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Abstract

Melt stirring of non-functional polymers such as poly(ethylene oxide) dimethylether (PEO–Me) and polystyrene (PS–H) with multiwalled

carbon nanotubes (MWNTs) in the absence of solvent for 48 h induced a substantial amount of polymer adsorption on the MWNTs. The

chloroform extraction of the reaction products using centrifugation yielded black colored solutions exhibiting UV absorbance corresponding

to the presence of MWNTs. The adsorption of polymer was confirmed on the surfaces of solvent washed residual and recovered MWNTs

from the reactions using thermogravimetric analysis (TGA) and FT-IR spectroscopy. Covalent grafting reactions carried out using hydroxyl-

terminated PEO–OH and PS–OH with acid chloride containing MWNTs under identical melt stirring condition produced similar results. The

presence of polymer on the residual and recovered MWNTs irrespective of the nature of the terminal groups indicates that the adsorption of

polymers poses a problem in accurately determining the grafting efficiency. FT IR spectra of the PEO-g-MWNTs shows a substantial shift in

CH stretching vibrations indicating a plausible weak intermolecular interaction with p electrons of the MWNTs.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Surface modification of carbon nanotubes (CNTs) has

attracted significant interest recently [1–12]. Several

strategies have been used for the functionalization of

CNTs through covalent and non-covalent reactions with

organic molecules, including polymers, to circumvent the

dispersion problem. Covalent functionalization through post

chemical reactions and non-covalent functionalization

through intermolecular interactions have been attempted

to suppress van der Waals forces bundling up the individual

CNTs. The covalent functionalization strategy mostly

exploits nanotube bound carboxylic acids in amidation or

esterification reaction with amine or hydroxyl containing

polymer or organic molecules [1,2,8,9,13].
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Haddon and co-workers [1] produced soluble single

walled nanotubes (SWNTs) by attaching octadecyl moieties

via amide linkages. Subsequently, Sun and co-workers

[7,9,13] performed esterification of the surface bound

carboxylic acids with various oligomeric and polymeric

compounds containing terminal hydroxyl groups for the

functionalization of SWNTs and MWNTs. They found,

through microscopic and spectroscopic analyses, that the

polymer fraction after extraction contained an appreciable

amount of polymer-grafted carbon nanotubes. Recently, we

and others [11,12,14–16] have used the ‘grafting-from’

strategy to grow polymers from SWNTs and MWNTs and

produced polymer grafted nanotubes which are dispersible

in organic solvents.

The efficiency of polymer grafting reactions on carbon

nanotubes varies widely depending on the reaction con-

dition. The quantification of covalently attached polymer

and non-covalently adsorbed polymer during grafting

reaction is an outstanding issue that needs to be addressed

thoroughly. In this paper we describe the problems
Polymer 46 (2005) 5050–5057
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associated with the grafting reactions of hydroxyl terminal

polymers with carboxylic acid groups on MWNTs due to

concomitant non-covalent polymer adsorption. The

MWNTs from the grafting reactions were extracted with

chloroform along with the polymer and separated as residual

and recovered polymer-g-MWNTs after removing free

polymers. The results were compared with control exper-

iments carried out under similar condition using non-

functional polymers.
2. Experimental section

Solvents such as chloroform (CHCl3) and dichloro-

methane (Aldrich) were HPLC grade solvents and used as

received. Distilled toluene was stored over a small amount

of oligostyryllithium on a vaccum line. Poly(ethylene oxide)

dimethylether (PEO–Me, MnZ2000 g/mol, Mw/MnZ1.11)

and hydroxyl terminated poly(ethylene oxide) (PEO–OH,

MnZ2000 g/mol, Mw/MnZ1.10) were obtained from

Aldrich. The polystyrene (PS–H, MnZ2500 g/mol,

Mw/MnZ1.05) and hydroxyl terminated polystyrene (PS–

OH, MnZ2000 g/mol, Mw/MnZ1.09) were synthesized

using standard living anionic polymerization under high

vacuum [17]. Secondary butyllithium (sBuLi) was prepared

using sec-butyl chloride and lithium metal in cyclohexane.

