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Abstract: Despite the superior properties of graphene, the strong 7— interactions among pristine
graphenes yielding massive aggregation impede industrial applications. For non-covalent
functionalization of highly-ordered pyrolytic graphite (HOPG), poly(2,2,2-trifluoroethyl
methacrylate)-block-poly(4-vinyl pyridine) (PTFEMA-b-PVP) block copolymers were prepared by
reversible addition-fragmentation chain transfer (RAFT) polymerization and used as polymeric
dispersants in liquid phase exfoliation assisted by ultrasonication. The HOPG graphene
concentrations were found to be 0.260-0.385 mg/mL in methanolic graphene dispersions stabilized
with 10 wt % (relative to HOPG) PTFEMA-b-PVP block copolymers after one week. Raman and
atomic force microscopy (AFM) analyses revealed that HOPG could not be completely exfoliated
during the sonication. However, on-line turbidity results confirmed that the dispersion stability of
HOPG in the presence of the block copolymer lasted for one week and that longer PTFEMA and PVP
blocks led to better graphene dispersibility. Force-distance (F-d) analyses of AFM showed that PVP
block is a good graphene-philic block while PTFEMA is methanol-philic.
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1. Introduction

Graphene, a two-dimensional structured material, is a type of carbon allotrope exhibiting a
hexagonal structure with sp?-bonding. This unique structure gives superior properties, such as
light transparency [1], mechanical strength [2], thermal conductivity [3,4], and electron mobility [5],
amongst others. Owing to these unique and superior properties, many researchers have attempted to
incorporate graphene derivatives into nanocomposites [6], solar cell devices [7,8], inkjet printing [9,10],
touch panels [11], flexible displays [10], and functional coatings [11]. Nevertheless, graphenes are not
readily available due to their poor processability. Recently, several preparation methods for graphene
have been developed, such as chemical vapor deposition (CVD) [12], mechanical exfoliation [13,14],
molecular assembly [15,16], epitaxial SiC [17], and liquid-phase exfoliation [18,19]. Among these,
liquid-phase exfoliation has been considered as the most efficient approach for industrial applications
due to its low cost for mass production [20]. Both covalent and non-covalent functionalizations of
graphene have been extensively studied in liquid-phase exfoliation. The former includes oxidation of
graphite leading to defects (i.e., carboxylic acid, hydroxyl, and carbonyl groups or holes) of graphite
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structure [20-22]. The latter, on the other hand, can give pristine graphenes, but it requires inclusion,
dispersants, or stabilizers in order to avoid a massive aggregation of graphenes after exfoliation [23-25].

In order to prepare stable graphene dispersions with minimal aggregation, various types
of solvents (e.g., inorganic, organic, and fluorinated oils) and surfactants (ionic, non-ionic,
short, and polymeric) have been exploited [26-29]. A block copolymer dispersant for graphene
dispersion has several advantages over short chain surfactants, such as better colloidal stability,
minimal use of addition polymeric binders, slow migration, and controllable compatibility.
To the best of our knowledge, however, there are only a few reports on block copolymer
dispersants for graphene dispersion [30-32]. In this work, amphiphilic block copolymers of
poly(2,2,2-trifluoroethyl methacrylate)-block-poly(4-vinyl pyridine) (PTFEMA-b-PVP) were synthesized
by reversible addition-fragmentation chain transfer (RAFT) polymerization while molecular weights,
dispersity (Dy1), and compositions of the block copolymers were finely controlled. Graphene
dispersions were then prepared from highly-ordered pyrolytic graphite (HOPG) in methanol with four
different types of PTFEMA-b-PVP block copolymers, and the characteristics of their dispersion states
were investigated.

2. Materials and Methods

2.1. Reagents

2,2,2-Trifluoroethyl methacrylate (TFEMA, Fluorochem, Hadfield, UK) and 4-vinyl pyridine (VP,
95%, Aldrich, St. Louis, MO, USA) were used after purification by an inhibitor remover column
(inhibitor removers, Aldrich). 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (CTP, 97%, Aldrich),
1,4-dioxane (99.5%, Acros, Geel, Belgium), hexane (95%, Duksan, Ansan, Korea), tetrahydrofuran
(THE, 99.5%, Duksan), toluene (anhydrous, 99.8%, Aldrich), chloroform (extra pure grade, Duksan),
methanol (99.8%, Duksan), and hydrofluoric acid (50.0%, Duksan) were used as received without
further purification. 2,2’-Azobisisobutyronitrile (AIBN, 98%, Junsei, Tokyo, Japan) was used after
recrystallization in methanol. HOPG (graphene nanoplatelets, M-25 grade, XG Sciences, Lansing, MI,
USA) was used as a source of graphene nanoplatelets. Ultra-pure water (resistivity > 18.2 M(Q)- cm,
Purelab, Elga, High Wycombe, UK) was used throughout the experiments.

