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ABSTRACT: Linear and hyperbranched glycopolymers, a kind of sugar-containing polymers, were grown
successfully from surfaces of multiwalled carbon nanotubes (MWNTS) by the “grafting from” strategy with good
controllability and high reproducibility. Linear glycopolymer was grafted from the surfaces of MWNTS by surface-
initiated atom transfer radical polymerization (ATRP) ofC3methacryloyl-1,2:5,6-d®-isopropylidenes-
glucofuranose (MAIG) with CBr/HMTETA (1,1,4,7,10,10-hexamethyltriethylenetetramine) at’60in ethyl

acetate. After hydrolysis of polyMAIG in 80 wt % formic acid for 48 h, water-soluble poly{Biethacryloyl-
o,-D-glucopyranose) (polyMAG)-grafted MWNTSs were obtained. The kinetics were investigated by carrying
out the polymerizations using 2-bromo-2-methylpropionyl-immobilized MWNTs (MWWABT) as the macroinitiator

in the absence or presence of ethyl 2-bromoisobutyrate as sacrificial initiator. In both cases a linear dependence
of molecular weight on conversion was obtained, and the polymer amounts grafted on MWNTs could be well
controlled in a wide range by the reaction time and monomer conversion. Coupling was found in the GPC curves
of free polymer when the conversion of monomer reached ca58%. This clearly indicates that coupling
reactions are more predominant than the conventional ATRP in a homogeneous solution without CNTs, where
no coupling occurred despite of very high conversion of this monom80%o). Hyperbranched glycopolymers
(HPGSs) were also grafted from the surfaces of MWNTSs by self-condensing vinyl copolymerization (SCVCP) of
the monomer, MAIG, and inimer, 2-(2-bromoisobutyryloxy)ethyl methacrylate (BIEMA, AB*) via ATRP with
bis(triphenylphosphine)nickel(ll) bromide ((P{NiBr,) at 100°C in ethyl acetate. After deprotection in formic

acid, hyperbranched glycopolymers with high density of hydroxyl groups functionalized MWNTs were achieved.
The novel water-soluble biocompatible glycopolymer-grafted CNTs have fascinating potentials in the fields of
tissue engineering and bionanomaterials.

Introduction Among them, the ATRP approach is quite efficient and versatile.
Up to now, different kinds of ATRP-active monomers, e.g.,
(meth)acrylateg;23-28 styrenics/2° and acrylamide&-*! have
been polymerized and also block copolymers have been grafted
from the surfaces of CNT&:32 It has been shown that the
grafting efficiency can be controlled to some extent by the feed
ratio of monomer to CNT-based macroinitiat8£”3° The
polydispersity index (PDI) of free polymer in the presence of
sacrificial initiator is normally broader than those without
CNTs28 Therefore, investigation of the polymerization kinetics
is fundamentally required to understand the reaction process
and reveal the reasons of the broader PDI. However, a kinetic
study using ATRP in the presence of multiwalled carbon
nanotubes (MWNTS) has never being reported before. In the
cases of single-walled carbon nanotubes (SWNTSs), incompatible
conclusions were obtained: controllal@r noncontrollable
polymerizatiore®

In order to improve the solubility or dispersibility of CNTs
. _ , _ in water, and then to apply them in aqueous solution, grafting
Corresponding authors. ~ E-mail: ~ chaogao@sjtu.edu.cn (C.G.); \yater-soluble polymers onto CNTs are of great interest. Via
axel.mueller@uni-bayreuth.de (A.H.E.M.). “ . » . 3
T Shanghai Jiao Tong University. the “grafting to” approach, poly(sodium 4-styrenesglfoné e),
* Bayreuth University. poly(m-aminobenzenesulfonic acid) (PABS)poly(2-vinylpy-

Carbon nanotubes (CNTsare one of the most fascinating
nanoobjects, which have a wide range of applications. To
explore and realize their potentials, the functionalization of
CNTs has been investigated to make soluble individual carbon
nanowires availablé? In this regard, grafting polymers onto
or from the convex surfaces of CNTs to prepare polymer-coated
nanotubes is of intriguing interest to both scientists and engi-
neerst Many techniques including esterificatiériglick” chem-
istry 8 layer-by-layer self-assembly, pyrene moiety adsorptich,
radical couplingt? anionic couplingi! radical polymerizatiod?
supercritical C@-solubilized polymerization or coating,y-ray
irradiation* cathodic electrochemical graftid§polyconden-
sation8 reversible addition fragmentation chain-transfer (RAFT)
polymerizationt”1° anionic polymerizatioR? ring-opening
polymerizatiore122 and atom transfer radical polymerization
(ATRP)3-26 have been employed to functionalize CNTSs.
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ridine) 25 poly(propionylethylenimineso-ethylenimine (PPE+ 2-(2-bromoisobutyryloxy)ethyl methacrylate (BIEM). The po-
El),36 oligomeric and polymeric species containing poly(ethylene lymerization kinetics is investigated in detail. The resulting
glycol) (PEG) blocks, and poly(vinyl alcohol) (PVA) and its multihydroxy glycopolymer-functionalized CNTs have potential
related copolymer poly(vinyl acetats-vinyl alcohol) (PVA— applications in the fields of tissue engineering and bionano-
VA),5 as well as poly(amido amine) (PAMAM) dendrimé&fs  technology. The results of kinetics enable us to understand the
have been successfully tethered to surfaces of CNTs. Via thesurface-initiated ATRP more deeply and to achieve results with
“grafting from” or in situ polymerization approach, anionic better controllability.