3-tert-Butyldimethylsilyloxy-1-propyllithium (FMC cor-

poration, USA) was used as initiator to prepare hydroxyl-

protected polystyrene. The hydroxyl-terminated

polystyrene was obtained after the hydrolysis of the

protecting groups present at one of the chain terminus.

The hydrolysis was done using tetrabutylammonium

fluoride (1 M in THF) for 24 h at room temperature.

The MWNTs were provided by NanoLab (Watertown,

MA) and were used as received. The MWNTs were

obtained through the chemical vapor deposition method

and were purified with an HF wash to remove residual

catalyst. The resulting product has approximately 1 mol%

carboxylic acid groups with respect to the carbon atoms of

the MWNTs as determined by titration, X-ray photoelectron

spectroscopy (XPS) and promptgamma methods. Extensive

oxidative procedures such as refluxing in nitric acid or

treating with sulfuric and nitric acid mixture were not used

to increase the concentration of acid groups. It was found

that the MWNTs yielded a small quantity of iron or iron

oxide particles as residue (w4–5 wt%) in the thermogravi-

metric (TGA) analysis.

2.1. Grafting of hydroxyl terminal polymers with MWNTs in

bulk

A typical grafting reaction was performed using

hydroxyl-terminated polymers (PEO–OH and PS–OH) as

follows: a sample of 500 mg of dried MWNTs was refluxed

in 50 ml of thionyl chloride at 70 8C for 24 h. The excess

thionyl chloride was removed under vacuum and MWNTs–
COCl were washed with dry THF and stored under nitrogen.

A known amount of MWNT–COCl (50 mg, w4.2!10K5

mol of –COCl) was placed into a 25 ml flask and a carefully

dried PEO–OH (1 g, w5.0!10K4 mol of –OH) in toluene

(5 ml) was transferred into the flask at room temperature.

The solvent was removed under vacuum and the mixture

was stirred under nitrogen at 100 8C. After 48 h, 100 ml of

CHCl3 was added and stirred vigorously for 15 h at room

temperature. The entire mixture was centrifuged at

7000 rpm and a clear black colored chloroform layer was

separated. The residual MWNTs were separated using

centrifugation twice more with additional amounts of

CHCl3 (3!100 ml). The collected chloroform extracts

were concentrated and the polymer-g-MWNTs along with

the free polymer were precipitated in excess n-hexane and

dried at 40 8C for 24 h under vacuum (yieldZ0.98 g, 98%).

The residual MWNTs were washed several times with

chloroform and filtered until no polymer was present in the

filtrate and dried at 40 8C for 24 h under vacuum. The yield

of the residual MWNTs was 38 mg (Wr), which indicated

that 24% of the MWNTs on the basis of starting weight (Ws)

([WsKWr]/Ws) had been functionalized and became soluble.

A small amount of precipitated polymer-g-MWNTs with

free polymer was taken and dissolved in CHCl3 and filtered

using a 0.2 mm teflon membrane. The solvent wash was

repeated until no polymer was found in the filtrate. The

recovered MWNTs were subjected to TGA and IR analysis.

Similar procedures were used for reacting hydroxyl-

terminated polystyrene (PS–OH) with MWNTs–COCl at

150 8C. In a control experiment, the reactions of non-

functional polymers such as PS–H and PEO–Me at 150 and

100 8C, respectively, were also carried out as described

above.
2.2. Characterization

Thermogravimetric analysis was performed using a

TA Instruments TGA 2050 analyzer in air from 30 to

900 8C (10 8C/min). UV–vis spectra were recorded using

a Thermo Spectronic’s Biomate 5 instrument using

dilute solutions of MWNTs and the composite disper-

sions. FT-IR spectra were recorded using a Bio-Red

Win-IR Pro instrument with a resolution of 2 cmK1.

KBr was used to prepare sample pellets. Tabletop

ultrasonic cleaner (FS-20H, Fisher Scientific) operating

at 40 kHz with 80 W ultrasonic power was used.