2.2. Synthesis of Poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA) Macro-Reversible Addition-Fragmentation
Chain Transfer (RAFT) Agents

RAFT polymerization was carried out to prepare the PTFEMA macro-RAFT agent. The reaction
scheme is shown in Figure 1a. AIBN, CTP, and TFEMA with 1:2:100 (or 200) molar ratios were added to
a 50 mL round-bottom flask along with an equal amount (g) of 1,4-dioxane as TFEMA, followed by the
freeze-pump-thaw cycle three times. Following purging with N, gas, the flask was sealed. The reaction
mixture was then immersed in a preheated oil bath at 70 °C and stirred for 24 h. The product was
purified by precipitation in hexanes three times. The resulting polymer was characterized by Fourier
transform infra-red (FT-IR) spectroscopy, nuclear magnetic resonance (!H-NMR), and size exclusion
chromatography (SEC).

2.3. Synthesis of Poly(2,2,2-trifluoroethyl methacrylate)-block-poly(4-vinyl pyridine) (PTFEMA-b-PVP)
Block Copolymers

PTFEMA-b-PVP block copolymers were prepared by RAFT polymerization using PTFEMA
macro-RAFT agent. The reaction scheme is shown in Figure 1b. AIBN, PTFEMA macro-RAFT agent,
and VP with 1:2:100 (or 400) molar ratios were added to a 25 mL round-bottom flask with an equal
amount (g) of 1,4-dioxane as the macro-RAFT agent. The freeze-pump-thaw cycle was repeated for the
reaction mixture until the air bubbles disappeared during the cycle and the flask was sealed following
an Nj gas purge. The mixture was then immersed in a preheated oil bath at 70 °C and stirred for 24 h.
The resulting PTFEMA-b-PVP block copolymer was purified by precipitation in hexane three times.
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Following the synthesis procedure outlined above, four different types of block copolymers were
obtained as shown in Table 1. The resulting block polymers were characterized by FT-IR and 'H-NMR.
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Figure 1. Schematic drawing of the mechanism for syntheses of (a) PTFEMA

macro-RAFT agent (PTFEMA,-CTP) and (b) PTFEMA,-b-PVP, block  copolymer.
CTP: 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid; TFEMA: 2,2,2-Trifluoroethyl methacrylate;
AIBN: 2,2’-Azobisisobutyronitrile; VP: 4-Vinyl pyridine; PTFEMA-b-PVP: Poly(2,2,2-trifluoroethyl
methacrylate)-block-poly(4-vinyl pyridine). RAFT: Reversible addition-fragmentation chain transfer.

Table 1. The number average molecular weights and degrees of polymerization of PTFEMA-b-PVP
block copolymers and the graphene concentrations from the supernatant solution of highly-ordered
pyrolytic graphite (HOPG) dispersions with corresponding block copolymers.

Designation M,, for PTFEMA ! M, for PVP 2 Degree of Graphene concentration 3
(g/mol) (g/mol) polymerization (mg/mL)
1 11,092 4,338 PTFEMAg4-b-PVPy; 0.260
2 11,092 21,581 PTFEMA44-b-PV P55 0.350
3 22,870 3,309 PTFEMA 136-b-PVP3; 0.275
4 22,870 20,410 PTFEMA 136-b-PVP194 0.385

! determined by size exclusion chromatography (SEC); 2 determined by proton nuclear magnetic resonance
(*H-NMR) peak integration and SEC data of PTFEMA; 3 from the supernatant solution of HOPG methanolic
dispersion one week after sonication.

2.4. Preparation of Graphene Dispersions

For industrial purposes, such as conductive ink or barrier coating, it is important to prepare a
stable and highly concentrated graphene dispersion. To study the dispersion stability of graphene
nanoplatelets, HOPG was dispersed in methanol with PTFEMA-b-PVP block copolymer as a dispersant.
For the dispersion, 90.9 mg of HOPG, 9.1 mg of the block copolymer, and 20 mL of methanol were
added to a vial. The concentrations of all block copolymers were fixed at 10 wt % of HOPG (0.058 wt %
of methanol). The vial was then sonicated in a 40 kHz bath-type sonicator (SD 80H, S-D Ultra Sonic
Cleaner, Seoul, Korea) for 2 h.
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2.5. Adhesion Force Study Using Modified Atomic Force Microscope (AFM) Cantilever

Adhesion forces between the block (PTFEMA block or PVP block) and graphene surface were
investigated by measuring Force—distance (F-d) curves obtained with an atomic force microscope
(AFM, XE-7, Park System, Suwon, Korea) with modified cantilevers. To modify the cantilevers for
the measurements, a cantilever (NSC-36, Park System) was etched by 2% hydrofluoric acid solution
for 1 min to remove the oxide layer on the silicon surface, rinsed by ultra-pure water, dried by an air
gun with gentle flowing of N; gas, and then immersed into a 50 mL round-bottom flask containing a
monomer solution (0.1 M, TFEMA or VP in toluene) at 110 °C. The monomer solution was kept for
2 h, and then the cantilever was rinsed with chloroform. Then, the cantilever was dried with N gas.
To prepare the graphene sample, an M-25 powder sample was pelletized by using evacuable pellet dies.
F-d curves were taken from 16 points on a graphene surface for one set, with 20 total sets collected.
Finally, the average values of adhesion forces were calculated from the measured F-d curves.