polymers such as poly(acrylic acit§® poly(sodium 4-sty-

renesulfonaté)and sulfonated polyanilin®,cationic polymers ~ Experimental Section

such as poly(2-dimethylaminoethyl methacrylate) (PDMAE-  Materials. The multiwalled carbon nanotubes (MWNTs) made
MA)?274% and poly(2-diethylaminoethyl methacrylate) (PDE- from the chemical vapor deposition method were purchased from
AEDA),*! and nonionic polymers such as poly(glycerol Tsinghua-Nafine NanoPowder Commercialization Engineering
monomethacrylate) (PGMAY poly(N-isopropylacrylamide)  Centre in Beijing ¢£95% purity). MWNT-based macroinitiator,
(PN|PAAm),18x3OY31 and po|yN_(2_hydroxypr0py|)methacry_ 2-br0m0-2-m_ethylpropionyl-immobil_ized MWNTs (MWN:FBI‘),
amide) (PHPMAJ® have been grown from CNTs. The water- Was _s_yn_theS|zed according to previous procedtird@he denS|t_y
soluble polymer-functionalized CNTs can be used to prepare of initiating group of MWNT—-Br, calculated from corresponding

) . - : : TGA weight loss data and elemental analysis, is ca. 0.421 mmol
temperature-responsive nanodeyl?féself assembly multilayer per gram MWNT-Br, 0.526 mmol per gram of neat MWNTSs, or
nanocylinders or films, magnetic nanowire$, and metal ca. 6.3 initiating groups per 1000 carbons. The monomed; 3-

nanocrystaf? or quantum dots (QDs)/CNT nanohybritfs.  methacryloyl-1,2:5,6-dB-isopropylidenes-glucofuranose (MAIG),
Now, the relevant works are in the ascendant, promising was synthesized by the reaction of 1,2:5,6disopropylidenes-
applications of these materials. glucofuranose and methacrylic anhydride in pyridine and purified
Besides linear polymers, hyperbranched polydfersith by vacuum distillation as reported by Klein et&llhe methacrylic
highly branched three-dimensional architecture were also tried é?éla/;oewg];n;err;thze-s%:éogmlti%blrjcte)ggtli%)r(]y)oefthzylbrg]neqtgiggm?te |
tq functiongllize CNTs becau§e of their mgltifun.cti(.)nal.grolups, bromidé with %/-hydroxyeth))/ll methacrylate in the presencg%f
high solubility, and other unique properties. Via in situ ring- v idine and purified by high-vacuum distillation as reported pre-
opening polymerization, multihydroxy hyperbranched poly(3- yiouslys2 Ethyl 2-bromoisobutyrate (98%, Aldrich), bis(triphen-
ethyl-3-hydroxymethyloxetane) was grafted from surfaces of yiphosphine)nickel(Il) bromide ((PRaNiBr,, 99%, Aldrich), and
MWNTs with degrees of branching (DB) of 0.28.42, and 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA, 97%, Al-
polymer contents of 2087 wt % were obtainet! By use of drich) were used as received. CuBr (98%, Aldrich) was purified
the in situ polycondensation or “grafting to” approach, multi- by stirring overnight in acetic acid. After filtration, it was washed
amino hyperbranched PAMAM was also coated onto MWNTs With ethanol and ether and then dried. Ethyl acetate was distilled
with polymer contents of 3670 wt %25 Recently, Hong et al. ~ and stored under nitrogen. ,
grafted hyperbranched polymer from surfaces of MWNTS by Characterization and Instrumentation. The apparent molecular

self-condensing vinyl polymerization (SCVP) of the 2-((bro- weight and polydispersity index (PDI) of both linear and hyper-
. . . branched polymers were measured by gel permeation chromatog-
mobutyryloxy)ethyl acrylate (BBEA) inimer with a_high raphy (GPC) using THF as eluent at a flow rate of 1.0 mL/min at
polymer content (SQ wt %¥ The multifunctional _hyperbranched room temperature. Column set:ufn PSS SDV gel, 19 1C%, 10%,
polymer-functionalized CNTs offer a versatile platform for 105 A 30 cm each. Detectors: Waters 410 differential refractometer
tailoring and fabricating novel hybrid nanomaterials and nano- and Waters photodiode array detector operated at 254 nm. Narrow
devices. polystyrene (PS) standards (PSS, Mainz) were used for the
On the other hand, to graft biocompatible polymers onto calibration.!H NMR spectra were recorded with a Bruker AC-?SO
CNTs is arousing more and more interest, due to the greatspectrometer. FFIR spectra were recorded on a Bruker Equinox

S : o 55 spectrometer. Thermogravimetric analyses (TGA) were con-
significance of the resulting polymeCNT nanohybrids in the ductepd on a PE TGA-7 insfcll'ument ata hea%i/ng ra(te o“fC)mnin—l

fields of bionanotechnology. Pokycaprolactone) (PCL) was  nder nitrogen.

successfully grafted from CNTs by ring-opening polymeriza-  The scanning force microscop{BFM) images were taken with
tion2! It was reported that PCL grafted covalently on CNTs a Digital Instruments Dimension 3100 microscope operated in
has the same biodegradability as the free PCL without CNTSs, tapping mode (free amplitude of the cantileve30 nm, set point

and it can be enzymatically degraded within 4 days in a ratio ~ 0.98, tip radius~ 20 nm). The SFM samples for
phosphate buffer solution in the presence of pseudomonas lipaseeasurements were prepared by drop-coating from tetrahydrofuran

whereas the carbon nanotubes still retain their tubelike morphol- (THF) solution of product, onto freshly cleaved mica surface.
ogy2! Poly(-lactic acid) (PLLA) with different molecular Transmission electron mlcroscopy_(TEM) studies were performed
weights were coated onto MWNTs by the “grafting to” on a LEO 922 OMEGA electron microscope operating at 200 kV.