Polymers were characterized using a gel permeation

chromatograph (GPC) equipped with an isocratic pump

(Knauer K-501), UV detector (Knauer UV-K2501), RI

detector (Knauer RI-K2301), and 1!100 Å (60 cm), and

linear (60 cm) polymer standard service (PSS) SDV gel

columns. PSS WinGPC software was used to acquire

and analyze the chromatogram. GPC was calibrated

with a set of PS and PMMA standards (PSS, Germany).
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3. Results and discussion
3.1. Covalent functionalization of MWNTs using

esterification reaction of terminal hydroxyl containing

polymers in the melt condition

Grafting reactions of hydroxyl terminated poly(ethylene

oxide) (PEO–OH, MnZ2000 g/mol, and Mw/MnZ1.10) and

polystyrene (PS–OH, MnZ2000 g/mol, and Mw/MnZ1.09)

with thionyl chloride treated MWNTs were performed in

melt at 100 and 150 8C, respectively for 48 h. The reactions

were carried out with excess polymer that is the ratio of

hydroxyl functional groups with respect to the carboxylic

acid groups of the MWNTs was kept in all reactions above

1. Scheme 1 shows the reaction and the following work-up

procedure leading to the separation of various products. The

soluble portion of the reaction mixture after the reaction was

extracted in chloroform several times using centrifugation

to remove residual MWNTs (Scheme 1, (i)). A large amount

of tubes were collected as residual MWNTs. The chloro-

form extracts looked black in color indicating the presence

of MWNTs in the reactions carried out using both PEO–OH
Scheme 1. Grafting reaction of hydroxyl terminal polymer with MWNTs–COCl an

co-adsorbed chains has not been shown for clarity.
and PS–OH polymers. The extracted polymer with MWNTs

solution was concentrated and precipitated. The precipitated

polymer (Scheme 1, (ii)) was slightly gray in color in both

the reactions. As these reactions were done with excess

polymer, the extracted grayish polymer contains a large

amount of free polymer. In an attempt to remove the free

polymer, the extracted grayish polymer was dissolved in,

and washed with chloroform (in the case of PEO reactions)

or THF (in the case of PS reactions) and filtered using

0.2 mm teflon membrane to recover the MWNTs that

contain only covalently grafted polymer (Scheme 1, (iii)).

The recovered MWNTs from the teflon membrane were

washed thoroughly with CHCl3 and THF until the filtrate

showed absence of polymer by precipitation with a non-

solvent.

The residual MWNTs (Scheme 1, (i)), the extracted

grayish polymer with MWNTs (Scheme 1, (ii)) and the

recovered MWNTs after removing free polymer (Scheme 1,

(iii)) were dried under vacuum for 40 8C for 6 h and

subjected to thermogravimetric analysis (TGA), infrared

(IR) and ultraviolet (UV) spectroscopic analyses. The

results are summarized in Table 1. Examination of these
d its various products. Only grafted chains are shown and the contribution of



T
ab

le
1

T
G

A
o

f
th

e
g

ra
ft

in
g

re
ac

ti
o

n
p

ro
d

u
ct

s
o

f
a

si
n
g

le
h

y
d

ro
x

y
l

g
ro

u
p

fu
n

ct
io

n
al

iz
ed

p
o

ly
m

er
s

an
d

n
o

n
-f

u
n
ct

io
n

al
iz

ed
p

o
ly

m
er

s
w

it
h

M
W

N
T

s
in

b
u

lk

R
u
n

P
o

ly
m

er
[R

-O
H

]/
[c

ar
-

b
o

n
] M

W
N

T
–
C

O
C

la

R
Z

P
E

O
o

r
P

S
1

0
2

T
im

e,

h
/t

em
p

er
at

u
re

,
8C

R
es

id
u

al
M

W
N

T
sb

S
o
lu

b
le

p
o
rt

io
n

ex
tr

ac
te

d
in

C
H

C
l 3

c

%
o

f
p

o
ly

m
er

d
%

o
f

M
W

N
T

G
ra

ft
in

g

ef
fi

ci
en

cy
e

(%
)