2.6. Characterization

To characterize the block copolymers, molecular weights of PTFEMA macro-RAFT agents were
measured by SEC (Alliance 2695, Waters, Empower Pro®, Milford, MA, USA). SEC analysis was
performed with a refractive index (RI) detector and three different columns (Styragel HR3, Styragel
HR4, and Styragel HR5E; Waters, Milford, MA, USA) in series. Tetrahydrofuran (THF, >99.9%, Merck,
Darmstadt, Germany) was used as an eluent (35 °C, 1 mL/min). Polystyrene narrow standards
(1,060 and 3,580,000 g/mol, Waters; 1,320-2,580,000 g/mol, Shodex, Tokyo, Japan) were used for the
calibration. Proton nuclear magnetic resonance (!H-NMR) spectra of PTFEMA macro-RAFT agents
and PTFEMA-b-PVP block copolymers were obtained using a 500 MHz NMR spectrometer (AVANCE
III 500, Bruker, Karlsruhe, Germany) in chloroform-d (with 0.05% TMS, Aldrich, St. Louis, MO, USA).
Fourier transform infra-red (FT-IR) spectra were obtained using an FI-IR spectrometer (IR Prestige-21,
Shimadzu, Kyoto, Japan) using an ATR attachment (MIRacleA (ZnSe), Shimadzu). The polymers were
dissolved in chloroform for the FT-IR measurements.

For dispersion stability, online turbidity data (Turbiscan LAB, Formulaction Co., L'Union, France)
and photographic images were taken for a week. After the turbidity analyses, the supernatant graphene
solution was isolated for further analyses. The graphene concentration of the supernatant solutions was
measured by the gravimetric method with a microbalance (XM 1000P, Sartorius, Gottingen, Germany).
For Raman spectroscopy and AFM topography, the isolated supernatant solution was spin coated on
a silicon wafer under inert conditions with a spin speed of 700 rpm. In the case of pristine (without
block copolymer) HOPG dispersion, there was no graphene in the supernatant solution due to the
rapid sedimentation, thus the bottom precipitates were taken for analyses. Raman spectra (Almega
X, Thermo scientific, Waltham, MA, USA) at 532 nm wavelength and AFM images were obtained for
the precipitate sample. The AFM images were collected using an AFM (XE7, Park system) with a
PPP-NCHR (Park system) cantilever in non-contact mode.

3. Results and Discussion

3.1. PTFEMA-b-PVP Block Copolymers

In this work, four different block copolymers listed in Table 1 were prepared from stepwise RAFT
polymerization. The molecular weights of two PTFEMA macro-RAFT agents were confirmed by SEC
and the number average molecular weights (M) were 11,092 g/mol (Dy = 1.160) and 22,870 g/mol
(Bm = 1.102), while the degrees of polymerization were calculated as 66 and 136, respectively
(refer to Figure 2). The agent with the lesser M, was used in the second RAFT polymerization
for PTFEMA-b-PVP block copolymers designated as 1 and 2, and the agent with the greater M, was
used for 3 and 4, as shown in Table 1. The molecular weights of PTFEMA-b-PVP block copolymers
could not be measured using SEC because of the low solubility in typical SEC eluents, e.g., THF,
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chloroform, and N,N-dimethylformamide (DMF). Thus, the molecular weights of the block copolymers
were estimated from the proton peak integration of 'H-NMR spectra.

Mn = 22,870 g/mol —— 10K PTFEMA-CTP|
Py, = 1.102 —— 20K PTFEMA-CTP

Mn = 11,092 g/mol
By = 1.160

Voltage (mV)

—TT7r—7—— 77— 77—
20 21 22 23 24 25 26 27 28 29

Retention time (min)

Figure 2. SEC elution curves for two different macro-RAFT agents: PTFEMA-CTP (blue) and
PTFEMA136-CTP (red).

The degrees of polymerization of PVP block were obtained from the SEC results for PTFEMA
macro-RAFT agents and 'H-NMR peak integrals for PTFEMA-b-PVP block copolymers. As shown
in Figure 3b, peaks a and b (6 6.39 and 8.33 ppm) are from —ArH protons in PVP block, and peak
c (6 4.34 ppm) is from -CH,CF; protons in PTFEMA block. From the degree of polymerization for
PTFEMA from SEC with the ratios of peak area a, b, and ¢, the length of PVP block could be calculated.
The molecular weights of four PTFEMA-b-PVP block copolymers are listed in Table 1. The split peaks
—CHj3 from PTFEMA block at 4 1.10 and 0.94 ppm are also observed since the protons are hindered.

-8

S — ] __d o i .
(a) c ab JL J\\/\JJU\L__‘L:_,

T

Chemical shift (ppm)

Figure 3. Representative TH-NMR spectra for (a) PTFEMAg,-CTP and (b) PTFEMAgs-b-PVPyy
block copolymer.