. The TEM samples were prepared by dropping either THF or
7
approactt! Through noncovalent complexation of the nanotubes methanol (for the deprotected products) solution of product onto a

with a water-soluble, biocompatible polymer chitosan at room |5cey carbon TEM sample grid (Agar S166 lacey carbon 400
temperature, diameter-selective dispersion of SWNTs was mesh Cu). Scanning electron microscopy (SEM) images were
accomplished? Sun et al. demonstrated that galactose deriva- recorded using a LEO 1530 Gemini microscope, and the samples
tives-functionalized CNTs were effective in the capturing of of solid powder were loaded on the carbon film substrate.

pathogenicEscherichia coliin solution®® In addition, phos- Grafting Linear Glycopolymer from MWNTs. All polymer-
pholipid, poly+-lysine, proteins, and DNA were also im- izations were carried out in a round-bottom flask sealed with a
mobilized or adsorbed onto CNTSs, especially SWNTs. plastic cap. A representative example for grafting linear glyco-

. . . . . polymer from surfaces of MWNTs with MWNFBr and sacrificial

In this artlcle., we report the grafting of biocompatible, water- initiator, ethyl 2-bromoisobutyrate, as co-initiators is described as
soluble, and linear and hyperbranched glycopolymers from ¢q10ws. MWNT—Br (100.0 mg, 0.0421 mmol Br), ethyl 2-bro-
surfaces of MWNTs by ATRP of 3-O-methacryloyl-1,2:5,6-  moisobutyrate (4.7 mg, 0.0241 mmol), CuBr (9.4 mg, 0.0655
di-O-isopropylidenes-glucofuranose (MAIG) and self-condens-  mmol), HMTETA (15 mg, 0.0651 mmol), anisole (1 mL), and ethyl
ing vinyl copolymerization (SCVCP) of MAIG and AB* inimer,  acetate (4.5 mL) were placed in a 25 mL flask, which was then
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Table 1. Kinetics Investigation and Results for the ATRP of MAIG

Functionalized Carbon Nanotube4805

in the Presence of MWNT-Br and Ethyl 2-Bromoisobutyrate?

code time/h convn/% Mn.ap§ PDIc Mn thed fut/ %0° MWgaf Eini9

1 0.5 18.7 8700 1.27 7050 38 1165 0.165
2 1.1 26.4 11 200 1.26 9960 42.5 1405 0.141
3 1.5 30.4 12 600 1.25 11470 46 1620 0.141
4 2.5 35.0 15 700 1.22 13 200 50 1900 0.144
5 35 39.6 17 800 1.21 14 940 53.5 2190 0.147
6 4.5 44.6 19 600 1.22 16 820 55.5 2370 0.141
7 55 49.6 20700 1.25 18 710 58 2625 0.140
8 7.5 52.3 23000 1.26 19730 60 2850 0.144
9 10.5 58.8 26 600 1.28 22180 61.5 3040 0.137

10 19 76.7 34 300 1.33 28 930 69 4230 0.146

11 25 83.9 35 800 1.42 31650 70.5 4540 0.143

12 29 ~85.0 37 400 1.45 ~32 060 71 4650 ~0.145

aThe mole ratio of monomer/MWNTBr/sacrificial initiator/CUBI/HMTETA is 115/0.64/0.36/1/12 Monomer conversion determined from NMR spectrum.
¢ The apparent number-average molecular weighi) @nd polydispersity index (PDI) of soluble polymer measured by GPe theoretical molecular
weight calculated with the equatiomVl, iheo~ 115 x convn % x 328; herein, 115 represents the degree of polymerization (DP) at the monomer conversion
of 100%, and 328 is the molar mass of the MAIG mononidihe mass fraction of polymer in the product of MWN@g0lyMAIG, determined from TGA.
fThe average molecular weight of polymer grafted on MWNTS, calculated from TGA data with the equatiosaMWu/[(1 — fur) x 0.526 x 1073];
herein, “0.526" denotes the density of initiating group on the MWHNBF (mmol/g). 9 Initiating efficiency for the MWNT-Br macroinitiator, calculated

from the ratio of MWrga/Mn theo

sealed with a plastic cap. The solution was degassed using dry

nitrogen with stirring for approximately 30 min. A mixture of MAIG
and ethyl acetate (4.5 g, 1/1 by mass, 7.62 mmol of monomer)
which was degassed by nitrogen previously was injected into the

Table 2. Reaction Conditions and Results for the Self-Condensing
Vinyl Copolymerization (SCVCP) of MAIG and BIEM in the
Presence of MWNT—Br

)/a time/lP convn/9% Mn,apﬁj PDd fwt/%e |\/|W'|'GAf DBnvrR  DBiheo

flask using a syringe. The flask was immersed in an oil bath at 60 o 45 ~95.0 4000 1.88 038 1165 0.465
°C under stirring. After a certain time, a sample was taken using 0.5 21.5 73.8 3660 1.77 0.40 1270 0.49 0.50
syringe. After oxidation on exposure to air, the sample was 1 45 ~957 5630 2.03 042 1380 0.43 0.49
separated by centrifuging. The transparent green solution was usec®.5 22.0 ~93.0 4200 1.86 0.46 1680 034 0.40
to measure the monomer conversion by NMR and molecular weight >~ 295 ~90.0 4370 1.81 0.3 2140 021 0.24

by GPC, respectively. The black solid was washed with THF several
times and dried in vacuum, affording a sample of linear glyco-
polymer-grafted MWNTs. This solid sample was then further
characterized by TGA, NMR, FTIR, SFM, TEM, or SEM. The
selected results are summarized in Table 1.

Grafting Hyperbranched Glycopolymer from MWNTs. The
similar protocol to the case of linear glycopolymer was employed
to graft hyperbranched glycopolymer from surfaces of MWNTSs.
Typically (the molar ratio of monomer to inimey, = 1), BIEM
(1.06 g, 3.81 mmol) and the mixture of MAIG and ethyl acetate
(2.5 g, 1:1 by mass, 3.81 mmol of MAIG) were added to a round-
bottom flask containing MWN¥Br (101.0 mg, ca. 0.0425 mmol
Br), (PPh).NiBr, (52.0 mg, 0.07 mmol), anisole (0.6 mL, reference
of NMR spectrum), and ethyl acetate (2 mL) under nitrogen. The
flask was then sealed with a plastic cap and immersed in an oll
bath at 100°C under stirring. After a certain time, a sample was
taken by using a syringe. After oxidation on exposure to air, the

aThe feed mole ratio of MAIG to BIEMP A sample is taken from the
reaction system after a given time to determine the conversion by NMR.
The final reaction time set is dependent on the conversion of vinyl groups
and the viscosity of the reaction system. In the case of either quite high
viscosity (so it is difficult to take a sample by the syringe from the reaction
system) or the small conversion difference after a relatively long reaction
time, the reaction would be stopped. The initial feed ratio of BIEM to ethyl
acetate is approximately 1/2 € 0), 1/5 ¢ = 0.5), 1/2 ¢ = 1), 1/12.5 ¢
= 2.5), and 1/5y = 5) g/mL. ¢ The conversion of vinyl groups determined
by 'H NMR. 4 The apparent number-average molecular weighf) @nd
polydispersity index (PDI) of soluble polymer measured by GPThe
polymer content grafted on MWNTSs, determined by TGAhe average
molecular weight evaluated from TGA.