P
re

ci
p

at
ed

c

co
m

p
o

si
te

R
ec

o
v
er

ed
d

M
W

N
T

s

%
o

f
p

o
ly

m
er

%
o

f
M

W
N

T
f

%
o

f
p

o
ly

m
er

%
o

f
M

W
N

T
f

1
P

E
O

–
O

H
2
K

1
1

.9
0

4
8

/1
0

0
7

.6
9

2
.4

4
.6

9
8

.9
1

.1
1

4
.2

8
5

.8

2
P

E
O

–
O

H
2
K

4
3

.1
0

4
8

/1
0

0
8

.5
9

1
.5

5
.1

9
9

.1
0

.9
8

.5
9

1
.5

3
P

E
O

-M
e 2

K
4

4
.5

0
4

8
/1

0
0

7
.0

9
3

.0
4

.2
9

9
.6

0
.4

5
3

.8
4

6
.2

4
P

S
–

O
H

2
K

3
2

.0
0

4
8

/1
5

0
1

0
.7

8
9

.3
6

.4
9

7
.8

2
.2

–
–

5
P

S
–

H
2
.5

K
2

3
.1

0
4

8
/1

5
0

4
.9

9
5

.1
2

.9
9

8
.0

2
.0

0
.1

8
9

.9

a
M

o
le

fr
ac

ti
o
n

o
f

O
H

o
r

H
-t

er
m

in
at

ed
p
o
ly

m
er

to
ca

rb
o
n
.

b
R

es
id

u
al

M
W

N
T

s,
se

tt
le

d
in

ce
n

tr
if

u
g

at
io

n
,c

o
n

ta
in

in
g

M
W

N
T

-g
-p

o
ly

m
er

an
d

n
o

n
-g

ra
ft

ed
tu

b
es

w
er

e
w

as
h

ed
se

v
er

al
ti

m
es

w
it

h
T

H
F

an
d

m
et

h
y

le
n

e
ch

lo
ri

d
e

to
re

m
o

v
e

th
e

so
lu

b
le

p
ar

ti
al

ly
g

ra
ft

ed
M

W
N

T
s

an
d

th
e

ex
ce

ss
P

M
M

A
–

O
H

.
c

P
re

ci
p

it
at

ed
fr

o
m

th
e

fi
lt

ra
te

co
n

ta
in

in
g

p
ar

ti
al

ly
g

ra
ft

ed
M

W
N

T
s

an
d

th
e

ex
ce

ss
p

o
ly

m
er

.
d

R
ec

o
v
er

ed
so

lu
b

le
ex

tr
ac

ts
re

d
is

so
lv

ed
in

C
H

C
l 3

,
w

as
h

ed
an

d
fi

lt
er

ed
u

si
n

g
a

0
.2
m

m
te

fl
o

n
m

em
b

ra
n

e
to

re
m

o
v
e

ex
ce

ss
p

o
ly

m
er

.
e

G
ra

ft
in

g
ef

fi
ci

en
cy
Z

(m
o

le
s

o
f

p
o

ly
m

er
p

re
se

n
t

o
n

th
e

M
W

N
T

s/
m

o
l

o
f

C
O

O
H

g
ro

u
p
s

p
re

se
n

t
in

M
W

N
T

s)
!

1
0

0
.

f
C

al
cu

la
te

d
fr

o
m

th
e

w
ei

g
h

t
lo

ss
cu

rv
e

o
f

th
er

m
o

g
ra

m
.

D. Baskaran et al. / Polymer 46 (2005) 5050–5057 5053
samples revealed that all of the different fractions of

MWNTs contain grafted polymer (PEO-g-MWNTs or PS-g-

MWNTs).

However, the percentage of grafted polymer varies

significantly in both the residual and recovered MWNTs.

The TGA analysis showed that the residual MWNTs contain

7–11 wt% of grafted polymer (PEO or PS) (Fig. 1(A) (i)).

