the ethanolic
graphene dispersion with PVK shows poor stability like
pristine graphene dispersion as shown in Figure 4(c).
Likewise, the graphene dispersion in THF with PVP also
shows poor stability, as shown in Figure 4(d). Among all
the polymers, PVK-b-PVP block copolymer shows less
TSI values and better dispersion stability in the poor
solvents, ethanol and THF. In the cases of good solvents,
NMP and DCM, higher TSI values are observed in
PVK-b-PVP.

Time-dependent TSI values of graphene dispersions
with different solvents were summarized in Figure 5. As
shown in Figure 5(a), the dispersion stability of graphene
without polymers can be listed in the following order:
DCM > NMP >> THF > ethanol. The dispersion stability
of the pristine graphene in various solvents can be easily
interpreted in terms of ¢ rather than interpreted in terms
o. The interpreted in terms o of NMP is the same as that

Journal of Adhesion and Interface Vol.18, No.3 2017

of graphene (40 mN -m™), but it differs by~13
compared to DCM (27 mN - m™). From the aspect of the
solubility parameter, however, it can be seen that & (21
MPa'?) of graphene is closer to DCM (20.3 MPa'?) than
NMP (22.9 MPa'?). Another reason for the excellent
dispersion stability of graphene in DCM might be that the
density of DCM (1.33 g/em®) is relatively higher
compared to NMP (1.03 g/cm’). In fact, the gravimetric
measurement of the concentration of graphene in
dispersions was higher in NMP (1.3 mg/mL) than in
DCM (0.7 mg/mL). The dispersion stability in ethanol (A8
= 5.5 MPa'? with graphene) was the most unstable and
followed by THF.

In the presence of PVK-bh-PVP, the dispersion
stability of graphene can be listed in the following
order: DCM > ethanol > THF > NMP. Figure 5(b)
clearly indicates that the addition of PVK-h-PVP does
not improve the stability of graphene dispersion
confirms from the high TSI value which might be
attributed to close similarities in both surface tension
and solubility parameter between NMP and graphene.
For ethanol and THF, the dispersions stability was
extraordinarily improved and showed lower TSI
values, as compared with pristine graphene dispersions
in Figure 5(a).

Figure 6 shows the photographic images of graphene
dispersions with the same time interval as that TSI
analyses. Owing to the poor transmittance of graphene
dispersions, sedimentation or phase separation is not
clearly distinguished, but the stability of the dispersion can
be roughly estimated with the photographs. The graphene
dispersions with PVK and PVP are not stable in ethanol
and THF but the dispersion with PVP in NMP is stable,
these stable and unstable dispersions are attributed due to
the solubility differences of the polymers in NMP, THF,
ethanol, and DCM which are explained in the above
sections. PVK-b-PVP forms micelles in both ethanol and
THF and thus dispersing graphene quite well due to its
PVK-b-PVP  disperses
graphene very well in ethanol, which is the most non-toxic

amphiphilic nature. Mainly,

and cost-effective among the solvents.

4. Conclusion

PVK homopolymer, PVP homopolymer, and PVK-b-
PVP block copolymer were synthesized by RAFT
polymerization, and these polymers were introduced to
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prepare non-aqueous graphene dispersions with four
different solvents, ethanol, NMP, DCM, and THF.
Time-dependent TSI values from the graphene dispersions
were correlated with solubility parameter and surface
tension of solvents, polymers, and graphene. Our
approach found that DCM would be a good candidate for
pristine graphene dispersion like NMP. Both THF and
ethanol can be good solvents for PVK-b-PVP to disperse
graphene. Therefore, a systematic study for the effects of
various polymers and solvents on the dispersion stability
of graphene will be a great help to discover non-toxic,
cost-effective, and recyclable solvents for single- or
few-layer graphenes.
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