Figure 4 shows the representative FI-IR spectra of PTFEMAs-CTP homopolymer and
PTFEMA4-b-PVPy4; block copolymer. As shown in the FI-IR spectra, a sp3 —C-H stretching at
30002940 cm~!, C=0 stretching at 1743 cm~!, C-F stretching at 1278 cm~!, and C-O stretching
for ester at 1159 and 1127 cm ™! were observed for the TFEMA unit. On the other hand, sp?> -C-H
stretching at 3080-3000 cm ! and aromatic C=C peak at 1598 cm !, which correspond to the pyridine
units of PVP block, are only observed in Figure 4b.
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Figure 4. Representative FT-IR spectra for (a) PTFEMAg-CTP homopolymer and

(b) PTFEMA4-b-PVPy; block copolymer.

3.2. Adhesion Force Analyses

In order to measure the affinity of each block in PTFEMA-b-PVP for the surface of HOPG graphene,
F—-d curves were recorded using the monomer-modified AFM cantilevers. The adhesion forces were
found to be 2.2 + 0.7 nN for TFEMA and 9.3 + 0.9 nN for VP, respectively. From the adhesion forces,
one can see that VP has 4.2 times greater adhesion force than TFEMA. This suggests that PVP block
is more graphene-philic than PTFEMA, despite the greater methanol solubility of PVP relative to
PTFEMA. As previously determined, the lone pair electron on the nitrogen atom has an attractive
interaction with pi orbitals in a graphene sheet [33]. Due to the strong attractive interaction between the
VP and the graphene surface, the PVP block in the block copolymer plays the role of graphene-philic
block, while PTFEMA block plays the role of lyophilic block.

3.3. Stability of Graphene Dispersions

Figure 5 shows the dispersion stability of graphene dispersions in terms of turbiscan stability
index (TSI), defined as follows:

3. |scan;(h)-scan; 4 (h)|
TSI=)| & o 1)

where H is the length of the sample, h is the height of the measure point, and scan;(h) is i turbiscan
intensity at height h. Based on the TSI value, aggregation, precipitation, or creaming of the dispersion
can be evaluated. As the dispersion becomes less stable, the TSI value increases [34]. As shown in
Figure 5, the time-evolution TSI curve designated as pristine HOPG (M-25, raw) surges for the first
few hours. Comparably, the TSI curves for the samples designated as 1, 2, 3, and 4 show insignificant
change with time—less than one-tenth of the variation seen in sample raw—indicating that the block
copolymers stabilize graphene in methanol media effectively.

Figure 6 presents photographic images of the graphene dispersions corresponding in time
intervals to the TSI analyses in Figure 5. Sample raw settled down within 4 h. On the other hand,
samples 1, 2, 3, and 4 were stable even for one week. These results confirm that PTFEMA-b-PVP block
copolymers are suitable for methanolic HOPG graphene dispersions.
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100

TSI (-)

Time (day)

Figure 5. Time-evolution turbiscan stability index (TSI) curves for pristine HOPG (raw) and
pristine HOPG with PTFEMAéG-b-PVP41 (1), PTFEMA66-b-PVP205 (2), PTFEMA136-b-PVP31 (3), and
PTFEMA 134-b-PVP194 (4). The TSI values are calculated for the middle parts of the sample vials shown
in Figure 6. The inset shows magnified TSI curves for samples 1-4.

Figure 6. Photographic images for HOPG dispersions versus time obtained for pristine HOPG (M-25,
raw), HOPG with PTFEMA66-b-PVP41 (1), PTFEMA66-I7—PVP205 (2), PTFEMA136—b-PVP31 (3), and
PTFEMA 136-b-PVP194 (4).

Further, block copolymers 3 and 4 show little TSI value increases as compared to 1 and 2 (refer to
the inset in Figure 5). As listed in Table 1, 2 has a longer PVP block length than 1, while 3 and 4 have
longer PTFEMA blocks than 1 and 2. As demonstrated in Figure 5, in the case of the samples with the
shorter PTFEMA block length (11,092 g/mol), the block copolymer with a longer PVP block length (2)
shows better stability relative to the copolymer with a shorter PVP block length (1). However, for the
samples with the longer PTFEMA block length (22,870 g/mol), there was no significant difference in
TSI for samples 3 and 4, despite differences in their PVP block lengths.

It has been known that the destabilization of graphene nanoplatelets in a solution is attributed to
strong 7—t interactions among graphene surfaces. Aggregation among the graphene nanoplatelets is
thermodynamically favorable but the aggregation can be kinetically retarded by using either a stabilizer
or a surfactant. PTFEMA-b-PVP copolymers can retard the aggregation of graphene nanoplatelets by
steric hindrance among adsorbed block copolymers. PTFEMA-b-PVP copolymers are anchored at the
basal plane of graphene by the adsorption of graphene-philic PVP blocks, while lyophilic PTFEMA
blocks are stretched into methanol medium. As shown here, both PTFEMA and PVP block lengths are
critical for minimizing the destabilization of graphene.
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3.4. Graphene Nanoplatelets

The graphene concentrations of supernatant solutions were measured from the HOPG dispersions
by gravimetry one week after the sonication. As shown in Table 1, the graphene concentration was in
increasing order as follows: 1 < 3 < 2 < 4. These results suggest that PVP block length is critical for
maintaining stability and preventing graphene nanoplatelets from aggregation. For the preparation of
a stable graphene dispersion, both longer lyophilic and graphene-philic blocks are favorable.

