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ABSTRACT: The synthesis of hydrophilic carbon black composites by grafting 2-(dimethylamino)ethyl
methacrylate (DMAEMA) from functionalized carbon black using atom transfer radical polymerization (ATRP)

is reported. The polymerizations were performed in methanol/water mixtures near ambient temperatures using
CuBr/CuBk/2,2-bipyridine as the catalytic system. Under acidic conditions or upon quaternization with ethyl
bromide, the polymer-bound carbon black can form stable dispersions in water. TGA, light scattering, and AFM
were used to characterize the polymer bound carbon black. 2-Hydroxyethyl methacrylate (HEMA) was random
and block copolymerized with DMAEMA to form functional carbon black nanocomposites.

Introduction oligomeric radicals can be easily trapped during polymerization
. .. by the carbon black surface. Tsubok&Wtok advantage of
Carbon blacks are structurally complex particles containing this feature and achieved water-dispersible poly(ethylene oxide)-

90—99% of elemental carbon. The smallest dispersible units of f lack . v(ethvl . ical
carbon black are irregularly shaped aggregates ranging in sized'® ted carbon black by trapping poly(ethylene oxide) radicals

from 50 to 500 nm. The aggregates are composed of chemicallyfhor(;ned byhth_e red dox reaction of ceric ions with the polymer's
coalesced spherically shaped primary particles with diameters ydroxy chain ends.

of 10—75 nm. Beyond the basic structures, aggregates of carbon  Instead of grafting in-situ formed or preformed polymers onto
black can easily form agglomerates that are physically held the surface of carbon black, which is a diffusion-controlled
together. Carbon black is widely used in rubber industry as a Process, water-soluble polymers can be grafted from carbon
reinforcing agent and in the plastics industry for its antistatic, Plack surface. Li et & introduced hydroxymethyl groups onto
conductive, and UV-protective capacitied. Recently, carbon  the carbon black surface and polymerized acrylic acid and
black/polymer composites have been studied as vapor-sensingg-nydroxyethyl methacrylate (HEMA) from surface-immobilized
materials>® Carbon black is also an important pigment used radicals generated by ceric ions. They observed that the grafted
for plasticst-2 packaging, coatings? ink,? inkjet,2%11and toner carbon black displayed much better dispersion stability and
applications'213To apply carbon black in waterborne coatings, Stronger resistance to electrolytes as well as long-term storage
ink, and toners, a stable dispersion of carbon black in aqueousstability in soap-free waterborne coatings.

medium is desired. Although conventional radical polymerization methods are
Despite its hydrophobic nature, carbon black can be dispersedgood for growing homopolymers or random (co)polymers under
in water by using ionic or nonionic surfactadfsl? In these mild conditions, controlled radical methods are more desirable

systems, the hydrophobic parts of surfactants adsorb onto carborfo achieve interesting functionalities and architectures with
black and the hydrophilic parts interact with water, providing controlled molecular weight and low polydispersitt@ATRP
steric/static repulsions between carbon black aggredaiase is among most successful controlled radical polymerization
colloidal stability of these systems depends on the amount of methods because it is applicable to readily available initiators,
adsorbed surfactants and the hydrodynamic thickness of theligands, and monomers and allows for the preparation of
adsorbed layet® The stability of dispersed carbon black polymers with interesting functionalities and architectifes!
decreases upon addition of some solvents or prolonged storagéATRP has also proved to be one of the most versatile methods
due to desorption of the surfactant molecules from the carbonto functionalize surfaces as shown by a number of recent
black surface. reviews38-43 Among the publications, grafting polymers from

The surfactants or polymers that chemically linked to carbon surface in protic media has received continued attention and
black should provide higher dispersion stability. Nagai and co- Nas been done not only on planar surfa¢es but also on
workers copolymerized acrylonitrile with a polymerizable inorgani¢? and organic particle®.>’
surfactant by a radical initiator in the presence of carbon black In our previous communication, we successfully employed
in water and achieved higher dispersion stabilization due to the ATRP to synthesize polp¢BA)-grafted carbon black® Jin and
successful immobilization of the surfactant on the carbon black co-workers also demonstrated that ATRP can be used to
surface?®21 Carbon black is known to be a strong radical polymerize three monomers from functionalized carbon spléres.
scavenger due to the presence of polycondensed aromatic ringgo our knowledge, there has been no report to date on
and quinonic and phenolic oxygens. Propagating polymeric or synthesizing water-dispersible carbon black by employing ATRP

10.1021/ma051659y CCC: $33.50 © 2006 American Chemical Society

Published on Web 12/16/2005
ublished on We CDV



Macromolecules, Vol. 39, No. 2, 2006 Water-Dispersible Carbon Black Nanocompositégl9

in protic media. Herein we report our results on polymerizing sacrificial and surface initiator, respectively. The other components
2-(dimethylamino)ethyl methacrylate (DMAEMA) from the of the polymerization remained the same. Three parallel reactions
carbon black surface using ATRP in protic medium and Were performed in the same thermostated oil bath after the same
subsequent quaternization of the polymer to achieve water- Te€zeé-thaw cycles. Reactions were stopped by opening the flasks
dispersible carbon black. The polymer-grafted carbon black to air at predetermined intervals. Monomer conversion was

. . . determined as before. Molecular weight of the polymers generated
samples were analyzed by thermogravimetric analysis (TGA), in solution was obtained by GPC using DMF as the eluent.

light scattering, and atomic force microscopy (AFM). Random Purification of CB —PDAEMA by Centrifugation. The prod-
and block copolymers of DMAEMA and HEMA were also cts from the synthesis were isolated by centrifugation and

grafted from carbon black to achieve functionalized carbon black sonification in methanol. The sample was then centrifuged at

nanocomposites. 39 00@ force for 2 h. The process was repeated until there was no
polymer detectable in the supernatant by GPC.
Experimental Section Quaternization of CB—PDMAEMA with Ethyl Bromide. The

above CB-PDMAEMA (0.50 g) was dispersed in 20 mL of THF

by sonication and was treated with 10 mL of ethyl bromide. The

mixture was allowed to stir overnight. The precipitated product was

isolated by removing the solvent and excess alkyl halide.