shown that polymerization of MAIG monomer can be well
controlled by ATRP®4-56 |t was reported that nanocarbdn®
or other graphitic nanosurfacésave different effects on ATRP

sample was separated by centrifuging. The transparent greencompare(_:i to gther ;urfaces, such as gold and silicon wafer or
solution was used to measure the double bond conversion by NMRNanoparticles® Herein, we graft glycopolymers from MWNTSs
spectrum and molecular weight by GPC; the black solid was washed!0 prepare biocompatible polymer-coated nanowires, and to
with THF several times and dried in vacuum, affording a sample examine the controllability for polymerization of MAIG in the
of hyperbranched glycopolymer-grafted MWNTS. Five experiments presence of CNTs. Generally, two different ways can be used:
with different y were conducted. The selected results are sum- initiation using only CNT-based macroinitiator (CNBr) or
marized in Table 2. with both the macroinitiator and sacrificial initiator. In this
Deprotection. The transformqtion of I[near or hyperbranched article, we tried both ways to investigate the influence of
poly(3-O-methacryloyl-1,2:5,6-di-isopropylidene-glucofuranose)-  gacrficial initiator on the controllability of the heterogeneous
%alftg%_'\g_wlsg; (vgxgg?:pgﬁgﬂfllﬂev)\/m% ?&%io_rgft&i%))/- polymerization. The grafting efficiency of polymers on to the
Y5 D-gLIcORY! g g-poly CNTs has been studied by changing the feed ratio of ERIT

was achieved under acidic conditioitsTypically, MWNT-g- oS .
polyMAIG (50 mg) was dispersed in 80% formic acid (20 mL) 0 monomer and block copolymerization in previous paper®.

and stirred for 48 h at room temperature. Then 10 mL of water However, the kinetics or the process was rarely investigated,
was added and the mixture was stirred for 12 h. The black solid especially for MWNTS* Therefore, we focused on the kinetics
product was then collected after several cycles of centrifuging and and characterization of the products obtained at different reaction
water washing. time, and omitted the feed ratio effect in this work. The synthetic
. . steps of glycopolymer-grafted MWNTSs are depicted in Scheme
Results and Discussion 1. PolyMAIG was grown from MWNTs by ATRP, followed

I. Linear Glycopolymer-Grafted MWNTSs. Synthesis. Gly- by deprotection of the MAIG units, giving rise to multihydroxy
copolymers are of interest because of their biocompatibility, MWNT-g-polyMAG.
high density of multihydroxyl groups, and water solubifiby. Kinetics. In experiments where co-initiators of MWNTBr
Syntheses of neat linear glycopolymer and polymer brushes haveand ethyl 2-bromoisobutyrate were used, the monomer conver-
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Scheme 1. Synthetic Strategy for Grafting Linear Glycopolymer from Surfaces of MWNTs by ATRP

(MAIG) b |
o Oﬁ Br e
CuBrHMTETA, 60 °C

n
e : R o OH
WNT-Br MWNT-g-polyMAIG MWNT-g-polyMAG %OH
HO.

sions were obtained frodtd NMR spectra of the samples taken polymer coupling in the reaction system. In the control
from the reaction system with the peak of anisolé &t6—6.8 experiments without CNTs, no coupling peak was observed even
ppm as the reference. The molecular weight and PDI of the at high conversion X80%). Therefore, coupling is more
soluble polymer were measured by GPC using PS standardspredominant for ATRP initiated by free initiator in the presence
The grafted polymer fractionf,(%) for the solid products of  of the carbon-based macroinitiator. If the conversion at the
MWNT-g-polyMAIG was obtained from the corresponding appearance point of coupling is coined as “critical conversion
TGA curves. The results are summarized in Table 1. of coupling” (CCC), the CCC for CNT surface-initiated ATRP

The first-order time-conversion plot is linear (see Figure 1a), is much lower than that of conventional homogeneous ATRP.
and a linear relationship is obtained between monomer conver-This conclusion could be expanded to most of graphitic carbon
sion and apparent molecular weight (see Figure 1b). These aresurface-initiated polymerizations where polymer brushes have
in good agreement with kinetics of normal ATRP in a been obtained by using ATRP-active mononté& Obviously,
homogeneous systethlt is noteworthy that the PDI is rather  the effect of carbon on ATRP is not negligible, compared with
low (<1.28) below ca. 4550% of monomer conversion. After  other surfaces such as silicon and g&idhis carbon effect is
this conversion, however, the PDI increases with reaction time likely due to the unique electronic property of carbon. This
(see Table 1 and Figure 1b). From the GPC curves, a shoulderphenomenon even needs further studies.

peak at lower elution volume appeared at 4.5 h (44.6%  por the MWNTg-polyMAIG, the content of grafted polymer
conversion) and became stronger with reaction time (see Figurejncreased from 38 to 71 wt % with increasing monomer