In order to study the graphene structure after sonication, Raman and AFM analyses were carried
out. In the Raman spectra shown in Figure 7, the D bands are observed at 1360 cm~!. When the
hexagonal structure of graphene is disturbed, the intensity of the D band increases. Defectless or perfect
graphene usually has an I /Ig value of zero, while graphene oxide has an Ip /I value of >0.9 [35].
In addition the G band and the 2D band, peaks appear at 1590 and 2700 cm ™!, respectively. The
thickness of graphene can be estimated from the I,p/Ig value, where the I;p/Ig value for monolayer
graphene is >2.0, and the I,p /I value for pristine graphite is <0.4 [36-38]. From Figure 7 and Table 2,
it is seen that the graphene nanoplatelets are almost like graphite, since the I, /I value for pristine
graphite (HOPG, raw) is 0.4281. Compared to this, the I,p/Ig values for samples 1, 2, 3, and 4
are slightly increased with the range from 0.4692 to 0.6125. On the other hand, the Ip/Ig value of
sample raw is 0.14735, but the I /I values for 1, 2, 3, and 4 are in the range from 0.17071 to 0.26248.
The increases of the Ip/Ig for graphene dispersions with block copolymers are due to the increased
number of edges in graphene nanoplatelets. Since Raman spectra for 1, 2, 3, and 4 were taken from the
supernatant solution of HOPG dispersions, the graphene size would be smaller than in sample raw.
This small size of graphene has more edge sides working as defects.

Intensity (arb. unit)

T T T T T T T T T T T T T T T T T T T 1
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Raman shift (cm-1)
Figure 7. Raman spectra for supernatant solution of HOPG dispersions obtained from pristine HOPG

(M-25, raw), HOPG with PTFEMAg4-b-PVPy; (1), PTFEMAg4-b-PVPogs5 (2), PTFEMA135-b-PVP3 (3),
and PTFEMA 135-b-PVPy94 (4).

Table 2. Ip/Ig and Ip/Ig values from Raman spectra for monolayer graphene, graphite, graphene
oxide, pristine HOPG (M-25, raw), HOPG with PTFEMA4-b-PVPy; (1), PTFEMAgs-b-PVPy5 (2),
PTFEMA136—b—PVP31 (3), and PTFEMA136—b—PVP194 (4)

Designation Lpl/lg Ip/lg
Monolayer graphene >2.0 -
Graphite <0.4 -

Graphene oxide - >0.9

M-25, raw 0.4281 0.1474

1 0.5601 0.2250

2 0.6125 0.1707

3 0.4692 0.2625

4 0.4983 0.2307
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Figure 8 shows AFM topographic images of the supernatant solutions obtained from graphene
dispersion samples. All images show multi-layered graphene nanoplatelets covered with block
copolymers. The size distribution of graphene was from a few hundred nanometers to micrometers.
The thickness of graphene covered with the polymer aggregates ranged about 6-25 nm, indicating
that the number of graphene layers were fewer than 18-73 sheets. Both the graphene surface and the
silicon background are covered with the block copolymer aggregates. As for the aggregate size of the
block copolymer, sample 4 shows the largest block copolymer aggregates due to the largest molecular
weight relative to the other samples.

.-\ ;"‘f‘ : _.d : ot Il"-‘ B ;‘ ! '*‘\ SN ,‘. ""‘
A, P Ah=9.563 nm \ i | Ah=6214nm |

N “:;' Ah = 14.695 nm "\__.\.“ . P ~ [P AN ',."‘ \/
‘ Py Ah=25.850 nm

o 01 0g 12
] 200 acg | 800 800 S

Figure 8. Atomic Force Microscopy (AFM) topographic images of the supernatant solution from HOPG
dispersions with (a) PTFEMAeé-b-PVPM, (b) PTFEMA66—b-PVP205, (C) PTFEMA136-b—PVP31, and (d)
PTFEMA 134-b-PVP194. Height profiles from the red line on topographic images are depicted below
their corresponding images (a—d), and the Ah in height profile reveals the height diffrences between
red triangles.
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4. Conclusions

Four different types of PTFEMA-b-PVP block copolymers were prepared by using stepwise
RAFT polymerization. The molecular weights of PTFEMA-CTP homopolymers were measured by
SEC, and the molecular weights of PTFEMA-b-PVP block copolymers were calculated by SEC and
'H-NMR. Pristine HOPG was dispersed in methanol by using the block copolymers, and the dispersion
stability of the resulting graphene dispersions were evaluated using the Turbiscan stability index.
Dispersion stability of HOPG in the presence of PTFEMA-b-PVP lasted one week and the graphene
concentrations of the supernatant solutions ranged from 0.260 to 0.385 mg/mL. Time-dependent
backscattering intensity confirmed that TFEMA-b-PVP copolymers could substantially retard the
aggregation of graphene nanoplatelets. It can be suggested from the F-d curve results that PVP
blocks would adsorb at the basal plane of graphene while PTFEMA blocks are soluble in methanol.
Therefore, both PVP and PTFEMA block lengths are critical in determining both graphene concentration
and dispersion stability.