Polymerization of DMAEMA and HEMA from Functional-

ized Carbon Black Surface.Before the polymerization, a pre-

determined amount of carbon black (€Br, 0.87 g, 0.17 mmol

of bromine per gram of carbon black that corresponds to 0.15 mmol
: : : d of initiator) was added into a Schlenk flask and dried under vacuum

synthesized according to literatUfeAll the other chemicals were at room temperature for 1 h. To the Schlenk flask were added

purchased from Aldrich. _ DMAEMA (9.83 g, 62.5 mmol), HEMA (1.63 g, 12.5 mmol),

' Carbon black (Monarg:h 700) and carbon black aqueous dlsper-MeOH (11 g), water (1.4 g), bipyridine (0.15 g, 0.96 mmol), and
sions_(carboxylate-stabilized carbon black, ©€BOONa) were gy, (0.040 g, 0.17 mmol). The flask was then degassed by four
supplied by Cabot Corp. (Billerica, MA). B freeze-pump-thaw cycles. While the contents were frozen in liquid

Functionalization of Carbon Black with ATRP Initiator nitrogen, the flask was back-filled with nitrogen and CuBr (0.043
Moiety. 15 g of CB-COONa (0.52 mmol of carboxylate per gram ¢ 0.30 mmol) was added. The flask was then degassed and back-
of carbon black, 0.0078 mol) was acidified to pH 2 to precipitate fijjled with nitrogen twice and then allowed to warm to room
the carbon black. After the carbon black was washed with DI water temperature, and an initial sampte<{ 0) was collected by syringe.

and isolated by centrifugation several times, it was dried under The flask was then placed in an oil bath thermostated at320
vacuum at 60C for 12 h prior to further modifications. The carbon ¢ Aliquots were taken out of the flask periodically. Conversion

black sample was homogenized by a rota-stator in 250 mL of dry of the monomer was monitored as shown before. The reaction was
THF. To this dispersion, DCC (0.156 mol, 32.2 g), DMAP (0.039  stopped at desired conversions.

mol, 4.76 g), and 2,2-dimethyl-3-hydroxypromybromoisobutyrate Polymerization of HEMA from CB —PDMAEMA. Before the

(0.156 mol, 39.5 g) were added. The reaction was homogenized ,olymerization, a predetermined amount of- SBDMAEMA (0.35
for 5 h and allowed to proceed overnight while stirred by a magnetic g) was added into a Schlenk flask and dried under vacuum at room

stirbar. The functionalized carbon black was then purified by temperature for 1 h. To the Schlenk flask were added HEMA (6.52

Materials. 2-(Dimethylamino)ethyl methacrylate (DMAEMA)
and 2-hydroxyethyl methacrylate (HEMA) were purchased from
Aldrich and passed through basic alumina column prior to polym-
erization. CuBr (97%) was obtained from Aldrich and purified and
dried as reported befof€ CuBw, 2,2-bipyridine, 4-(dimethylami-
no)pyridine (4-DMAP), and 1,3-dicyclohexylcarbodiimide (DCC)
were obtained from Aldrich and were used as received. Difunctional
initiator, 2,2-dimethyl-3-hydroxypropyé:-bromoisobutyrate, was

multiple centrifugations in THF and methanol. g, 50 mmol), MeOH (8 g), water (1.0 g), bipyridine (0.075 g, 0.48
Polymerization of DMAEMA from Functionalized Carbon mmol), and CuBy (0.020 g, 0.085 mmol). The flask was then

Black Surface (CB-PDMAEMA). Before the polymerization, a  degassed as described as before.

predetermined amount of carbon black (€Br, 0.87 g, 0.17 mmol Characterizations. Monomer conversion was determined from

of bromine per gram of carbon black that corresponds to 0.15 mmol the concentration of residual monomer by gas chromatography (GC)
of initiator) was added into a Schlenk flask and dried under vacuum or NMR with DMF as internal standard. For GC measurement,
at room temperature for 1 h. To the Schlenk flask were added ajiquots from the reaction were diluted with acetone or methanol
DMAEMA (11.8 g, 75.0 mmol), MeOH (11 g), water (1.4 g), DMF  and injected directly into a Shimadzu GC-14 gas chromatograph
(1.0 mL), bipyridine (0.15 g, 0.96 mmol), and Cy&0.040 9, 0.18  equipped with a J&W Scientific 30 m DB-WAX column with a
mmol). The flask was then degassed by four fregzemp-thaw Shimadzu CR501 Chromatapac. Analysis conditions: injector/
cycles. While the contents were frozen in liquid nitrogen, the flask getector temperature: 25C; temperature program: 2 min 4G,

was back-filled with nitrogen and CuBr (0.043 g, 0.30 mmol) was 20 °C/min until 160 °C, 3 min 160°C. The conversion was
added. The flask was then degassed and back-filled with nitrogen calculated by detecting the decrease of the monomer peak area
twice and then allowed to warm to room temperature, and an initial relative to the internal standard peak area. GC measurements were
sample (= 0) was collected by syringe. The flask was then placed repeated three times for each sample to reduce errors. For NMR
in an oil bath thermostated at 3C. Aliquots were taken out of measurementdH NMR was performed on a Bruker 300 MHz or
the flask periodically. Conversion of the monomer was monitored g varian 300 MHz spectrometer.