2). This can be assigned to the coupled polymer, as its molecularcqonyersion from 18.7% to ca. 85% (see Table 1 and Figure 3),

weight is twice as large compared_to the main pe_ak. Hence, theimplying that the polymer content can be adjusted over a wide
broader PDI after 4550% conversion can be attributed to the range by monomer conversion or reaction time. Significantly

the average molecular weight (M\8) calculated from TGA

(él)2 0. results also increases linearly with the conversion, indicating
' ® Ln(M,}/[M]) that the kinetics for the polymerization initiated by MWNT
el T Linear Fit Br is almost same as that initiated by the sacrificial initiator,
' ethyl 2-bromoisobutyrate, in one reaction system. From the ratio
§ of MW1ga/Mn iheo the initiating efficiency Ein) of MWNT —
= 121 Br can be evaluated assuming tti&t of ethyl 2-bromoisobu-
£ tyrate is 100%. It is found thd,; of MWNT —Br is ca. 14-
5 08 15%, corresponding to 0-9..0 polymer chains per 1000
carbons. In other words, because of the low initiating efficiency
0.4 of MWNT —Br, MWrga is much lower tharMy ieo@NdMn app
In order to confirm the aforementioned results, we conducted
°-°° 10 15 20 2% 0 another experiment with the same conditions (data not shown),
Reaction Time / h giving almost the same results and conclusions: (1) linear
kinetics plot between conversion and molecular weight of free
Ohaof © T s polymer and grafted polymer, (2) coupling at reaction time of
OF m M /10000 :
3.5} — Linear fit of M /10000 " J14s 87 654329
30[ # PDI & 1:1.1h
11.40 2:1.5h
- 250 _ — 3:2.5h
"E 20} {135 & Gi7on
- #* 6:10.5h
1.5+ 11.30 coupling peak
1.0+ # S *
A S {1.25
0.5
o $4f‘$ e
000020 30 40 50 60 70 80 80 100
Conversion/ % 22 24 26 28 30 32 34 36
Figure 1. First-order time-conversion plot (a), and apparent number- Elution Volume / mL

average molecular weighb,) and polydispersity index (PDI) of the Figure 2. Selected GPC curves of the nongrafted polymer initiated
soluble polymer as a function of monomer conversion (b). by MWNT—Br and ethyl 2-bromoisobutyrate.
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Figure 3. TGA weight loss curves for the pristine MWNTs, MWNT 4000 3600 3000 1800 1700 1600 1800

Br, and linear glycopolymer-grafted MWNTSs obtained at different Wavenumber / cm"!
reaction time (a), and the content and average molecular weight of the
polymer grafted onto MWNTS, calculated from corresponding TGA (b) 1 2 3 4

data, as a function of monomer conversion (b).

4.5-5.5 h or monomer conversion of 450%, (3) PDI
increased with the conversion after CCC (ca—%85%).

In order to compare, the polymerization initiated with '
MWNT —Br in the absence of sacrificial initiator was also
conducted. Again, a linear plot between M¥X and conversion : _

was observed for the case of MWNBr (data not shown).

Furthermore, almost the same grafting efficiency as the case ofrigure 5. (a) FTIR spectra of linear glycopolymer-grafted MWNTs
co-initiators was achieved. After 25 h, the content of grafted obtained at 10.5 and 29 h and deprotected glycopolymer-grafted
polymer was 71.5 wt %. These results confirm that the kinetics MWNTs at 29 h. (b) Photographs of pristine MWNTSs in THF,

P ; precipitating at the bottom (1), linear glycopolymer-grafted MWNTSs
for the ATRP of MAIG initiated by MWNT-Br alone is at 29 h in THF (2), deprotected glycopolymer-grafted MWNTSs at 29

comparable to that obtained in the presence of sacrificial hin water (3), and hyperbranched glycopolymer-grafted MWNTS with
initiator. y = 1in THF (4). The photographs were taken after the samples were
NMR and FTIR Spectra. The chemical structure of the dispersed in corresponding solvents and sonicated for ca. 2 min and
resulting MWNTg-polyMAIG was also characterized by NMR  then allowed to stand for a day.
and FTIR. In the'H NMR spectrum (Figure 4a), the peaks of and formation of hydroxyl groups, and the vibration of carbonyl
polyMAIG moiety are found clearly ai 0.5—-2.2 ppm (CGH3—, group shifted to 1716 crmt. The MWNT-g-polyMAIG can be
—CH,—), 3.8-5.0 ppm (CH,O—, —CHO-), 5.8 ppm well dispersed in apolar and weakly polar solvents such as
(—CHO-). In the FTIR spectra (Figure 5a), strong absorption chloroform, ethyl acetate, and THF. After deprotection, the
peak of carbonyl group was observed at 1731 &nand the MWNT-g-polyMAG are not soluble in nonpolar solvents but
peaks assigned to methyl and ethylene units were found atsoluble in highly polar solvents such as water, methanol, DMSO,
2800-3100 cntl. The higher thef, %, the stronger the  and DMF. Figure 5b shows photographs of pristine and polymer-
absorption peak. functionalized MWNTSs in solvents.
Deprotection. After deprotection of the MWNTg-polyMAIG SEM, TEM, and SFM Observations.The morphology and
in 80% formic acid, multihydroxy MWNTg-polyMAG were nanostructures of the resulting products were observed by SEM,
obtained. In the'H NMR spectrum of MWNTg-polyMAG TEM, and SFM. Figure 6 shows the representative SEM images
(Figure 4b), the peak assigned to isopropylidene gruops disap-and as it can be seen that oxidized MWNTs (MWANTOOH)
peared, the peak of CHO— (J) shifted from 5.8 to 6.8 ppm,  (Figure 6a) and MWNTBr (Figure 6b) exhibit nanowire-like
and the peak of anomeric hydroxyl group appeared at 8.2 ppm.morphology. For the MWNTg-polyMAIG collected at 3.5 h
In the FTIR spectrum (Figure 5a), the absorption peaks at-2800 (Figure 6c, 53.5 wt % polymer), a nanowire-like morphology
3100 cnt! became weaker and the peak of hydroxyl group at can also be observed, but the space among nanowires becomes
3450 cnt! became stronger due to the cleavage og€lgroups smaller. For the sample obtained after 10.5 h (Figure 6d, 61.5
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Figure 6. Representative SEM images of oxidized MWNTSs (a), MWABT (b), linear glycopolymer-functionalized MWNTSs at 3.5 (c), 10.5 (d),
and 29 h (e), and the deprotected glycopolymer-functionalized MWNTs at 29 h (f).

o

Figure 7. Representative TEM images of linear glycopolymer-functionalized MWNTs at 29 (a) and 10.5 h (b), deprotected glycopolymer-
functionalized MWNTSs at 29 h (c), and MWNIBr (d).