Acknowledgments: This work was supported by the Ministry of Trade, Industry and Energy, Korea (Grant No.
10044338), Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by
the Ministry of Education (Grant No. 2014R1A1A4A01007436), and Korea Agency for Infrastructure Technology
Advancement (Grant No. 15CTAP-C077604-02).

Author Contributions: In Woo Cheong conceived and designed the experiments; Hyang Moo Lee prepared and
characterized the block polymers and graphene dispersion; Suguna Perumal performed adhesion force study in
AFM; Hyang Moo Lee and In Woo Cheong wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nair, R R,; Blake, P; Grigorenko, A.N.; Novoselov, K.S.; Booth, T.J.; Stauber, T.; Peres, N.M.R.; Geim, A.K. Fine
structure constant defines visual transparency of graphene. Science 2008, 320, 1308. [CrossRef] [PubMed]

2. Lee, C,; Wei, X,; Kysar, ].W.; Hone, ]. Measurement of the elastic properties and intrinsic strength of monolayer
graphene. Science 2008, 321, 385-388. [CrossRef] [PubMed]

3. Cai, W,; Moore, A.L; Zhu, Y,; Li, X.; Chen, S.; Shi, L.; Ruoff, R.S. Thermal transport in suspended and
supported monolayer graphene grown by chemical vapor deposition. Nano Lett. 2010, 10, 1645-1651.
[CrossRef] [PubMed]

4.  Faugeras, C,; Faugeras, B.; Orlita, M.; Potemski, M.; Nair, R.R.; Geim, A.K. Thermal conductivity of graphene
in corbino membrane geometry. ACS Nano 2010, 4, 1889-1892. [CrossRef] [PubMed]

5. Novoselov, K.S.; Geim, A.K.; Morozov, S.V,; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, L.V,; Firsov, A.A.
Electric field effect in atomically thin carbon films. Science 2004, 306, 666—669. [CrossRef] [PubMed]

6. Kim, H.; Macosko, C.W. Processing-property relationships of polycarbonate/graphene composites. Polymer
2009, 50, 3797-3809. [CrossRef]

7. Liu, Z,; Liu, Q.; Huang, Y;; Ma, Y.; Yin, S.; Zhang, X.; Sun, W.; Chen, Y. Organic photovoltaic devices based
on a novel acceptor material: Graphene. Adv. Mater. 2008, 20, 3924-3930. [CrossRef]

8.  Huang, L.; Huang, Y,; Liang, J.; Wan, X.; Chen, Y. Graphene-based conducting inks for direct inkjet printing
of flexible conductive patterns and their applications in electric circuits and chemical sensors. Nano Res.
2011, 4, 675-684. [CrossRef]

9.  Wang, X.; Zhi, L.; Mullen, K. Transparent, conductive graphene electrodes for dye-sensitized solar cells.
Nano Lett. 2008, 8, 323-327. [CrossRef] [PubMed]

10.  Shin, K.-Y.; Hong, J.-Y.; Jang, J. Flexible and transparent graphene films as acoustic actuator electrodes using
inkjet printing. Chem. Commun. 2011, 47, 8527-8529. [CrossRef] [PubMed]

11. Bae, S.; Kim, H.; Lee, Y.; Xu, X.; Park, ].-S.; Zheng, Y.; Balakrishnan, J.; Lei, T.; Kim, H.R.; Song, Y.L ; et al.
Roll-to-roll production of 30-inch graphene films for transparent electrodes. Nat. Nanotechnol. 2010, 50,
574-578. [CrossRef] [PubMed]

12.  Obraztsov, A.N. Chemical vapour deposition: Making graphene on a large scale. Nat. Nanotechnol. 2009, 4,
212-213. [CrossRef] [PubMed]


http://dx.doi.org/10.1126/science.1156965
http://www.ncbi.nlm.nih.gov/pubmed/18388259
http://dx.doi.org/10.1126/science.1157996
http://www.ncbi.nlm.nih.gov/pubmed/18635798
http://dx.doi.org/10.1021/nl9041966
http://www.ncbi.nlm.nih.gov/pubmed/20405895
http://dx.doi.org/10.1021/nn9016229
http://www.ncbi.nlm.nih.gov/pubmed/20218666
http://dx.doi.org/10.1126/science.1102896
http://www.ncbi.nlm.nih.gov/pubmed/15499015
http://dx.doi.org/10.1016/j.polymer.2009.05.038
http://dx.doi.org/10.1002/adma.200800366
http://dx.doi.org/10.1007/s12274-011-0123-z
http://dx.doi.org/10.1021/nl072838r
http://www.ncbi.nlm.nih.gov/pubmed/18069877
http://dx.doi.org/10.1039/c1cc12913a
http://www.ncbi.nlm.nih.gov/pubmed/21717029
http://dx.doi.org/10.1038/nnano.2010.132
http://www.ncbi.nlm.nih.gov/pubmed/20562870
http://dx.doi.org/10.1038/nnano.2009.67
http://www.ncbi.nlm.nih.gov/pubmed/19350025