by GC in conjunction with NMR. The reaction was stopped at  Molecular weights of the kinetic samples were measured by GPC

desired conversions. _ (Waters 717) by dissolving the polymer samples in DMF with a
Polymerlzatlor_l of DMAEMA_from_2,2-D|methyl-3-hydr0Xy- drop of toluene as the internal standard using DMF as the eluent at
propyl a-Bromoisobutyrate with/without Carbon Black. As a flow rate of 1 mL/min. The molecular weight and polydispersities

shown in the above example, the same amount of reagents wereof the samples were determined on the basis of a calibration curve
used. The difference is the use of a small molecular ATRP initiator, generated from poly(methyl methacrylate) standards in conjunction
2,2-dimethyl-3-hydroxypropyti-bromoisobutyrate (0.038 g, 0.15  with a refractive index detector.

mmol), instead of CB-Br. For the experiment with unfunctionalized AFM measurements were carried out with the aid of a Nanoscope
carbon black present, the same amount of unmodified Monarch ||| (Digital Instruments, Santa Barbara, CA) equipped with phase
700 was used instead. extender module and vertical engage J scanner. The images were
ATRP of DMAEMA from Functionalized Carbon Black acquired in the tapping mode (light tapping mode near resonance
(CB—Br) in the Presence of a Sacrificial Initiator. 2,2-Dimethyl- frequency) under ambient conditions with standard silicon canti-

3-hydroxypropylo-bromoisobutyrate (0.0127 g, 0.050 mmol) and levers with a nominal spring constant of 50 N/m and a resonance
CB—Br (0.58 g, 0.17 mmol of bromine per gram of carbon black, frequency around 300 kHz. The polymer-grafted carbon black
which corresponds to 0.10 mmol of initiator) were used as the samples were dispersed in a solvent (THF or water) and dilut%gl
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Scheme 1. Functionalization of ATRP Initiator on Carbon Black Surface

HCI

CB- C¢H,COONa CB- C4H,COOH

0
Br
HO OJJ7< :
/>‘<\ _ DMAEMA, MeOH/H,0 (8:1)

DCC/DMAP, THF, r.t. CuBr/CuBr,/BPY, 30 °C

CB-Br CB- PDMAEMA

a concentration 0f0.001 wt %. 2 drops of the THF dispersions The functionalized carbon black particles (€Br) with 0.17

were dripped onto freshly cleaved mica (Ruby clear mica, New mmol of bromine per gram of carbon black were then used for

York Mica Co.) spinning at 4000 rpm at room temperature. For ATRP of DMAEMA. ATRP of DMAEMA in water/alcohol

aqueous samples, 1 drop of the sample was put on mica surfaceyixtyres is known to afford good control and fast polymeriza-

and allowed to dry at room temperature overnight. , tions52-65 |n the experiments, a methanol/water mixture (8:1
Centrifugation of the samples was performed in a refrigerated wiw) was used to obtain a fast rate as well as good control

gg r(\)/g(lg ']30(502)0 a?IALfJ;sccentrlfuge at 16 500 rpm (corresponding to over molecular weight. As shown in Figure 1, the polymerization

) of DMAEMA initiated by the functional initiator, 2,2-dimethyl-

Fourier transform infrared measurements were performed on ans v b isobutvrate. afforded lativelv fast
ATI Mattson Infinity Series FTIR spectrometer. The spectra were ydroxypropyla-bromoisobutyrate, ariorded a relatively 1as

obtained after accumulation of 128 scans at a resolution of 2cm  Polymerization rate at 3¢C. The semilogarithmic kinetic plots
between 500 and 4000 crh indicated a constant radical concentration in the reaction system.

The determination of grafted polymer on carbon black was Carbon black is known to be a strong radical scavenger, and

performed on AutoTGA 2950 (TA Instruments). About 10 mg of When unfunctionalized carbon black was put into the system, a
the dried samples was placed in a Pt pan under nitrogen. The
samples were kept at 11 for 10 min before being heated to 1.0
650°C at 10°C/min. Finally the samples were kept at 680D for

15 min.

The size of the polymer-grafted carbon black particles was 08}
obtained on a MICROTRAC particle size analyzer (UPA). The
measurement technique is based on dynamic light scattering. The
dispersions of carbon black particles were diluted in a suitable
solvent until the final concentrations were as low as few parts per
million (ppm). The sample cell was a 316 stainless steel cell with
a capacity for samples-38 mL in volume, and the acquisition time
for the sample measurement was 360 s.

B initiator
® CB as a spectator
A CB-Br

0.6

In((M]/IM])

0.4

Results and Discussion 0.2

ATRP of DMAEMA from Functionalized Carbon Black
Surface. The starting carbon black (CBCOONa) was dispers-
ible in water due to electrostatic repulsions from surface 0.0 ; L y ;
carboxylate groups. The particles can be destabilized and 5 10 15 20 25 30 35
isolated by either adding electrolytes or adjusting pH of the Time (hr)
solution. In our experiments, the particles were collected by Figure 1. Kinetics of ATRP of DMAEMA initiated by 2,2-dimethyl-
acidifying the solution to pH~ 2. The ATRP initiator with 3-hydroxypgopyléx-brgpoi.si)butérgtel),fby the sr;me (ijnjti_a;or in the
hydroxy group was then attached to the surface via DCC/DMAP Presence of carbon blac®), and by surface-anchored initiator €8

- - - - Br (0.17 mmol of bromine per gram of carbon black) ([DMAEMA]:
facilitated coypl!ng reaction, as shown in Scheme 1 The Coment[initiator]:[CuBr]:[CuBrg]:[BPY] = 500:1:2:1.2:6.4, [DMAEMAJ= 50
of attached initiator was determined on the basis of bromine wt 95, MeOH/HO = 7.9:1 (w/w). The reactions were conducted at
content from elemental analysis. 30—-32°C. CDV
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slight decrease of polymerization rate was observed in the (A) 0.30
kinetics. The lower slope indicates a slight decrease in radical .