wt % polymer), a continuous polymer phase is observed, and a The resulting products were also characterized by TEM.
nanowire-like structure cannot be clearly observed. For the When the polymer content is high, the MWNjFpolyMAIG
sample obtained after 29 h (Figure 6e, 71 wt % polymer), only can form a self-standing film on the TEM grid (see Figure 7a).
a continuous phase can be observed, and straight fiberlikeln this film, CNTs were well dispersed, resembling CNTs-
structures can be found between two big structures. Thesereinforced polymer nanocomposites. For the sample obtained
observations confirm that the polymer content in the product after 10.5 h, the coreshell structure of polymer layer-coated
increases with the reaction time. After deprotection, a diffuse CNTs can be distinctly observed under high magnification
nanowire-like morphology can be observed indistinctly (Figure (Figure 7b). After deprotection of the sample obtained after 29
6f), indicating that the polymer content became lower due to h, a core-shell structure with 46 nm of polymer shell can
the cleavage of the protected units. also be clearly observed (Figure 7c¢), indicating the polymer
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Figure 8. Representative height (left) and phase (right) SFM images of MWHBIT(a, b) and linear glycopolymer-functionalized MWNTs at 29
h (c, d). The color height bars represent 50 (a) and 100 nm (c), respectively.

remains grafted on the surface of the CNTs. For the MWNT  tyryl)oxy)ethyl acrylate (BBEA) as the iniméf.The SCVCP
Br, no core-shell structure was observed (Figure 7d). These of BBEA and tert-butyl acrylate was also tried successfully,
observations are in agreement with those reported before forbut detailed characterizations were not repoffethe kinetics
other polymer-functionalized MWNTSs, wherein similar cere  of polymerization, DB, the degree of branching, and other
shell structure was formed when certain amount of polymer was important molecular parameters of hyperbranched polymers such
grafted onto MWNTSs, and a self-standing film was also as molecular weight and PDI were also not investigated and
observed when the grafted polymer content was Figh. evaluated. These problems will be addressed with the model
It is known that scanning force microscopy (SFM) is a SCVCP of MAIG and BIEM below.

powerful tool to detect individual polymer brushes. Herein, we
have also employed SFM for the characterization of CNT-based
cylindrical polymer brushes. For the MWNBr, a cylindrical . -

. - . (M). In the presence of catalyst, the CNBr is activated as
nanowire-like morphology was clearly observed in both helghthCNT—B*. The CNT—B* can initiate the polymerization of AB*

and phase images (Figure 8, a and b). For the sample with hig . .
content of polymer (Figure 8, parts c and d), different morphol- gnd M. Addition of one unit of AB* or M to CN'TB* results

ogy was found: (1) the width (ca. 122 nm) of the tube is N the foimft|on of CNTb"i‘*B* or CNT-b-M*. Thfn' both
obviously larger than its height (ca. 35 nm), (2) a high density CNT-P-A*B* and CNT-b-M* react with M and AB*, giving
of fuzzy structure is observed in the height image, and (3) a M1S€ 0 Species oi—6 shown in Scheme 2. At the same time,
collapsed or compressed structure is found in the phase imageAB” in the solution initiates the reaction of M and AB* itself.
as denoted by the arrows. These differences imply that polymer The Six activated species of macroinitiatots-6) and corre-
chains are grafted on MWNTs at high density, forming sponding actlva_te_o! species formlng from the reactions of AB*
nanotube-supported polymer brushes. and M further initiate polymerizations of AB*, M and the
Il. Hyperbranched Glycopolymer-Grafted MWNTSs. Hy- formed oligomers, affording hyperbranched glycopolymer-
perbranched glycopolymer was grafted from MWNTSs by self- grafted MWNTSs and free hyperbranched polymer. After cen-
condensing vinyl copolymerization (SCVCP) of MAIG mono-  trifuging, solid products of functionalized CNTs and solution
mer and BIEM AB* inimer. In fact, SCVCP is an advanced Of the free hyperbranched polymer were obtained separately.
approach of self-condensing vinyl polymerization (SCVP) since According to previous studies, we selected (§#iBr; as the
common ATRP-active vinyl monomers such as methyl meth- catalyst and 100C as the reaction temperat1n addition
acrylate and styrene can be employed to build up hyperbranchedo the SCVP of neat BIEM) = 0), copolymerizations with
polymers with the incorporation of inimer unft%.Recently, four different monomer/inimer ratioy/(= 0.5, 1, 2.5, and 5)
Hong and co-workers grafted hyperbranched polymers from were tried. The grafted polymer content and other results are
MWNTs with high efficiency by SCVP using 2-((bromobu- summarized in Table 2.

Synthesis. Scheme 2 illustrates the reaction steps and
initiating mechanism for SCVCP of inimer (AB*) and monomer
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Scheme 2. Synthetic Strategy for Grafting Hyperbranched Glycopolymer from Surfaces of MWNTs by Self-Condensing Vinyl
Copolymerization (SCVCP) of Inimer (AB*) and Monomer (M) via ATRP

The content of the grafted hyperbranched copolymer is 38 Theoretically, higher the conversion, greater would be the
53 wt %, which is lower than that of linear polymer. This is DB.5263|n addition, cyclization of the macromolecules may also
likely attributed to the relatively lowek;, of MWNT —Br and influence the apparent molecular weight.