The FT-IR spectra of the residual MWNTs showed

absorptions at frequencies centered at 2919 cmK1 (CH-

stretching), 1453 cmK1 (CH-bending), 1118 cmK1 (CH-

bending) corresponding to the PEO indicating the presence

of grafted PEO on the MWNTs (PEO-g-MWNTs) (Fig.

1(B) (i)). Similarly the residual MWNTs obtained from the

PS–OH reaction were showing 2922 cmK1 (CHs),

1452 cmK1 (CHb and Arbr), and 1102 cmK1 (CHr)

indicating the presence of grafted PS on the MWNTs (PS-

g-MWNTs). As these MWNTs are thoroughly washed with

CHCl3 several times and dried under vacuum for 40 8C for

6 h, the presence of polymer absorbance supports the

occurrence of the grafting reaction.

A dilute solution of the extracted grayish polymer in both

PEO–OH and PS–OH reactions (Table 1, run 1, 2 and 4)

exhibits UV–vis absorbance decreasing monotonously from

250 to 900 nm, which supports the presence of soluble

grafted MWNTs (Fig. 6(A)). Although, the extracted
Fig. 1. (A) TGA of residual MWNTs (i), extracted MWNTs with polymer

(ii) and recovered MWNTs after washing (iii) in the grafting reactions of

hydroxyl terminated PEO and (B) IR spectra of residual MWNTs (i) and

recovered MWNTs after washing, PEO-g-MWNTs (ii).



Fig. 2. SEM of the residual PEO-g-MWTNs obtained from the reaction of

PEO–OH with MWNT–COCl. The sample was dispersed in chloroform

and a drop dried on silica.

Fig. 3. (A) TGA of residual MWNTs (i), extracted MWNTs (ii) and

recovered MWNTs after washing (iii) MWNTs from the PEOMe reaction

and (B) IR spectra of recovered MWNTs after washing showing adsorption

of methyl and proton terminated PEO–Me (i) and PS–H (ii) respectively.
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polymer solution looked grayish, it contained only a small

portion (0.4–2.5 wt%) of MWNTs as evidenced from the

TGA analysis of the precipitated polymer (Fig. 1(A) (ii)).

The TGA analysis of the recovered MWNTs after removing

the free polymer by washing procedures showed that they

contain more grafted polymer than the residual MWNTs

(14 wt%) (Table 1, run 1, Fig. 1(A) (iii)). FT-IR of the

recovered MWNTs shows peaks corresponding to the PEO

supporting the presence of grafted PEO (Fig. 1(B) (ii)). This

suggests that the amount of polymer grafted MWNTs

extractable in CHCl3 could depend on the number of

polymeric chains grafted on the nanotubes. Higher weight

percentage of polymer in the recovered PEO-g-MWNTs

might correspond to higher functionalization or enhanced

grafting. The residual PEO-g-MWNTs are soluble in CHCl3
after a few minutes of sonication and the dispersed tubes are

seen in SEM analysis (Fig. 2).
Fig. 4. Vials containing precipitated non-functional polymers from

chloroform extraction (a) extracted PEO–Me with MWNTs (reaction 3,

Table 1) and (b) extracted PS–H with MWNTs (reaction 5, Table 1).
3.2. Problem associated with the quantification of polymer

grafting: adsorption of polymer on to MWNTs

Control experiments were carried out under similar

condition employed for grafting reactions using polymers

without hydroxyl functionality to study the effect of

polymer coating or wrapping. Polymers such as poly-

(ethylene oxide) having both of the chain ends terminated

with methoxy groups (PEO–Me) and polystyrene (PS–H)

terminated with a proton were mixed with MWNTs–COOH

and kept stirring at 100 and 150 8C, respectively, under N2

for 48 h. Since these non-functional polymers are chain-end

capped with a hydrogen or methyl group, they do not react

with the acid groups present in the MWNTs. Nonetheless,

the reaction mixture extracted in CHCl3 using centrifu-

gation was black in color indicating some of the MWNTs

became soluble along with the polymer (Fig. 3). The

extracted MWNTs with excess polymer were collected by

precipitation. They were apparently black in color due to the

presence of MWNTs (Fig. 4). The presence of MWNTs in

these samples can be clearly seen from SEM analysis of the

solid samples (Fig. 5). This gives a direct evidence for the

adsorption-induced dissolution of MWNTs by polymers.
The UV–vis spectrum of the chloroform solutions of