concentration in the system, proving the radical trapping effect 025 A

of carbon black. Then the reaction was stopped by opening the

reaction medium to air, and the carbon black was easily collected 020}

by centrifugation. After multiple sonificationcentrifugation —_

cycles in methanol, the supernatant layer in the centrifuge tube = 015k

was found to be free of poly(DMAEMA) by GPC. The = A

sedimented carbon black was then analyzed by TGA and found & , 4,1

to contain only 8.4% of polymer at 45% monomer conversion. I 74

Previously, we observed a much higher polymer content when 0.05 -

carbon black was present in the ATRPrebutyl acrylate (- '

BA): at a conversion of 62% (monomer-to-initiator rato |

375), TGA revealed a volatile content of 27. 7% he difference 0'000 2 4 5 5 10
can be explained by a stronger affinity of the in-situ generated Time (hr)

polymer toward hydrophobic surface and a better dispersibility

or more available surface area for unmodified carbon black in (B) 30000 T T T T T 2.0
n-BA/anisole compared with MeOH/water. When ATRP of

DMAEMA was initiated from functionalized carbon black, 25000 |

despite a linear relationship observed in the semilogarithmic

plot, the reaction was 7 times slower compared to that initiated 20000
by the small molecule initiator. Three factors can contribute to 11.6
this observation: first, radicals tethered on surface can couple =" 15000

B T
with neighbors or get trapped by the surface. Second, carbon 114 S
black is hydrophobic in nature, and it is harder to obtain discrete 10000 | L
aggregates under normal magnetic stirring conditions when PY
hydrophilic methanol/kHO mixtures are used. Third, the surface 5000 | () 112
initiator density was calculated on the basis of the bromine
content obtained from elemental analysis; however, the initiator 0 \ , , , , 10
accessible for the copper catalyst could be lower than analyzed 0 5 10 15 20 25 30

by elemental analysis due to the aggregated structure of carbon Conversion (%)

black particles, more complicated than discrete Well'separatedFigure 2. Kinetics (A) and molecular weight vs conversion (B) in the

spherical particles. Because of the long reaction time in this ATRp of DMAEMA from functionalized carbon black surface in the
case, a noticeable amount of methyl methacrylate (MMA) was presence of sacrificial initiator. [CBBr]:[sacrificial initiator] = 2:1.

formed as shown in GC chromatograph as a new peak. This is[PMAEMA[:[total initiator]:[CuBr]:[CuBr]:[BPY] = 500:1.5:2:1.2:
attributed to the transesterification reaction between methanol 8-4: [PMAEMA] = 50 wt %, MeOH/HO =7.9:1 (w/w). The reactions
. - were conducted at 36832 °C. CB—Br (0.17 mmol of bromine per gram

and DMAEMA, V\{hlch_was prewo_usly reported by Arm&s, ¢ arbon black) was used together with sacrificial initiator.
and the tranesterification was believed to be self-catalyzed by
the tertiary amine groups in DMAEMA. However, when pure
poly(DMAEMA) was placed in the same reaction medium in (Figure 2B), indicating negligible transfer in the polymerization.
our control experiment at 30C, no transesterification was However, polydispersities increased, suggesting presence of
observed for 2 days, which was also reported by Arfidshis termination processes.
can be explained by the decreased basicity of the amine groups Quaternization of CB—PDMAEMA. Poly(DMAEMA) be-
in the polymer chain. Poly(DMAEMA) has a lowerKp longs to a family of hydrophilic polymers exhibiting reverse
compared to that of DMAEMA' due to charge repulsions temperature-dependent solubility in water with an LCST around
between neighboring groups once the amines on the side chairb0 °C.%570.710nce attached to carbon black, the resulting-CB
are protonated. In our case, after 30 h, the content of MMA in PDMAEMA was not dispersible in water even after prolonged
the monomer and solvent mixture was calculated to be aroundsonification but formed good dispersions in methanol, THF, and
40 mol % by GC and confirmed by NMR. The presence of DMF. Therefore, the sedimentation of GB@DMAEMA by
MMA also led to the formation of statistical copolymers of centrifugation was performed in MeOH#8 (3:1 v/v) mixture,
DMAEMA and MMA on carbon black® NMR analysis of the which dissolved free unattached polymer as indicated by GPC
polymer-grafted carbon black indicated that around 33% PMMA chromatograms.
was present. However, CB-PDMAEMA was dispersible in acidified

To monitor the molecular weight evolution of the polymer water, which protonates the amino groups on the polymer chains
grafted on carbon black, the functional initiator used in the resulting in a layer of surface-anchored polyelectrolytes sur-
kinetic studies was added to the system as a sacrificial initiator rounding the carbon black cores. Because of charge repulsions,
because it was reported that free polymers formed in the solutionCB—PDMAEMA can form stable dispersions at low pH. When
have the same molecular weight as those formed on the surfacdéhe pH of the solution was adjusted to a pH 9, CB—
assuming fast exchange between the two populations of PDMAEMA immediately precipitated out from the aqueous
polymers in the same systeé#€9 As shown in Figure 2, the  solution.
molecular weight of the free polymers were measured by GPC  Poly(DMAEMA) was linked to the surface of carbon black
at different conversions in the polymerization with of the by ester bonds, which may not be stable under acidic conditions
total initiator being the sacrificial initiator in the solution. A during prolonged storage. An alternative way to form stable
linear increase of molecular weight vs conversion was observed CB—poly(DMAEMA) aqueous dispersions is to quaternize @BV
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Scheme 2. Quaternization of Poly(DMAEMA)-Grafted Carbon Black by Ethyl Bromide

CH3 CH3 CHS \ ( \
CHz—CH—(CHz + E‘Bf O—(CH CH%-(CH c CH
O i }m — }n

OCHs o OCH C.’ CI)
CH; CH, CH,
CH, c:H2 (:H2
Hsc’N“CHs HC’ “CH, H3<:’|“c:|-|3
H.C..

