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ABSTRACT: An in situ ring-opening polymerization strategy was employed to grow multihydroxyl
dendritic macromolecules on the convex surfaces of multiwalled carbon nanotubes (MWNTSs), affording
novel one-dimensional (1D) molecular nanocomposites. The crude MWNTs were oxidized using 60% HNO3
and then reacted with thionyl chloride, resulting in MWNTSs functionalized with chlorocarbonyl groups
(MWNT-COCI). MWNT-COCI, when reacted with an excess of glycol, produced hydroxy-functionalized
MWNT supported initiators (MWNT-OH). Using the MWNT-OH as the growth supporter and BF3-Et,O
as catalyst, multihydroxy hyperbranched polyethers—treelike macromolecules—were covalently grafted
on the sidewalls and ends of MWNTS via in situ ring-opening polymerization of 3-ethyl-3-(hydroxymethyl)-
oxetane (EHOX). TGA measurements showed that the weight ratio of the as-grown hyperbranched
polymers on the MWNT surfaces lay in the 20—87% range. The products were characterized by FTIR,
NMR, DSC, TEM, and SEM. TEM indicates that the MWNTs are enveloped evenly by the hyperbranched
molecules for samples with greater polymer coatings. The as-prepared nanocomposites exhibit relatively
good dispersibility in polar solvents such as methanol, ethanol, DMF, and DMSO. Because of the fact
that the hyperbranched macromolecules on the MWNT's contain numerous functional hydroxy groups on
their periphery, the functionalized MWNTSs can be further functionalized with the merits and advantages
associated with dendritic polymers, which would result in a series of fascinating novel nanomaterials

and nanodevices.

Introduction

The discovery of carbon nanotubes (CNTs) opened a
new chapter in nanoscience.! Research on CNTs attracts
increasing interest nowadays due to their unique struc-
tures, excellent mechanical properties, and considerable
potential applications.? In practice, their insolubility and
weak dispersibility in common solvents and matrices
have limited their applications, especially in the fields
of composite materials and bottom-up hybrid nanoma-
terials or devices. Some scientists have focused attention
on tube functionalization and modification in order to
improve the solubility and surface functionality.? Func-
tionalization also introduces the field of CNT-based
nanochemistry. Much progress has been made in this
area based on the fundamental work by Smalley* and
Haddon.? To date, two methodologies, namely nonco-
valent and covalent, have been developed to function-
alize CNTs with a variety of organic, inorganic, metallic,
biochemical, and polymeric structures.® Generally, the
linkage of small or large molecules to the CNTs by
covalent methods is more stable and effective. With
regard to the covalent methods, carboxylic acid groups
formed at the ends, and defect sites of CNTs, are
commonly used for the precursor functionalization in
the formation of amine, ester, and organometallic
structures.?” Direct reaction of the CNT sidewalls with
chemicals, for example, surface fluorination of CNTs
with elemental fluorine, and direct addition of nitrenes,
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carbenes, and radicals to the z-systems of CNTs are
other useful methods for covalent attachment.®

Among the various covalent CNT functionalizations,
binding polymers to the CNTs is a very attractive area
because the individual properties of the two materials
can be combined to give one hybrid material. This can
be fulfilled by “graft to” and “graft from” approaches.
The former involves direct reaction of existing polymers
with the carboxylic acid groups on the CNTs.? This
approach is easy to carry out with many linear polymers
having functional end groups!® and also with low-
generation dendrons with one functional group.!! It has
also been reported that using a multifunctional den-
drimer, and reacting CNTs with the periphery of the
dendrimer, produced star-shaped nanostructures.?2 The
apparent limitation of the “graft to” approach lies in the
low grafting density due to the hindrance of the pre-
grafted polymer chains.!® However, on the other hand,
the “graft from” approach involves in situ polymeriza-
tion of monomers from the preformed initiators on the
CNT surfaces, resulting in higher grafting density, and
control over polymer growth with the possibility of
designable structures.!* Thus, atom transfer radical
polymerization (ATRP),%:1415 radical polymerization,16
anionic polymerization,!” and ring-opening metathesis
polymerization (ROMP)!® techniques have been adopted
to covalently grow polymers on the surface of CNTs.