Polymers 2016, 8, 101 11 of 12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Chang, YM.; Kim, H.; Lee, ].H.; Song, Y.-W. Multilayered graphene efficiently formed by mechanical
exfoliation for nonlinear saturable absorbers in fiber mode-locked lasers. Appl. Phys. Lett. 2010, 97, 211102.
[CrossRef]

Lin, T,; Chen, J.; Bi, H.; Wan, D.; Huang, F; Xie, X.; Jiang, M. Facile and economical exfoliation of graphite for
mass production of high-quality graphene sheets. J. Mater. Chem. A 2013, 1, 500-504. [CrossRef]

Han, P; Akagi, K.; Canova, EE; Mutoh, H.; Shiraki, S.; Lwaya, K.; Weiss, P.S.; Asao, N.; Hitosugi, T.
Bottom-up graphene-nanoribbon fabrication reveals chiral edges and enantioselectivity. ASC Nano 2014, 8,
9181-9187. [CrossRef] [PubMed]

Han, P,; Akagi, K,; Canova, FF,; Shimizu, R.; Oguchi, H.; Shiraki, S.; Weiss, P.S.; Asao, N.; Hitosugi, T.
Self-assembly strategy for fabricating connected graphene nanoribbons. ACS Nano 2015, 9, 12035-12044.
[CrossRef] [PubMed]

Norimatsu, W.; Kusunoki, M. Epitaxial graphene on SiC{0001}: Advances and perspectives. Phys. Chem.
Chem. Phys. 2014, 16, 3501-3511. [CrossRef] [PubMed]

Ciesielski, A.; Samori, P. Graphene via sonication assisted liquid-phase exfoliation. Chem. Soc. Rev. 2014, 43,
381-398. [CrossRef] [PubMed]

Cui, X.; Zhang, C.; Hao, R.; Hou, Y. Liquid-phase exfoliation, functionalization and applications of graphene.
Nanoscale 2011, 3, 2118-2126. [CrossRef] [PubMed]

Li, D.; Miiller, M.B.; Jilje, S.; Kaner, R.B.; Wallace, G.G. Processable aqueous dispersions of graphene
nanosheets. Nat. Nanotechnol. 2008, 3, 101-105.

Wojtoniszak, M.; Chen, X.; Kalenczuk, R.J.; Wajda, A.; Lapczuk, J.; Kurzewski, M.; Drozkzik, M.; Chu, PK.;
Borowiak-Palen, E. Synthesis, dispersion, and cytocompatibility of graphene oxide and reduced graphene
oxide. Colloids Surf. B Biointerfaces 2012, 89, 79-85. [CrossRef] [PubMed]

Pei, S.; Cheng, H.-M. The reduction of graphene oxide. Carbon 2012, 50, 3210-3228. [CrossRef]

Lotya, M.; Hernandez, Y.; King, PJ.; Smith, R.J.; Nicolosi, V.; Karlsson, L.S.; Blighe, EM.; de, S.; Wang, Z.;
McGovern, L.T,; et al. Liquid phase production of graphene by exfoliation of graphite in surfactant/water
solution. J. Am. Chem. Soc. 2009, 131, 3611-3620. [CrossRef] [PubMed]

Lotya, M.; King, P; Khan, U.; De, S.; Coleman, ]J.N. High-concentration, surfactant-stablized graphene
dispersion. ACS Nano 2010, 4, 3155-3162. [CrossRef] [PubMed]

Vadukumpully, S.; Paul, ].; Valiyaveettil, S. Cationic surfactant mediated exfoliation of graphite into graphene
flakes. Carbon 2009, 47, 3288-3294. [CrossRef]

Hamilton, C.E.; Lomeda, J.R.; Sun, Z.; Tour, ].M.; Barron, A.R. High-yield organic dispersions of
unfunctionalized graphene. Nano Lett. 2009, 9, 3460-3462. [CrossRef] [PubMed]

Nuvoli, D.; Valentini, L.; Alzari, V.; Scognamillo, S.; Bon, S.B.; Piccinini, M.; Illescas, J.; Mariani, A. High
concentration few-layer graphene sheets obtained by liquid phase exfoliation of graphite in ionic liquid.
J. Mater. Chem. 2011, 21, 3428-3431. [CrossRef]

O'Neill, A.; Khan, U.; Nirmalraj, PN.; Boland, J.; Coleman, ].N. Graphene dispersion and exfoliation in low
boiling point solvents. J. Phys. Chem. C 2011, 115, 5422-5428. [CrossRef]

Bourlinos, A.B.; Georgakilas, V.; Zboril, R.; Steriotis, T.A.; Stubos, A.K. Liquid-phase exfoliation of graphite
towards solubilized graphenes. Small 2009, 5, 1841-1845. [CrossRef] [PubMed]

Perumal, S.; Park, K.T.; Lee, H.M.; Cheong, IL.W. PVP-b-PEO block copolymers for stable aqueous and
ethanolic graphene dispersions. J. Colloid Interface Sci. 2016, 464, 25-35. [CrossRef] [PubMed]