nitrogen groups on the polymer side chain with alkyl halide to deuterated acetone is shown in Figure 3 for comparison. The
achieve a layer of strong cationic polyelectrolytes around carbon original unquaternized sample displayed the peaks from not only
black. As shown in Scheme 2, ethyl bromide was used in the poly(DMAEMA) but also PMMA (methyl ester at 3.65 ppm),
quaternization reaction after CBPDMAEMA was dispersed proving tranesterification occurred during the ATRP process.
in THF. Poly(DMAEMA) homopolymer quaternized by ethyl  The relative integration area dfvs h revealed that 28% MMA
bromide displayed strong antibacterial activities agdinsli.”? was incorporated in the poly(DMAEMA). When the sample was
As the reaction proceeded, the polymer-grafted carbon black quaternized with ethyl bromide, it was not soluble in acetone
was found to precipitate out from the solution. After removing but in water. In BO, new peaks due to the two methyl groups
the solvent, the particles were readily dispersible in water after attached to nitrogen shifted to lower magnetic field (from 2.5
sonication. The dispersions were stable throughout the pH rangeto 3.4 ppm). New peaks labelegle, f, j, andk appeared due to
and even in boiling water. Armes reported a complete elimina- the presence of quaternary amines. The efficiency of quater-
tion of LCST for block copolymers of DMAEMA with nization was estimated to be around 92% based on the relative
(diethylamino)ethyl methacrylate even when the degree of peak area ob vs f ([(f/3/(f/3 + b/6)] x 100%). The result
quaternization was as low as 15%To explain the good explained the good solubility and stability of the polymer-grafted
solubility of the particles in water, the degree of quaternization particles in water.

on one of the PDMAEMA bound carbon black samples was  The polymer content and particle size of the original-€B
studied byH NMR in D,O, and the original sample in PDMAEMA and quaternized CBPDMAEMA were compared

Tory HJ0
Q%CHZ* St ?L
a C=0a =0/i acetone

OCH;
d

I
Oty
OH

5 4 3 2 1 PPM
.H3
Qe w-c Cw-ﬁf C?L
H, O X L
OCH3 o
c d CH2 Cl-bk
CHZF CHer
HaC' "CHs Hac | C|—|3
H
d+e+j ZC\CHa

S L e A e L s e e o B o L e e |
5 4 3 2 1 PPM

Figure 3. 'H NMR spectrum of a poly(DMAEMA)-grafted carbon black sample before (ins@DCDs, top spectrum) and after quaternization
with ethyl bromide (in RO, bottom spectrum). CDV
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Table 1. Characterizations of CB-PDMAEMA and Quaternized CB—PDMAEMA

CB—PDMAEMA quaternized CB-PDMAEMA
polymer content by TGA under N 57% 74%
mean volume particle size (nm) MeOH 2B (pH=2) HO (pH=7) H,02 (pH =7)
342 462 784 682

a Particles were filtered through a 0.4 filter.

using dynamic light scattering (DLS) and TGA, as shown in
Table 1. The original sample afforded an organic volatile content
of 57% by TGA analysis. After quaternization, the polymer
content increased to 74%. On the basis of the degree of
quaternization and the MMA content in the polymer, the
polymer fraction for the quaternized sample was calculated to
be around 69%, which is close to the experimental value. The
size of initial water-dispersible carbon back (EBOONa) was

120 nm by DLS. After polymer grafting, the particle size of
CB—PDMAEMA dispersed in methanol was found to increase
to 342 nm. When CBPDMAEMA was dispersed in low pH
water, an even larger size increase was observed (462 nm),
which can be explained by the charge repulsions by the polymer
side chains. After quaternization, the size of the -CB
PDMAEMA was found to be 784 nm, much larger than the
unquaternized sample. It was also bigger than the size of
acidified sample (pH- 2) To rule out the possibility of particle
agglomeration, the agueous sample was filtered through a 0.45
um filter, and despite the fact that some of the particles were
trapped by the filter, an average size close to 700 nm was
observed again. Therefore, we assume the size increase ogigure 4. AFM height image of an air-dried original poly(DMAEMA)
quaternized carbon black was not due to agglomeration of the qggtnedmffarﬁga black particle spin-cast from THF on mica before
carbon black particles. It was proved by studying the morphol-

ogy of the composites using AFM.

Characterization of CB—PDMAEMA and Quaternized Copolymerization of DMAEMA and HEMA. HEMA is a
CB—PDMAEMA by AFM. AFM is an excellent tool for ~ functional monomer, and incorporation of HEMA in polymer
characterization of nanostructufés® and was also employed ~ Structure can afford materials for chromatografhyim-

in this study to directly visualize the poly(DMAEMA)-grafted ~ Plants?*#?membranes? and polymer supports for catalysis.
carbon black particles. Samples for AFM observations were HEMA has also been incorporated into carbon nanotube-based

prepared by spin-coating very dilute (10 wt ppm) €B 9mphiphi|ic coreshelllstructure:%? Despite the fast polymer-
PDMAEMA dispersion onto mica which assured sufficiently ization rate of HEMA in pure water, the same methanglH
low coverage (individual isolated particles on mica surface). cosolvents were applied to the copolymerization of DMAEMA
As shown in Figure 4, the image clearly shows curly polymer @1d HEMA because it has been reported that poly(HEMA)
brushes surrounding the carbon black core, proving that poly- Produced by aqueous ATRP was not soluble possibly due to
(DMAEMA) was grafted onto carbon black. However, this transesterification$:®°

picture differs from what was observed for palyBA)-grafted As shown in Figure 6, linear kinetics was observed in the
carbon black particles, where the polyBA) chains formed semilogarithmic plot of conversion vs time for both DMAEMA
dense brushes extending out onto the substrate from the carboand HEMA monomers, indicating good control of the reaction.
black core®® The difference in morphology of the attached The simultaneous copolymerization of HEMA and DMAEMA
polymers can be attributed to the difference Tg of the initiated by AIBN was reported to produce a Bernouillian-type
materials. Poly§-BA) has aTy = —50 °C, i.e., much lower of random copolymer¥, and in Figure 6, a similar rate of
than room temperature and is much softer and more likely to monomer consumption was also observed although the ratio
conform to the contours of the hard carbon black cores. In the between DMAEMA and HEMA was 5:1, which also suggested
case of quaternized CBPDMAEMA, it was first dispersed in ~ random copolymerization of the two monomers.