Until recently, most of polymers grafted to CNT
surfaces have been linear. For the “graft to” polymers,
many of the polymer functional groups have reacted
with the carboxylic groups, which lowers the possibility
of further functionalization. For the “graft-from” poly-
mers, the monomer types used are limited to vinyl,
resulting in polymer chains lacking functionality.
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Figure 1. Graphical representation of a section of MWNT-
HP nanohybrids presented in this paper (top) and a photo-
graph of the trees grown on a hillside (bottom).

Here we report a novel “graft-from” approach based
on the in situ ring-opening polymerization (ROP) to
functionalize MWNT's with multihydroxyl hyperbranched
polyethers. Hyperbranched polymers are globular, highly
branched macromolecules with three-dimensional den-
dritic architecture.!® Because of their low melting
viscosity, high solubility, and abundance of functional
groups, hyperbranched polymers have potential applica-
tions in wide range of fields from drug delivery to
material coatings.?° Hyperbranched polymers are also
utilized to modify general surfaces such as Si/SiOy and
colloidal gold, affording molecular tree-coated surfaces
or hybrid nanoparticles.?! It is expected that the growth
of hyperbranched macromolecules on CNT surfaces not
only provides a new route to highly functionalized CNTs
but also retains the functionality of the end groups,
which is crucial for increasing the functional complexity
of the CNTs. Figure 1 shows a graphical representation
of the hyperbranched macromolecules bonded-CNT
hybrids. For intuitive and intelligible purposes, a pho-
tograph of the trees grown on a hillside is also shown
in Figure 1.

Experimental Section

Materials. MWNTs were purchased from the Tsinghua-
Nafine Nano-Powder Commercialization Engineering Centre.
3-Ethyl-3-(hydroxymethyl)oxetane (EHOX) (Aldrich, 97%) was
vacuum-distilled and stored in the presence of 4 A molecular
sieves before use. Thionyl chloride (SOClz) and boron trifluo-
ride etherate (BF3-OEty) were purchased from Acros and used
as received. Dichloromethane (CH3Cly) was boiled under reflux
with CaHs for 24 h and distilled before use. Ethylene glycol
(HOCH2CH2OH) was obtained from the Shanghai Reagents
Co., previously distilled and stored in the presence of 4 A
molecular sieves in order to eliminate traces of water. Tet-
rahydrofuran (THF), methanol (MeOH), potassium hydroxide
(KOH), and nitric acid (HNO3;) were purchased from the
Shanghai Reagents Co. and used as received.

Instruments and Measurements. Fourier transform
infrared (FTIR) spectra were recorded using a PE Paragon
1000 spectrometer (KBr disk). Nuclear magnetic resonance (‘H
NMR and *C NMR) measurements were conducted using a
Varian Mercury Plus 400 MHz spectrometer with DMSO-dg
as the solvent. Ultraviolet—visible (UV—vis) spectra were
measured using a PE Lambda 20 spectrophotometer. Molec-
ular weight measurements were carried out in a PE series 200
gel permeation chromatograph (GPC) with polystyrene (PS)
as the standard, using LiBr/DMF (0.01 mol/L) as the eluent
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at a flow rate of 1 mL/min. Thermal gravimetric analyses
(TGA) were carried out using a PE TGA-7 instrument with a
heating rate of 20 °C/min in a nitrogen flow (20 mL/min). The
PE Pyres-1 model of differential scanning calorimetry (DSC)
was used to measure the glass transition temperature (T) of
the samples under nitrogen at a heating rate of 20 °C/min from
—20 to 200 °C. Scanning electron microscopy (SEM) images
were obtained from a LEO 1550VP microscope, and the
samples were sputter-coated with a layer of homogeneous gold
to facilitate charge dissipation during imaging. Transmission
electron microscopy (TEM) was conducted using a JEOL
JEL2010 electron microscope at 200 kV. The samples for TEM
were prepared by placing one drop of sample, previously
ultrasonically dispersed in acetone, on copper grids coated with
lacy carbon. Atomic force microscopy (AFM) was measured by
Digital Instrument Nanoscape III a SPM, operating at the
tapping mode. The samples were prepared by placing a drop
of dispersed functionalized MWNT in methanol on the mica
surface.