Zu, S.-Z.; Han, B.-H. Aqueous dispersion of graphene sheets stabilized by pluronic copolymers: Formation
of supramolecular hydrogel. J. Phys. Chem. C 2009, 113, 13651-13657. [CrossRef]

Popescu, M.-T.; Tasis, D.; Papadimitriou, K.D.; Gkermpoura, S.; Galiotis, C.; Tsitsilianis, C. Colloidal
stabilization of graphene sheets by ionizable amphiphilic block copolymers in various media. RSC Adv.
2015, 5, 89447-89460. [CrossRef]

Voloshina, E.N.; Mollenhauer, D.; Chiappisi, L.; Paulus, B. Theoretical study on the adsorption of pyridine
derivatives on graphene. Chem. Phys. Lett. 2011, 510, 220-223. [CrossRef]

Wisniewsk, M.; Szewezuk-Karpisz, K. Removal possibilities of colloidal chromium (III) oxide from water
using polyacrylic acid. Environ. Sci. Pollut. Res. 2013, 20, 3657-3669. [CrossRef] [PubMed]

Ullah, K.; Zhu, L.; Ye, S.; Jo, S.-B.; Oh, W.-C. Photocatalytic and reusability studies of novel ZnSe/graphene
nanocomposites synthesized via one pot hydrothermal techniques. Asian J. Chem. 2014, 26, 4097-4102.


http://dx.doi.org/10.1063/1.3521257
http://dx.doi.org/10.1039/C2TA00518B
http://dx.doi.org/10.1021/nn5028642
http://www.ncbi.nlm.nih.gov/pubmed/25162921
http://dx.doi.org/10.1021/acsnano.5b04879
http://www.ncbi.nlm.nih.gov/pubmed/26588477
http://dx.doi.org/10.1039/c3cp54523g
http://www.ncbi.nlm.nih.gov/pubmed/24434866
http://dx.doi.org/10.1039/C3CS60217F
http://www.ncbi.nlm.nih.gov/pubmed/24002478
http://dx.doi.org/10.1039/c1nr10127g
http://www.ncbi.nlm.nih.gov/pubmed/21479307
http://dx.doi.org/10.1016/j.colsurfb.2011.08.026
http://www.ncbi.nlm.nih.gov/pubmed/21962852
http://dx.doi.org/10.1016/j.carbon.2011.11.010
http://dx.doi.org/10.1021/ja807449u
http://www.ncbi.nlm.nih.gov/pubmed/19227978
http://dx.doi.org/10.1021/nn1005304
http://www.ncbi.nlm.nih.gov/pubmed/20455583
http://dx.doi.org/10.1016/j.carbon.2009.07.049
http://dx.doi.org/10.1021/nl9016623
http://www.ncbi.nlm.nih.gov/pubmed/19645460
http://dx.doi.org/10.1039/C0JM02461A
http://dx.doi.org/10.1021/jp110942e
http://dx.doi.org/10.1002/smll.200900242
http://www.ncbi.nlm.nih.gov/pubmed/19408256
http://dx.doi.org/10.1016/j.jcis.2015.11.014
http://www.ncbi.nlm.nih.gov/pubmed/26606378
http://dx.doi.org/10.1021/jp9035887
http://dx.doi.org/10.1039/C5RA17916E
http://dx.doi.org/10.1016/j.cplett.2011.05.025
http://dx.doi.org/10.1007/s11356-012-1273-6
http://www.ncbi.nlm.nih.gov/pubmed/23128988

Polymers 2016, 8, 101 12 of 12

36. We, W, Yu, Q; Peng, P; Liu, Z; Bao, J.; Pei, S.-S. Control of thinkness uniformity and grain size in graphene
films for transparent conductive electrodes. Nanotechnology 2012, 23, 035603.

37. Gayathri, S.; Jayabal, P; Kottaisamy, M.; Ramakrishnan, V. Synthesis of few layer graphene by direct
exfoliation of graphite and a Raman spectroscopic study. AIP Adv. 2014, 4, 027116. [CrossRef]

38. Das, A.; Chakraborty, B.; Sood, A.K. Raman spectroscopy of graphene on different substrates and influence
of defects. Bull. Mater. Sci. 2008, 31, 579-584. [CrossRef]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons by Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1063/1.4866595
http://dx.doi.org/10.1007/s12034-008-0090-5
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Materials and Methods 
	Reagents 
	Synthesis of Poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA) Macro-Reversible Addition-Fragmentation Chain Transfer (RAFT) Agents 
	Synthesis of Poly(2,2,2-trifluoroethyl methacrylate)-block-poly(4-vinyl pyridine) (PTFEMA-b-PVP) Block Copolymers 
	Preparation of Graphene Dispersions 
	Adhesion Force Study Using Modified Atomic Force Microscope (AFM) Cantilever 
	Characterization 

	Results and Discussion 
	PTFEMA-b-PVP Block Copolymers 
	Adhesion Force Analyses 
	Stability of Graphene Dispersions 
	Graphene Nanoplatelets 

	Conclusions 