water to obtain a dilute solution as usual, then one drop of the  One of the advantages of controlled radical polymerization
solution was cast on mica, and water was allowed to evaporateover conventional radical polymerization is the possibility of
at room temperature. As shown in Figure 5, almost all the preparation of block copolymers as well as other well-defined
particles in the field of view are surrounded by polymer brushes, architectures. To prove that the chain end of the poly-
and the polymer chains stretch out more than in the unquater-(DMAEMA)-grafted carbon black (a CBpoly(DMAEMA)
nized CB-PDMAEMA, which is consistent with the result sample with 51% volatile was used) was still living, HEMA
obtained from light scattering experiments. In Figure 5, a second was polymerized as a second block. The same polymerization
layer of polymers can be seen close to the irregular-shapedconditions were used, and after 18 h of reaction, a monomer
carbon black core as indicated by a different color in the height conversion around 5.7% was detected by GC. The formation
profile. This is due to polymer chains grown on the top of the of block copolymers was confirmed by a solubility test:
particles “draping” down onto the polymer chains grown from previous CB-PDMAEMA kinetic samples were dissolved in
the lower half of the particles. acetone which was used for GC analysis. In contrast, the b&qﬁ{(l
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‘0.0 dey

Figure 5. AFM height (left) and phase (right) images of quaternized poly(DMAEMA) bound carbon black particles on mica at different magnifications.
Samples were first dispersed in water, and one drop of the dilute dispersidhgpm) was placed on mica and air-dried at room temperature.

copolymer-grafted carbon black was no longer soluble in cm™! are characteristic of the symmetric and asymmetric
acetone, which is not a good solvent for poly(HEMA). Instead, stretching of the methyl groups on nitrogen. After block
methanol was used in place of acetone for the GC analysis. copolymerization, a strong peak around 3400 &ufue to O—

The final product was purified by centrifugation in methanol. H stretching and an increase in the intensity around 2930 cm
The formation of block copolymers was confirmed by infrared due to C-H stretching were observed, which correlated with
spectroscopy, as shown in Figure 7. For poly(DMAEMA)- the structure of poly(HEMA). Consistently with the IR results,
grafted carbon black, the peaks appearing at 2819 and 2767TGA indicated the volatile content increased from 51% to 6%’{5\/
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Figure 6. Kinetics of random copolymerization of DMAEMA and
HEMA from functionalized carbon black. [DMAEMA+ HEMAY:
[CB—Br initiator]:[CuBr]:[CuBr,:.[BPY] = 500:1:2:1.2:6.4, [DMAEMA]/
[HEMA] = 5:1 (mol), MeOH/HO = 7.9:1 (w/w). The reactions were
conducted at 3632 °C. CB—Br (0.17 mmol of bromine per gram of
carbon black).
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Figure 7. Infrared spectra of poly(DMAEMA) and poly(DMAEMA)-

b-poly(HEMA)-grafted carbon black (CBPDMAEMA and CB-

PDMAEMA-b-PHEMA, respectively). CBPDMAEMA was dispersed
in acetone and cast on a KBr pellet. EBDMAEMA-b-PHEMA was

dispersed in methanol and cast on a KBr pellet. Both samples were

dried under high vacuum overnight at room temperature.

Water-Dispersible Carbon Black Nanocomposité&b5

HEMA was copolymerized with DMAEMA on the carbon black
surface, providing functional sites for further modifications. The
poly(DMAEMA)-bound carbon black was also chain-extended
by block copolymerization of HEMA.

Acknowledgment. Financial support from the National
Science Foundation (CHE-0405627 and DMR-0506353) and
Cabot Corporation is gratefully acknowledged.

References and Notes

(1) Donnet, J. B., Bansal, R. C., Wang, M. J., E@arbon Black: Science
and Technology2nd ed.; Dekker: New York, 1993.

(2) Funt, J. M.; Sifleet, W. L.; Tomme, M. I€arbon Black 2nd ed.;
Donnet, J. B., Bansal, R. C., Wang, M. J., Eds.; Dekker: New York,
1993; pp 389-408.

(3) Wolff, S.; Wang, M. J. IrCarbon Black2nd ed.; Donnet, J. B., Bansal,
R. C., Wang, M. J., Eds.; Dekker: New York, 1993; pp 2855.

(4) Donnet, J. B.; Voet, ACarbon Black: Physics, Chemistry, and
Elastomer Reinforcemenbekker: New York, 1976.

(5) Tsubokawa, N.; Inaba, J.; Arai, K.; Fujiki, KRolym. Bull. (Berlin)
2000Q 44, 317-324.

(6) Chen, J.; lwata, H.; Tsubokawa, N.; Maekawa, Y.; Yoshida, M.
Polymer2002 43, 2201-2206.

(7) Chi, A. Y. Pop. Plast. Packagl998 43, 57—60, 62-64.

(8) Li, W.; Xie, Z.; Li, Z. J. Appl. Polym. Sci2001, 81, 1100-1106.

(9) Belmont, J.; Adams, C. US 5,713,988, 1998.

(10) Belmont, J.; Johnson, J.; Adams, C. US 5,630,868, 1998.

(11) Belmont, J.; Johnson, J.; Adams, C. US 5,571,311, 1996.

(12) Julien, P. C. IrCarbon Black 2nd ed.; Donnet, J. B., Bansal, R. C.,
Wang, M. J., Eds.; Dekker: New York, 1993; pp 40421.

(13) Hisashi, HKino Zairyo 200Q 20, 42—55.

(14) Gabrielli, G.; Cantale, F.; Guarini, G. G. Tolloids Surf., A1996
119 163-174.