Preparation of MWNT-COOH from MWNT.* Crude
MWNTSs (1.0453 g) were added to aqueous HNOj; (10.0 mL,
60%). The mixture was placed in an ultrasonic bath (40 kHz)
for 30 min and then stirred for 24 h while being boiled under
reflux. The mixture was then vacuum-filtered through a 0.22
um Millipore polycarbonate membrane and subsequently
washed with distilled water until the pH of the filtrate was
ca. 7. The filtered solid was dried under vacuum for 12 h at
60 °C, yielding MWNT-COOH (0.6104 g).

Generation of MWNT-COCl from MWNT-COOH.
MWNT-COOH (0.6104 g) was suspended in SOCl; (20 mL) and
stirred for 24 h at 65 °C. The solution was filtered, washed
with anhydrous THF, and dried under vacuum at room
temperature for 2 h, generating MWNT-COCI (0.5384 g).

Synthesis of MWNT-OH Initiators from MWNT-COCI.
MWNT-COCI (0.5016 g) was mixed with ethylene glycol (20.0
mL) and stirred for 48 h at 120 °C. The resulting solid was
separated by vacuum-filtration using 0.22 ym Millipore poly-
carbonate membrane filter and subsequently washed with
anhydrous THF. After repeated washing and filtration, the
resulting solid was dried overnight in a vacuum, generating
MWNT-OH (0.4342 g).

Growth of Hyperbranched Polymers Initiated by
MWNT-OH. As-prepared MWNT-OH initiator (0.1 g) was
carefully dried in a 150 mL three-necked round-bottom flask
in a vacuum at 80 °C. Then the flask, equipped with dropping
funnel and argon inlet and outlet, was degassed by three
freeze—pump—thaw cycles. CH2Cly (50 mL) and BF5-OEt; (1
mL) were added to the flask by syringe. The solution was
placed in an ultrasonic bath (40 kHz) for 10 min, after which
it was cooled to —10 °C in an ice/NaCl bath. 3-Ethyl-3-
(hydroxymethyl)oxetane (EHOX, 5 mL) was added dropwise
to the solution, and the mixture was stirred for 24 h. Methanol
was then added in order to quench the reaction. The mixture
was subsequently filtered and washed three times with
methanol. To ensure that no ungrafted polymer or free
reagents were present in the product, the filtered solid was
redispersed in methanol, filtered, and washed three times with
methanol. The product was dried overnight to give the hyper-
branched polymer-grafted MWNTs (MWNT-HP6 in Table 1,
0.4 g).

Cleavage of Hyperbranched Polymers from the Func-
tionalized MWNTs. MWNT-HP6 (0.2 g), THF (40 mL), and
KOH (5 g) were placed in a round-bottom flask. The mixture
was stirred and boiled under reflux at 70 °C for 72 h. The
product was filtered, and the resulting filtrate was condensed
and precipitated in HyO. This was filtered and dried in vacuo,
generating the cleaved hyperbranched polyether (0.12 g).

Comparative Experiments and Preparation of Mix-1
and Mix-2. Two comparative samples were obtained. The first
was the mixture of MWNTSs and hyperbranched polyethers
with a number-average molecular weight (M,) of 6500 and a
polydispersity index (PDI) of 1.56. MWNTs (0.1 g) were added
to a solution of hyperbranched polyether (0.1 g) in MeOH (10
mL), and the mixture was stirred for 24 h at room tempera-
ture. MeOH was subsequently removed by evaporation, and
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Table 1. Reaction Conditions and Some Results

Sample Rfeea (mL/g)a POlymeT (wt %)b thi (nm)* Mn,cleavedd PDIjcaved Mn,freee PDIfce
MWNT-HP1 5:1 20.7
MWNT-HP2 10:1 26.3
MWNT-HP3 20:1 35.6 3.6
MWNT-HP4 30:1 71.6 8.5 5200 1.45 3000 1.52
MWNT-HP5 40:1 74.4 9.2 5800 1.44 3200 1.55
MWNT-HP6 50:1 87.6 12.5 7500 1.41 3500 1.60