these samples has a strong absorption from 300 to 900 nm

supporting the presence of MWNTs (Fig. 6(B)). Both of

these polymers (PEO–Me and PS–H) have no absorption

from 300 to 900 nm. The intensities of the absorption vary

in all the cases in spite of the fact that the same

concentration ([polymer]0Z1 mg/ml) was used. This indi-

cates that the extractable amount of MWNTs through

polymer adsorption is not consistent in every reaction under

stirring using teflon coated magnetic stir bar. The apparent

solubility of the MWNTs shows clearly the presence of

polymer coating or wrapping through adsorption.



Fig. 5. SEM of precipitated polymer samples (solid) from the chloroform extraction of non-functional polymers in blank experiments with MWNTs. (A) PEO–

OMe and (B) PS–H samples (shown in Fig. 4) showing the presence of carbon nanotubes.
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The extracted MWNTs with excess polymer had 0.4 wt%

(Fig. 3(A) (ii)) and 2 wt% MWNTs in PEO–Me and PS–H

reactions, respectively. Moreover, the recovered MWNTs

after removing free polymer by several solvent wash and

filtration showed the presence of a large amount of polymer,

53.8 wt% in the case of PEO–Me (Fig. 3(A) (iii)) and

10.1 wt% in the case of PS–H. The amount of polymer

coated on the recovered MWNTs is not consistent with any

other reactions (Table 1). We believe that it depends on the

physical forces generated in the stirring process, which is

difficult to keep constant in very reaction using a simple

teflon stir-bar. The amount of adsorbed polymer is high in
Fig. 6. UV–vis spectra of chloroform extracted-polymer (1 mg/ml) showing

absorption due to the presence of dissolved MWNT (A) hydroxyl

functionalized polymer reactions with MWNTs–COCl and (B) hydrogen

or methyl group terminated polymer reactions with MWNTs–COOH.
some cases, largely due the influence of experimental

conditions affecting physisorption. However, it is clear that

the adsorption of polymer exists concomitantly in covalent

grafting reactions carried out with hydroxyl-terminated

polymers. The FT-IR spectrum of the recovered MWNTs

after washing with solvent shows absorption signals

corresponding to the non-functional polymers supporting

the presence of polymer adsorption (Fig. 3(B)). This result is

in accordance with Dai and co-workers [18,19] who have

used PEO as adsorbent to introduce biomolecular recog-

nition of SWNTs.

The residual MWNTs (insoluble in CHCl3 by simple

extraction) were washed with CHCl3 or THF several times

until no polymer was present in the filtrate. The residual

MWNTs, after a thorough washing and drying, showed

7 wt% polymer in the case of PEO–Me (Fig. 3(A) (i)) and

4.9 wt% polymer in the case of PS–H (Table 1, run 3 and 5).

The presence of non-functional polymers in the residual

MWNTs could be attributed to polymer coating or wrapping

of bundled nanotubes during stirring in molten polymer. It

should be mentioned that the residual and recovered

MWNTs are subjected to a thorough washing procedure to

remove free polymer. The presence of such a large amount

of non-functional polymer on the MWNTs, however,

inconsistent the amounts are, in these reactions is entirely

due to polymer coating or wrapping around the tubes

through non-covalent interactions.