(15) Bossoletti, L.; Ricceri, R.; Gabrielli, Gl. Dispersion Sci. Technol.
1995 16, 205-220.

(16) Ogura, T.; Tanoura, M.; Hiraki, ABull. Chem. Soc. JpriL993 66,
1633-1639.

(17) Lin, Y.; Smith, T. W.; Alexandridis, Rl. Colloid Interface Sci2002
255 1-9.

(18) Weiss, A.; Dingenouts, N.; Ballauff, M.; Senff, H.; Richtering, W.
Langmuir1998 14, 5083-5087.

(19) sato, T.; Ruch, RStabilization of Colloidal Dispersions by Polymer
Adsorption Dekker: New York, 1980.

(20) Nagai, K.; Igarashi, Y.; Taniguchi, Tolloids Surf., A1999 153
161-163.

(21) Nagai, K.; Igarashi, Y.; Kumagai, M.; Taniguchi, Macromol. Symp.
2000Q 151, 371-376.

(22) Hayashi, S.; Naitoh, A.; Machida, S.; Okazaki, M.; Maruyama, K.;
Tsubokawa, NAppl. Organomet. Chen1998 12, 743-748.

(23) Matyjaszewski, K., Davis, T. P., Ed$dandbook of Radical Polym-
erizationn John Wiley & Sons: New York, 2002.

(24) Matyjaszewski, K.; Xia, JChem. Re. 2001, 101, 2921-2990.

(25) Coessens, V.; Pintauer, T.; MatyjaszewskiPKog. Polym. Sci2001,
26, 337-377.

(26) Davis, K. A.; Matyjaszewski, KAdv. Polym. Sci2002 159, 2—166.

(27) Matyjaszewski, KChem—Eur. J. 1999 5, 3095-3102.

(28) Gil, E. S.; Hudson, S. MProg. Polym. Sci2004 29, 1173-1222.

and light scattering study in methanol showed the particle size (29) Teertstra, S. J.; Gauthier, Mrog. Polym. Sci2004 29, 277-327.

increased from 198 to 283 nm.

Conclusions

DMAEMA was grafted from functionalized carbon black

surface via ATRP catalyzed by CuBr/CuyRyipyridine in protic

(30) Kubisa, PProg. Polym. Sci2004 29, 3—12.

(31) Mori, H.; Mueller, A. H. E.Prog. Polym. Sci2003 28, 1403-1439.

(32) Patten, T. E.; Matyjaszewski, Kdv. Mater. 1998 10, 901-915.

(33) Qiu, J.; Charleux, B.; Matyjaszewski, Rrog. Polym. Sci2001, 26,
2083-2134.

(34) Patten, T. E.; Xia, J.; Abernathy, T.; Matyjaszewski3€iencel996
272 866-868.

media. When the polymerization was conducted in the presence(ss) Matyjaszewski, K.; Ziegler, M. J.; Arehart, S. V.; Greszta, D.; Pakula,

of a sacrificial initiator, good control of the reaction was
confirmed by the linear evolution of molecular weight vs
monomer conversion. Despite the incorporation of MMA in the
polymerization due to transesterification of DMAEMA in

T. J. Phys. Org. Chen200Q 13, 775-786.
(36) Gao, C.; Yan, DProg. Polym. Sci2004 29, 183-275.
(37) Bhattacharya, A.; Misra, B. NProg. Polym. Sci2004 29, 767—-814.
(38) Boyes, S. G.; Granville, A. M.; Baum, M.; Akgun, B.; Mirous, B. K.;
Brittain, W. J.Surf. Sci.2004 570, 1-12.

methanol/HO, the polymer-grafted carbon black formed stable (39) Edmondson, S.; Osborne, V. L.; Huck, W. TCGhiem. Soc. Re2004

water dispersions under acidic conditions or upon quaternization
using alkyl bromide. The successful attachment of polymers to

33, 14-22.
(40) Pyun, J.; Kowalewski, T.; Matyjaszewski, KMacromol. Rapid
Commun2003 24, 1043-1059.

carbon black surface was proved by TGA, dynamic light (41) Pyun, J.; Matyjaszewski, KChem. Mater2001, 13, 3436-3448.

scattering, and AFM. The AFM image of quaternized sampl

e (42) Matyjaszewski, KNonlinear Opt., Quantum OpR003 30, 167—
179

showed polymer chains grafted from carbon black extended on 43y Zheng, G.-d.; Stoever, H. D. ighin. J. Polym. Sci2003 21, 639

mica much further due to charge repulsions between chains.

651. cDV



556 Liu et al.

(44) Huang, W.; Kim, J.-B.; Bruening, M. L.; Baker, G. Macromolecules
2002 35, 1175-1179.

(45) Iwata, R.; Suk-In, P.; Hoven, V. P.; Takahara, A.; Akiyoshi, K.;
lwasaki, Y.Biomacromolecule2004 5, 2308-2314.

(46) Sankhe, A. Y.; Husson, S. M.; Kilbey, S. M.; Mater. Res. Soc.
Symp. Proc2002 710, 277—282.

(47) Xu, D.; Yu, W. H.; Kang, E. T.; Neoh, K. Q. Colloid Interface Sci.
2004 279, 78-87.

(48) Xu, F. J.; Zhong, S. P.; Yung, L. Y. L.; Kang, E. T.; Neoh, K. G.
Biomacromolecule2004 5, 2392-2403.

(49) Yu, W. H.; Kang, E. T.; Neoh, K. GLangmuir 2004 20, 8294~
8300.

(50) Zhou, F.; Jiang, L.; Liu, W.; Xue, Q4acromol. Rapid Commu2004
25, 1979-1983.

(51) Kim, D. J,; Lee, K.-B.; Chi, Y. S.; Kim, W.-J.; Paik, H.-j.; Choi, I. S.
Langmuir2004 20, 7904-7906.