@ The feed ratio of monomer (EHOX) (mL) and MWNT-OH (g). ® The polymer content calculated from TGA weight loss between 250
and 450 °C. ¢ The average thickness of the grafted polymer shell measured by HRTEM. ¢ Number-average molecular weight of the cleaved
polymers made by hydrolysis of MWNT-HP. ¢ Number-average molecular weight of the free polymers collected in the polymerization
system.
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hyperbranched molecular trees were grown from the
MWNT surfaces via in situ cationic ring-opening po-
lymerization?? of EHOX in the presence of BF3-OEts.
Experiments with different monomer/MWNT-OH feed
ratios (Rgeq) Were conducted in order to grow hyper-
branched trees of different sizes and hence various
thickness on the tubes. On the other hand, the mono-
mer, EHOX, possesses an active hydroxyl group, which
can be self-initiated to form free hyperbranched poly-
ethers (HPs) if catalyzed by BF3-OEty.2268 Therefore,
MWNT-HPs and free HPs can exist in the same reaction
system. The adsorbed HPs can be completely removed
from the resulting MWNT-HP samples by successive
filtering and washing. The comparative experiment
showed that the possible amount of adsorbed HPs was
negligible in the Mix-2 sample.

The grafted polymer content of the MWNT-HP can
be calculated from TGA by the weight loss between 250
and 450 °C (Figure 2). The reaction ratio and results

100 200 300 400 500 600
Temperature / °C

Figure 2. TGA thermograms of MWNT-COOH (a), MWNT-
OH (b), MWNT-HP2 (c), MWNT-HP4 (d), and MWNT-HP®6 (e).

are summarized in Table 1. For comparison, the TGA
curves of MWNT-COOH and MWNT-OH are also shown
in Figure 2. In the MWNT-COOH case, there was a
continuous but not very obvious decrease in weight
between 120 and 450 °C, which is typical for acid-
functionalized MWNTs.2? The onset of decomposition for
MWNT-OH is ca. 310 °C, which is significantly higher
than the boiling point of ethylene glycol. The mixed
sample of crude MWNTSs and ethylene glycol showed an
onset temperature below 200 °C. Such a high onset
temperature for MWNT-OH demonstrates that glycol
is covalently linked to the MWNTs.14

The quantity of polymer grown on the tubes increased
slightly when the Rfeq was lower than 20/1 and in-
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Figure 3. FTIR spectra of MWNT-OH and MWNT-HP6.

creased dramatically when the Rgeq was in the 20/1—
30/1 range. It then slightly rose again when the Rgeq
was greater than 30/1. The reason for the prominent
polymer grown between 20/1 and 30/1 feed ratios is not
clear to us at this stage and will be studied in the
forthcoming work. The molecular weights of the grafted
HPs obtained by hydrolysis of MWNT-HPs and the free
HPs collected from the filtrate were also measured by
GPC (Table 1). It is found that the number-average
molecular weight (M,,) of the grafted HPs increased with
increasing Rifeq, while the M, of free HPs altered little
in different reactions. From the increasing tendency, we
can find that the higher the feed ratio, the greater the
grafted polymer amount, and the larger the molecular
weight for the polymers bonded on the MWNT surfaces.
In fact, this variation is similar to the synthesis of
hyperbranched polymers initiated with small organic
molecules. Generally, the lower the proportion of initia-
tors, the higher the molecular weight of hyperbranched
polymers.1942¢ Thus, when the Ryeeq is lower, the rela-
tively proportion of MWNT-supported initiators is higher,
resulting in smaller molecular weight and lower grafted
polymer content.

Interestingly, the M,, of the grafted HPs was higher
than that of the corresponding free HPs, while the PDI
is reversed, which indicates that the nanosurface-
supported polymerization has lower chance of termina-
tion and cyclization than the homogeneous solution
polymerization. This effect can be attributed to the
fixing of one site of the grafted polymer, limiting the
free movement of the molecules. On the other hand, the
MWNT-OH hydroxy groups were activated by the
catalyst before addition of the monomer; therefore,
initial initiation would occur on the MWNT's, which may
also partly contribute to the higher molecular weight
for the polymers grown on the tube surfaces.

The functionalized MWNTs exhibited relatively good
dispersibility/solubility in polar solvents such as metha-
nol, ethanol, DMF, and DMSO. Dispersibility of the
samples increases with the increase of the grafted
polymer. UV—vis measurements showed a strong ab-
sorption for MWNT-HP6 during 200—1000 nm, which
was ca. 10 times greater than that of MWNT-OH with
600 nm as the calibration point in a MeOH solution of
the same sample concentration (5 x 107® g/mL). The
higher the concentration of functionalized moieties, the
stronger the absorption would be.