cyclization of soluble hyperbranched macromolecules during  NMR Spectra and DB The resulting products of hyper-

the SCVCP as compared to the case of linear polymer grafting. pranched polyMAIG-grafted MWNTs were characterized by
Such lower Ejn is possibly related to the polymerization NMR, as shown in Figure 11. For the case jof= 0, the
mechanism of SCVP or SCVCP. In SCVP between monomers, hyqrogen peaks of polyBIEM units such a$ig-, —CHo—

oligomers and macromolecules occur simultaneously. Once theCHg—C—Br and—CH,O— are observed at 0.5-1.25, 1.55-

inimer molecules are initiated and reacted, condensations among; g 1.92, and 4:64.5 ppm. For the copolymer-grafted MWNTS,
oligomers and macromolecules became predominant reactionsine peaks of both polyBIEM and polyMAIG units are also found
resulting in less grafting efficiency on the solid surface than in i, corresponding NMR spectrum (see Figure 11). For instance,
the solution because of strong steric hindrance between macThe characteristic peaks of polyMAIG units are clearly seen at
romolecules. Another possible reason is cyclization of hyper- 1 »_1 4 ppm (isopropylidene protons), 3:8.0, and 5.76.0
branched polymers. After cyclization, there is no A functional hom 't is noteworthy that the integration ratio of the isopro-
group in the macromolecule any more, making the reaction pyiidene protons of polyMAIG to the methyl protons adjacent
between the macromolecule and the B groups on the carboniy 5 promine atom (B:—C—Br, A* and M* in the polymer
nanotube impossible. chain end and B* in the 2-bromoisobutyryloxy group) increases
Kinetics. Figures 9 and 10 show the kinetic plots and GPC with increasing they, which is well consistent with the feed
curves in the cases of = 1 and 0.5. The apparent molecular ratio of MAIG to BIEM. Apart from these peaks, a peak b
weights and PDI of the free polymer increase with conversion formed by addition of the monomer to B* should be observed
of vinyl groups. In the GPC curves, shoulder peaks can be at around 0.81.4 ppm. However, peak b is invisible in the
observed after ca. 50% conversion (see Figures 9a and 10a)spectrum, because it is overlapping with the isopropylidene
Therefore, the relationship between peak molecular weMht ( protons of the polyMAIG segments and the methyl protons of
and conversion is also shown in the figures. For the two casesthe polymer backbone. From thel NMR spectra, the MAIG
(» = 1 and 0.5), the increasing tendency of molecular weight content in the grafts of hyperbranched copolymer can be

and PDI is in consistent with the theory predictféﬁ? determined by comparing the peak at-56/0 ppm correspond-
On the other hand, we found that the appandntieveled ing to one proton (K) of the polyMAIG segments with the peaks
off after certain conversion (ca. 90%) in the casey of 2.5 at 3.8-5.0 ppm, attributed to the sum of six protons (E, H, I,

and 5 (see Table 3). This is possibly caused by the different J, G) of the polyMAIG segments and four protons of ethyl-
DB of hyperbranched copolymer at different conversion. eneoxygen units{OCH,CH,O—) of the polyBIEM segments.
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onversion /% from the self-condensing vinyl copolymerization system of MAIG and

Figure 9. GPC curves of the free hyperbranched polymer collected BIEM with y = 0.5 at different conversion or reaction times (a) and
from the self-condensing vinyl copolymerization system of MAIG and the corresponding molecular weight and PDI of the polymer as a
BIEM with y = 1 at different conversion or reaction times (a) and the function of conversion (b).

corresponding molecular weight and PDI of the polymer as a function

of conversion (b). Table 3. Kinetic Investigations and Results for the Self-condensing

Vinyl Copolymerization (SCVCP) of MAIG and BIEM with y 2.5

Thus, the composition of the two segments can be calculated and 5 in the Presence of MWNT-Br via ATRP.

using eq 1, y time/h convn/% Mp,apgd PDP Mp,ap$
i 25 0.5 31.6 2240 1.30 2500
6H() +4H(1 — X) _ integral at 3.8-5.0 ppm ) 1.0 55.7 3370 1.50 3520
1H(X) integral at 5.7-6.0 ppm 15 77.8 3950 1.63 4100
25 85.2 4500 1.78 8000
: : . . 35 89.5 4580 1.84 8030
wherex _|s_the fr_actlon of the monomer and-1x is the fractlon 5.0 915 4550 185 8090
of the inimer in the copolymer. The comonomer fractions 7.5 92.9 4500 1.85 8110
calculated from the ratio of these peaks are in good agreement 22.0 ~93.0 4200 1.86 7580
with the feed ratioy. 5.0 0.5 18.3 2040 1.24 2320
DB of the hyperbranched glycopolymers grafted onto CNTs %g ?2'2 223‘1‘8 123 ‘71288
were also evaluated usifgl NMR, since DB ig an importgnt _ 35 86.1 4710 1.73 7700
parameter for hyperbranched polymers. The direct determination 5.0 ~87.0 4760 1.76 7900
of DB by NMR for hyperbranched methacrylates obtained by 23'?, ~§;-8 325198 i-;g ;ggg
SCVP of methacrylate-type inimers via ATRP is quite difficult. 29.5 ~00.0 4370 181 7140

For neat polyBIEM, the proportion of B* and b cannot be
determined directly, because of the overlapping signals of the a'Lhe conversion Olf Vinlyl gfoqp&dﬂef?inﬁd?NMR- ”.Tge azgg:;%ntf

H . number-average molecular wel an olydispersity Inaex O
methyl protons in the polymer backbone with the methyl pr_otons soluble polyme% measured by ch rL?sing Iiﬂegr PSpstart1ydaTdm apparent
from the B* and b group8! In cases of the copolymers obtained  peak molecular weight.
by SCVCP, these peaks (B* and b) are related to DB and the
comonomer composition. The fraction of B* units could be as mentioned above. The peak at-1290 ppm corresponds to
calculated by comparing the peaks at-3330 ppm and peak  methyl protons adjacent to a bromine atom (A* and M* in the
around 1.9-2.0 ppm in the copolymers ranging frop= 1 to polymer chain end and B* in the 2-bromoisobutyryloxy group).
y = 10. The peaks at 3-:85.0 ppm correspond to six protons B* in BIEM is consumed during the copolymerization, and
of polyMAIG segment and four protons of polyBIEM segment, consumption of one B* would lead to formation of one A* or
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Figure 11. H NMR spectra of the hyperbranched glycopolymer-
functionalized MWNTs with differenty in CDCk (a), and the
deprotected hyperbranched glycopolymer-functionalized MWNTSs with
y = 1 in DMSO-ds (b, bottom spectrum; the upper spectrum is the
corresponding protected precursor wijth= 1).