The FT-IR analysis of the PEO–OH grafting reaction

products shows evidence for a weak molecular interaction

between the PEO’s methylene groups and the MWNTs. The

symmetric and asymmetric stretching frequencies of the

methylene groups are centered at 2887 cmK1 in a neat

PEO–OH, which shifts to 2919 cmK1 in the washed residual

MWNTs (PEO-g-MWNTs) (Fig. 7 (ii)). A similar fre-

quency shifts was also observed in the PEO present on the

recovered MWNTs after removing non-interacting poly-

mers (Fig. 7 (iv)). It is known that a weak bonding involving

CH groups with other donor molecules would shift the

frequencies of CH vibrations [20]. A substantial frequency

shift, DnZ35 cmK1, of observed in the residual and

recovered MWNTs is attributed to the presence of a weak

non-covalent interactions involving CH groups of the PEO

with the MWNTs. Such a non-covalent interaction involving



Fig. 7. FT-IR frequency shifts of asymmetric and symmetric CH2 stretching

in the washed PEO-g-MWNTs (in KBr pellet); (i) neat PEO, (ii) residual

MWNT (PEO-g-MWNTs), (iii) extracted MWNTs containing excess PEO–

OH, and (iv) extracted MWNTs after washing (PEO-g-MWNTs).
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p–p stacking of polymers or organic molecules with carbon

nanotubes has been reported by Stoddart [4], Dai [21] and

co-workers, and others [21–23]. However, the non-covalent

interaction involving CH groups of the polymer with the

MWNTs appears to be independent of the nature of polymer

as polymers containing ether linkages as well as aromatic

pendants both show tendency to coat the tubes.

The results of the grafting reactions done with hydroxyl-

terminated polymers indicate that the grafting efficiencies

are low in the residual MWNTs (Table 1). The polydisperse

nature of MWNTs (in terms of their functionality as well as

their length) results in a heterogeneous grafting reaction that

produces multiple distributions of polymer-g-MWNTs,

some of which are soluble during extraction in CHCl3 and

some are not. The control experiments carried out with non-

functional polymers support the existence of molecular

interactions between the MWNTs and the polymers. These

results suggest that it is difficult to ascertain the extent of

polymer wrapping or coating contributing to the grafting

efficiency in the functionalization reaction done under melt-

stirring condition.

It is widely reported that the grafting hydroxyl or amine

terminated polymeric or small molecules with acid chloride

functionalized CNTs proceeds with excellent efficiencies.

However, the concomitant contribution of non-covalent

molecular interactions to the grafting efficiency has not been

discussed. Nevertheless, Haddon and co-workers [24] have

showed that the weight percent of octadecylamine

present after the functionalization reaction with SWNTs

(w64 wt%) was much higher than the actual acid

functionality. Sun and co-workers [6,7] have performed

several grafting reactions of hydroxyl containing polymers

with acid chloride functionalized tubes and reported very

high grafting efficiencies. It is important to note that in all

these procedures the reagents were vigorously stirred with
tubes at high temperatures for long period of time in the

absence of solvent. These conditions provide sufficient

shear force to induce molecular interaction leading to a

partial coating of organic molecules through non-covalent

interaction on electron rich surface of the CNTs.
4. Conclusions

The grafting reaction carried out using hydroxyl terminated

PEO and PS with MWNTs under melt stirring condition

produced extractable and non-extractable PEO-g-MWNTs or

PS-g-MWNTs with different weight percent of polymer in it.

The determination of the actual weight percentage of polymer

chains that are covalently connected to the MWNTs is difficult

as a substantial amount of polymer coating on the MWNTs

was observed under identical reaction condition with the

methyl terminated PEO–Me, and the hydrogen terminated

PS–H. Characterization of a thoroughly solvent washed

residual and extractable MWNTs by TGA and FT-IR shows

up to w5–50 wt% non-functional polymer adsorbed on

the MWNTs. A considerable shift in the CH vibrations

(Dn 35 cmK1) was seen in the PEO-g-MWNTs indicating the

presence of molecular interaction with MWNTs.
Acknowledgements

We thank Dr Phil Britt, Oak Ridge National Laboratory,

for facilitating the use of TGA and other instrumentation. A

timely help from Dr John Dunlap, Program in Microscopy,

UT in obtaining SEM pictures is greatly appreciated. The

work at UT was supported by the US Army (DAAD19-01-2-

002). Work at ORNL was sponsored by the Division of

Materials Science and Engineering, Office of Basic Energy

Sciences, US Department of Energy under contract No. DE-

AC05-00OR22725 with Oak Ridge National Laboratory,

managed and operated by UTBattelle, LLC.
References

[1] Chen J, Hamon MA, Hu H, Chen Y, Rao AM, Eklund PC, et al.