Figure 3 shows the FTIR spectra of MWNT-OH and
MWNT-HP6. The detailed characterization of the mac-
roinitiators (MWNT-OH), confirming covalent linkage,
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Figure 4. 'H NMR spectra (DMSO-dg) of MWNT-HP2 (A),
MWNT-HP4 (B), and MWNT-HP6 (C).

Table 2. Glass Transition Temperature of the Polymers
Grafted on the MWNTSs and Cleaved from MWNTSs

sample Ty (°C) AT, (°C)?
MWNT-HP4 48.6 4.9
cleaved MWNT-HP4 43.7
MWNT-HP5 50.3 5.1
cleaved MWNT-HP5 45.2
MWNT-HP6 53.5 6.7
cleaved MWNT-HP6 46.8

@ The difference between the T'gs of the polymers grafted on the
MWNTs and cleaved from MWNTSs.

has been described previously.!* The carbonyl bonds
(C=0) assigned to MWNT-OH and MWNT-HP6 occur
at 1722.5 and 1734.1 cm™!, respectively. The obvious
features are the much stronger bands at 3200—3750
cm ! (vo_m) and 2750—3100 cm ™! (vc_g) for the MWNT-
HP6, which corroborates with the structure of the
grafted polymer on MWNTSs. Other MWNT-HP samples
showed similar characteristic bands.

The structure of the MWNT-HPs was further ana-
lyzed by NMR spectroscopy. Figure 4 shows the 'H
NMR spectra. For the samples with a lower quantity of
grafted polymer (e.g., MWNT-HP2) the polymer unit
signals were very weak because of its relatively low
solubility. The HoO peak covers the peak assigned to
the —CHO— structure. The signals became stronger for
the samples with higher grafted polymer (e.g., MWNT-
HP4 and MWNT-HP6). The hydrogen peaks of the
grafted polymer units (e.g., CHs3—, —CHy—, —CHOH,
—CH30—, and OH-) are clearly observed in the corre-
sponding 'H NMR spectrum. 3C NMR spectra of
polymers cleaved from MWNT-HPs were also used to
characterize the structure of the grafted polymers and
will be discussed in the following section.

Chain Flexibility of the Grafted Hyperbranched
Macromolecules. The linear polymer chains generally
become more rigid after linking on the surface of
MWNTSs, as confirmed by the increase in glass transi-
tion temperature (T).15%232 This gives rise to questions
regarding the hyperbranched polymers. Therefore, DSC
measurements on the MWNT-HP samples and the
degrafted HPs were conducted. The corresponding 7T'gs
are listed in Table 2. The Ty of HPs linked to the
MWNTs is ca. 5—7 °C higher than that of cleaved HPs,
which indicates that the covalent linkage of hyper-
branched polymer to the surface has influenced the
chains’ flexibility, but not as significantly as some linear
polymers have.232 Linear polystyrenes linked to MWNT
surfaces show a 10—20 °C higher T, than the cleaved
polymer.232 In the HP case, only one point is fixed to
the MWNT surface, so there are effectively tens of free
terminal units with little to no entanglement existing
among the macromolecules. Thus, the effect of chain
flexibility is not prominent. However, for the linear
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Figure 5. Quantitative 13C NMR spectrum (DMSO-d5) of the
hyperbranched polyethers cleaved from MWNT-HP6.

Table 3. Degree of Branching of the Cleaved
Hyperbranched Polymers from the Surface of MWNTs
(DByee) and Degree of Branching of the Free
Hyperbranched Polymers in the Solution (DBgyee)

13C NMR relative intensity, %

Rfeed HPs® T L D DBtree DBfree
30:1  1Inr 15.32 75.15 9.63 0.25

Lfree 24.62 65.25 10.12 0.35
40:1  2nr 18.92 69.88 11.20 0.30

2free 25.94 66.09 7.97 0.34
50:1 3wt 25.95 57.98 16.07 0.42

3free 30.81 56.68 12.51 0.43

@ The footnotes of “NT” and “free” designate the hyperbranched
polymers (HPs) cleaved from MWNTs and free HPs in the solution,
respectively.

polymers, there are only two terminal units, one of
which is fixed. Therefore, for high-density grafted
MWNTs, high molar mass polymer chains will entangle
easily, so the effect on flexibility will always be stronger.