M*, and consequently, origind8* = B* et + A* + M*. B*jeit
corresponds to six protons, wherdgs+ M* has three protons.
Once the fractions of the monomermnd the inimer 1— x in

the copolymer are known (see eq 1), the value of B* can be
calculated from eq 2,

6H() +4H(1 —x) _ integral at 3.8- 5.0 ppm
6H(B*) +3H(1 —x) integral at 1.9- 2.0 ppm

@)

SinceB* 4+ b =1, b can also be ascertained. Hence, we can
indirectly calculate the proportion of b usiflg NMR, and then
evaluate DB. For equal reactivity of active sites, DB determined
by NMR (DBnmr) at full conversion is given as the edf3,

B =2, 3 1) [t~ 3]

According to the theory of SCVC#,DBye, at full conver-
sion, can be represented as the eq 4,

3

2(1— e*(7+1))(y + e*(7+1))
DBtheo= (V + 1)2

(4)

For instance, DRByr = 0.43 and DB, = 0.49 can be
obtained aty = 1 (b = 0.62). Other values of DB are listed in
Table 2. DB decreases from 0.49 to 0.21yascreases from
0.5 to 5. The decreasing tendency is in agreement with theory.
DBnmr is somewhat smaller than the correspondingRB
which could be attributed to (1) the simplifications made for
the calculations, i.e., equal reactivity of A*, B*, and M* chain
ends, and (2) the full conversion assumption.
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Deprotection. The same protocol as the deprotection of linear
MWNT-g-polyMAIG was employed to deprotect the hyper-
branched glycopolymer-grafted MWNTSs in formic aéffIn
the IlH NMR spectrum of the deprotected product, the isopro-
pylidene protons of polyMAIG segments were not observed,
and proton of hydroxyl groups was seen at 8.3 ppm. One peak
(K) shifted from 6.0 to 6.8 ppm, because of the change of
structure, as shown in Figure 11b. In addition, the unchanged
resonance signal of protons of the ethylene linkage at4.6
ppm suggests that the branched structure is intact during the
complete deprotection of the isopropylidene groups, and the
polyBIEM segment is almost same as that before deprotection.
The as prepared products can be well dispersed in weakly polar
or apolar solvents such as THF, chloroform, ethyl acetate (a
photograph is shown in Figure 5b). After deprotection, the
solubility or dispersibility was dependent upon the comonomer
ratios, y. For the cases off = 0.5 or 1, hyperbranched
glycopolymer-grafted MWNTSs can be dispersed in both polar
solvents such as methanol, DMSO and water partially and
weakly polar solvents such as acetone and THF because of the
nonpolar inimer segment. For the casesyof 2.5 or 5, the
resulting products can be well dispersed in strongly polar
solvents, such as water, DMSO, and methanol, but relatively
poorly dispersed in weakly polar solvents, such as THF and
acetone.

TEM and SFM Observations. The resulting hyperbranched
glycopolymer-grafted MWNTSs were also characterized by TEM
and SFM. The representative images are shown in Figure 12.
As can be seen from TEM images, a polymer layer can also be
observed on the surface of MWNT (Figure 12, parts b and d),
implying that hyperbranched polymer has grown on the sur-
faces of CNTs uniformly. Compared with the MWNBr
(Figure 12, parts a and b), a different morphology was also
observed in the SFM images, especially in the phase images,
the nanotubes assemble adhering to the mica tightly with a
contour of polymer phase (see Figure 13 a and b), as denoted
by the arrows. These TEM and SFM observations confirm the
hyperbranched glycopolymer is successfully covalently grafted
from MWNTSs.

Conclusions

Linear glycopolymer was grafted from surfaces of MWNTSs
by ATRP. Kinetic investigation of the polymerizations with and
without sacrificial initiator revealed that the content of polymer
grafted on MWNTSs increased with conversion of monomer or
reaction time. The molecular weight of free polymer initiated
by the sacrificial initiator also increased with the conversion of
monomer linearly, indicating the kinetics of the heterogeneous
polymerization is almost the same as conventional homogeneous
polymerization. However, the critical conversion of coupling
(CCCQ) is ca. 4550% for the heterogeneous polymerization,
which is much lower than that of homogeneous polymerization
(>80%). The lower CCC implies that coupling occurs more
easily in the carbon-surface initiated ATRP due to the unique
property of the carbon surface. After deprotection in formic acid,
water-soluble multihydroxy glycopolymer-grafted MWNTSs were
achieved. FTIR, NMR, TEM, SEM, and SFM confirmed the
chemical structure and morphology of the resulting products.
Because of the uniform and high density of grafting, a eore
shell structure with MWNT as the core and polymer layer as
the shell was observed.

Hyperbranched glycopolymers were also grafted from MWNTs
by self-condensing vinyl copolymerization (SCVCP) of MAIG
monomer and BIEM inimer via ATRP. The grafting efficiency
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Figure 12. Representative TEM images of hyperbranched glycopolymer-functionalized MWNTs/with (a, b) and 5 (c, d).

Figure 13. Representative height (left) and phase (right) SFM images of hyperbranched glycopolymer-functionalized MWNT s=vilithThe
color height bars represent 40 nm.

is lower than the cases of linear glycopolymer. The degree of were obtained. The structure and morphology of the resulting
branching, DB, of the polymer grafted from MWNTS, evaluated products were characterized by NMR, TEM and SFM. In the
by H NMR, ranged from 0.49 to 0.21 when the monomer/ TEM images, a coreshell structure was also observed. In SFM

inimer ratio, y, increased from 0.5 to 5, in agreement with the images, the HPGs-functionalized MWNTs assembly sticking
theoretical prediction. Kinetic studies were carried out for to the mica surface with a contour of polymer phase was

SCVCP with differenty values. In the cases of lower (0.5 observed.
and 1), the apparent molecular weight and PDI increased with .
conversion; in the cases of highe(2.5 and 5), the molecular Because of the fact that linear and hyperbranched glycopoly-

weight also increased with conversion at the beginning, and mers are biocompatible and the multihydroxy glycopolymers
leveled off after certain conversion (ca. 90%). After deprotection, are water-soluble, the resulting polymer-functionalized MWNTs
multihydroxy hyperbranched glycopolymer-grafted MWNTs offer a versatile toolbox for applications in bionanotechnology.
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