Science 1998;282:95.

[2] Chen Y, Haddon RC, Fang S, Rao AM, Eklund PC, Lee WH, et al.

J Mater Res 1998;13:2423.

[3] Holzinger M, Vostrowsky O, Hirsch A, Hennrich F, Kappes M,

Weiss R, et al. Angew Chem, Int Ed 2001;40:4002.

[4] Star A, Stoddart JF, Steuerman D, Diehl M, Boukai A, Wong EW,

et al. Angew Chem, Int Ed 2001;40:1721.

[5] Georgakilas V, Kordatos K, Prato M, Guldi DM, Holzinger M,

Hirsch A. J Am Chem Soc 2002;124:2002.

[6] Huang W, Fernando S, Allard LF, Sun Y-P. Nano Lett 2003;3:565.

[7] Sun Y-P, Fu K, Lin Y, Huang W. Acct Chem Res 2002;35:1096.

[8] Lin Y, Rao AM, Sadanadan B, Kenik EA, Sun Y-P. J Phys Chem B

2002;106:1294.

[9] Hill DE, Lin Y, Rao AM, Allard LF, Sun Y-P. Macromolecules 2002;

35:9466.



D. Baskaran et al. / Polymer 46 (2005) 5050–5057 5057
[10] Huang W, Taylor S, Fu K, Lin Y, Zhang D, Hanks TW, et al. Nano

Letters 2002;2:311.

[11] Baskaran D, Mays JW, Bratcher MS. Angew Chem, Int Ed 2004;43:

2138.

[12] Qin S, Qin D, Ford WT, Resasco DE, Herrera JE. J Am Chem Soc

2004;126:170.

[13] Sun Y-P, Huang W, Lin Y, Fu K, Kitaygorodskiy A, Riddle LA, et al.

Chem Mater 2001;12:2864.

[14] Gomez FJ, Chen RJ, Wang D, Waymouth RM, Dai H. Chem Commun

2003;190.

[15] Yao Z, Braidy N, Botton GA, Adronov A. J Am Chem Soc 2003;125:

16015.

[16] Kong H, Gao C, Yan D. J Am Chem Soc 2004;126:412.
[17] Hadjichristidis N, Pitsikalis M, Pispas S, Iatrou H. Chem Rev 2001;

101:3747.

[18] Shim M, Kam NWS, Chen RJ, Li Y, Dai H. Nano Lett 2002;2:285.

[19] Chen RJ, Choi HC, Bangsaruntip S, Yenilmez E, Tang X, Wang Q,

Chang Y-L, et al. J Am Chem Soc 2004;126:1563.

[20] Friedrich HB, Person WB. J Chem Phys 1966;44:2161.

[21] Chen RJ, Zhang Y, Wang D, Dai H. J Am Chem Soc 2001;123:

3838.

[22] O’Connell MJ, Boul PJ, Ericson LM, Huffman CB, Wang Y,

Haroz EH, et al. Chem Phys Lett 2001;342:265.

[23] Zhao W, Song C, Pehrsson PE. J Am Chem Soc 2002;124:12418.

[24] Hamon MA, Hu H, Bhowmik P, Niyogi S, Zhao B, Itkis ME, et al.

Chem Phys Lett 2001;347:8.


	Polymer adsorption in the grafting reactions of hydroxyl terminal polymers with multi-walled carbon nanotubes
	Introduction
	Experimental section
	Grafting of hydroxyl terminal polymers with MWNTs in bulk
	Characterization

	Results and discussion
	Covalent functionalization of MWNTs using esterification reaction of terminal hydroxyl containing polymers in the melt condition
	Problem associated with the quantification of polymer grafting: adsorption of polymer on to MWNTs

	Conclusions
	Acknowledgements
	References