Topology of the Grown Hyperbranched Molec-
ular Trees. The topology of hyperbranched polymers
is mainly dependent on the following criteria: degree
of branching (DB), molecular weight (MW), and unit
density (or the distance between two neighboring den-
dritic units).2%27¢ For a specific hyperbranched macro-
molecule with known MW, the DB is the most important
parameter in characterizing its topological structure.?*
A hyperbranched polymer generally contains dendritic
units (D), linear units (L), terminal units (T), and one
initial unit (I) (see Scheme 1). In the experimental, the
DB can be calculated using Fréchet’s equation:2°

DB=DOD+TY(D+ T+ L) (1)

In the case of the hyperbranched molecular trees grown
on the MWNT surfaces, the DB was obtained from
quantitative (inverse-gated) 13C NMR spectra.2?f Figure
5 shows the quantitative 3C NMR spectrum of the
cleaved HPs from MWNT-HP6. The carbon signals of
CchHz—, C(CH2)4—, _CHQOH, and _CHZOCHZ_ ap-
peared at 6 = 8.4, 44, 62.9, and 72.3 ppm, respectively.
Three adjacent peaks are found at 22.6, 23.3, and 23.9
ppm, which are assigned to the CHsCHy— carbon signals
corresponding to the terminal, linear, and dendritic
units, respectively. From the relative integration value
of the three peaks, the DB is easily calculated using eq
1.26 For comparison, the DBs of the cleaved and free HPs
were measured and are summarized in Table 3. It is
apparent that the DB increases with increasing MW for
cleaved and free HPs, which accords with the theoretical
prediction.24*27 Interestingly, the DB of the cleaved HPs
(DBiree) is lower than that of the free HPs (DBgee)
although the cleaved HPs have a larger M, and the
smaller the molecular weight, the higher the disparity
(ADB = DBfree — DByree). This may be attributed to steric
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Figure 6. TEM images of MWNT-HP6.

hindrance of the grafted molecules; the smaller the
molecular weight, the stronger the hindrance effect
because of the limited space. For the MWNT-HP6
sample, the DB of the grafted trees is 0.42.26 This value
is almost equal to the DB of free HPs, which approaches
the maximum (<0.45, typical 0.43—0.44) that this
particular hyperbranched polyether can achieve in our
experiments. Therefore, molecular trees with a high DB
can be grown on MWNT surfaces via the in situ ring-
opening polymerization.

Structure of the Molecular Nanohybrids. TEM,
especially high-resolution TEM (HRTEM), is a powerful
tool for characterizing nanomaterials such as CNTs and
polymer-functionalized CNTs.13:14 Using HRTEM, core—
shell structures of polymer-grafted MWNTs are easily
observed, and the thickness of the polymer shell can be
measured according to our previous work.1428 TEM and
HRTEM were also used to view the molecular structure
of the MWNT-HP nanohybrids. Figure 6 shows the
typical HRTEM images of MWNT-HP6. The core—shell
structure of the 1D nanohybrids is clearly observed. At
the MWNTSs’ surface, the hyperbranched molecular trees
were grown with high density. For some nanotubes
reported previously,?® the ends and bends exhibited
more defects mainly because of the existence of more
pentagons and heptagons. They then showed more
reactivity. Therefore, these tubes can be locally func-
tionalized. By contrast, where the bends or ends of our
MWNTs (one tube bend is shown in Figure 6, image b),
the polymer layer has almost the same thickness as the
rest of the tube, which indicates that the initiation sites
or the defect density at the surface is even. Otherwise,
the polymer layer at the bends and ends should be
thicker than the straight section of the tube. On the
other hand, the diameter of the same functionalized
MWNT is not constant but instead varies according to
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Figure 7. TEM images of MWNT-HP5 at low magnification
(a) and high magnification (b).

the diameter of the MWNT and the thickness of the local
polymer shell (different diameter points are marked by
the arrows in Figure 6a). The thickness of the HP shell
shown in Figure 6a is ca. 12—18 nm. For the tubes
grafted with a thinner polymer layer, the sheet struc-
ture of graphite is detected at a higher magnification
(see Figure 6, images ¢ and d). The thickness of the HP
shell shown in parts ¢ and d of Figure 6 is ca. 6—8 and
ca. 7—10 nm, respectively. It is found that the higher
the grafted polymer quantity, the thicker the polymer
shell. The average thickness of the grafted polymer layer
for some samples, measured by HRTEM (8—12 tubes),
is listed in Table 1.