(52) Perruchot, C.; Khan, M. A.; Kamitsi, A.; Armes, S. P.; von Werne,
T.; Patten, T. ELangmuir2001, 17, 4479-4481.

(53) Kizhakkedathu, J. N.; Brooks, D. Elacromolecule®003 36, 591—
598.

(54) Guerrini, M. M.; Charleux, B.; Vairon, J.-PMacromol. Rapid
Commun200Q 21, 669-674.

(55) Bontempo, D.; Tirelli, N.; Masci, G.; Crescenzi, V.; Hubbell, J. A.
Macromol. Rapid Commur2002 23, 417-422.

(56) Kizhakkedathu, J. N.; Norris-Jones, R.; Brooks, DMEcromolecules
2004 37, 734-743.

(57) Kizhakkedathu, J. N.; Kumar, K. R.; Goodman, D.; Brooks, D. E.
Polymer2004 45, 7471-7489.

(58) Liu, T.; Jia, S.; Kowalewski, T.; Matyjaszewski, K.; Casado-Portilla,
R.; Belmont, JLangmuir2003 19, 6342-6345.

(59) Jin, Y. Z.; Gao, C.; Kroto, H. W.; Maekawa, Macromol. Rapid
Commun2005 26, 1133-1139.

(60) Keller, R. N.; Wycoff, H. D.Inorg. Synth.1946 2, 1.

(61) Newman, M. S.; Kilbourn, EJ. Org. Chem197Q 35, 3186-3188.

(62) Chen, X. Y.; Randall, D. P.; Perruchot, C.; Watts, J. F.; Patten, T. E;
von Werne, T.; Armes, S. B. Colloid Interface Sci2003 257, 56—
64.

(63) Ravi, P.; Sin, S. L,; Gan, L. H.; Gan, Y. Y.; Tam, K. C.; Xia, X. L,;
Hu, X. Polymer2005 46, 137—-146.

(64) Mao, B. W.; Gan, L. H.; Gan, Y. Y.; Li, X. S.; Ravi, P.; Tam, K. C.
J. Polym. Sci., Part A: Polym. Cher004 42, 5161-5169.

(65) Lee, S. B.; Russell, A. J.; Matyjaszewski,Biomacromolecule2003
4, 1386-1393.

(66) Bories-Azeau, X.; Armes, S. Rlacromolecule2002 35, 10241
10243.

Macromolecules, Vol. 39, No. 2, 2006

(67) van de Wetering, P.; Zuidam, N. J.; van Steenbergen, M. J.; van der
Houwen, O.; Underberg, W. J. M.; Hennink, W. Bacromolecules
1998 31, 8063-8068.

(68) Ejaz, M.; Tsujii, Y.; Fukuda, TPolymer2001, 42, 6811-6815.

(69) Husseman, M.; Malmstroem, E. E.; McNamara, M.; Mate, M.;
Mecerreyes, D.; Benoit, D. G.; Hedrick, J. L.; Mansky, P.; Huang,
E.; Russell, T. P.; Hawker, C. Blacromoleculesl999 32, 1424~
1431.

(70) Yuk, S. H.; Cho, S. HBiotechnol. Bioprocess Eng@001, 6, 274—
278.

(71) Yuk, S. H.; Cho, S. H.; Lee, S. Hlacromoleculed997, 30, 6856—
6859.

(72) Lee, S. B.; Koepsel, R. R.; Morley, S. W.; Matyjaszewski, K.; Sun,
Y.; Russell, A. J.Biomacromolecule2004 5, 877—882.

(73) Vamvakaki, M.; Unali, G. F.; Buetuen, V.; Boucher, S.; Robinson,
K. L.; Bilingham, N. C.; Armes, S. PMacromolecule2001, 34,
6839-6841.

(74) Sauer, B. B.; McLean, R. S.; Thomas, RLRngmuir1998 14, 3045~
3051.

(75) zavyalov, S. A.; Pivkina, A. N.; Schoonman, Solid State lonics
2002 147, 415-419.

(76) Huang, H.; Remsen, E. E.; Kowalewski, T.; Wooley, K.J..Am.
Chem. Soc1999 121, 3805-3806.

(77) Ma, Q.; Remsen, E. E.; Kowalewski, T.; Wooley, K.J.Am. Chem.
Soc.2001, 123 4627-4628.

(78) Pyun, J.; Matyjaszewski, K.; Kowalewski, T.; Savin, D.; Patterson,
G.; Kickelbick, G.; Huesing, NJ. Am. Chem. So@001, 123 9445-
9446.

(79) Sheiko, S. S.; Moller, MChem. Re. 2001, 101, 4099-4123.

(80) Camli, T.; Tuncel, M.; Senel, S.; Tuncel, A.Appl. Polym. Sck002
84, 414-429.

(81) Dalton, P. D.; Flynn, L.; Shoichet, M. Biomaterials2002 23, 3843~
3851.

(82) Smetana, K., Jr.; Stol, M.; Korbelar, P.; Novak, M.; Adam, M.
Biomaterials1992 13, 639-642.

(83) Garipcan, B.; Bereli, N.; Patir, S.; Arica, Y.; Denizli, Macromol.
Biosci. 2001, 1, 332-340.

(84) Basri, M.; Samsudin, S.; Ahmad, M. B.; Razak, C. N. A,; Salleh, A.
B. Appl. Biochem. Biotechnol999 81, 205-217.

(85) Kong, H.; Gao, C.; Yan, DI. Am. Chem. So2004 126, 412-413.

(86) Robinson, K. L.; Khan, M. A.; de Banez, M. V.; Wang, X. S.; Armes,
S. P.Macromolecule001, 34, 3155-3158.

(87) Bruining, M. J.; Blaauwgeers, H. G. T.; Kuijer, R.; Pels, E.; Nuijts,
R. M. M. A.; Koole, L. H. Biomaterials200Q 21, 595-604.

MAOQ051659Y

Ccbv