Figure 7 shows TEM images of the MWNT-HP5
sample. Estimating from the low magnification image
(Figure 7a), the molecular trees were also planted, or
grafted, evenly to the tube surfaces. At a high magni-
fication, the molecular trees grown on the tube surfaces
are clearly observed. Again, the diameter of the nano-
forests varies with the diameter of the MWNT and the
grafted HPs. As marked by the arrow (Figure 7b), some
tubers were observed on the surface of the MWNTs.

For comparison, the hyperbranched polyether was
blended with MWNTs (sample Mix-1). Two individual
phases were identified: the polymer, marked by white
arrows, and MWNTs, marked by a black arrow (Figure
8a). In the HRTEM image (Figure 8b), the adsorbed
polymer layer on the MWNT is difficult to detect. The
MWNT surface in sample Mix-1 is the same as that of
crude MWNTs.
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Figure 8. TEM images of sample Mix-1 (mixture of hyper-
branched polyether and crude MWNTSs) at low magnification
(a) and high magnification (b).

Morphology of the MWNT-HP Molecular Nano-
hybrids. The morphologies of the molecular nanohy-
brids were characterized using SEM and AFM. Figure
9 shows the representative SEM images of MWNT-HP6
(a), MWNT-HP5 (b), MWNT-HP4 (c), and crude MWNTs
(d). When the grafted polymer content exceeds ca. 50
wt %, the hybrid material appears to be a continuous
phase (see Figure 9, images a—c). Interestingly, some
protuberances were observed in the SEM image of
sample MWNT-HP5 (Figure 9b), indicating a globular
topology of the grafted molecular trees.

AFM measurements also demonstrated that the
polymer was coated on the convex surfaces of MWNTs,
and some wormlike structure and many protuberances
were observed (see Figure 10). This interesting mor-
phology was accorded with the SEM observations and
in agreement with the molecular characteristics of the
dendritic polymers grafted on the MWNTs.

Conclusions

Multihydroxyl hyperbranched molecular trees were
successfully grown on the surface of MWNTs by in situ
ring-opening polymerization of 3-ethyl-3-(hydroxym-
ethyloxetane (EHOX). The hybrid material, hyper-
branched macromolecules-grafted MWNTS, is described
as molecular nanohybrid. The amount of polymer grafted
is controllable in the range ca. 87—20 wt %. The
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Figure 10. A representative AFM image of MWNT-HP6.

molecular weight of the grafted hyperbranched polymer
increases with increasing feed ratios of the monomer
(EHOX) to MWNT-supported macroinitiators (IMWNT-
OH). Increasing the molecular weight dramatically
increases the DB of the grafted polymers, which peaked
at 0.42 in our experiments. The structure and morphol-
ogy of the as-prepared molecular nanohybrids were fully
investigated and characterized using FTIR, NMR, TEM,
SEM, and AFM, which revealed the features of covalent
linkage between the hyperbranched polymers and
MWNT surface. The adsorbed polymers can be easily
removed by washing with solvent. If the polymer was
mixed with MWNTSs, the individual phases of both
polymer and MWNTs are observed under TEM. No
polymer layer was found on the MWNT surface at
higher resolutions for the mixture.

This in situ ring-opening polymerization (ROP) ap-
proach can be easily extended to other ROP-active ring

¥

Figure 9. SEM images of MWNT-HP6 (a), MWNT-HP5 (b), MWNT-HP4 (c), and crude MWNTs (d).
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monomers and even copolymerization, grafting a series
of linear and dendritic polymers onto the MWNT
surfaces. Furthermore, depending on the numerous
functional hydroxyl groups possessed by the molecular
trees, additional functionalization, based on the molec-
ular nanoforests, can be easily achieved. Thus, the
advanced functions of dendritic polymers can be grafted
to MWNTs, leading to a variety of new nanomaterials
and nanodevices. Expanding work is currently in progress
and will be published soon. We believe that the general-
ity and simplicity of the synthesis strategy and the
versatility and availability of the hybrid materials will
further advancements in the exploration, design, fab-
rication, and applications of carbon nanotube-based
materials.
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