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Abstract: We report herein a unique means to periodically pattern polymeric materials on individual carbon
nanotubes (CNTSs) using a controlled polymer crystallization method. One-dimensional (1D) CNTs were
periodically decorated with polymer lamellar crystals, resulting in nano-hybrid shish-kebab (NHSK) structures.
The periodicity of the polymer lamellae varies from 20 to 150 nm. The kebabs are approximately 5—10 nm
thick (along CNT direction) with a lateral size of ~20 nm to micrometers, which can be readily controlled
by varying crystallization conditions. Both polyethylene and Nylon 66 were successfully decorated on single-
walled carbon nanotubes (SWNTs), multiwalled carbon nanotubes (MWNTS), as well as vapor grown carbon
nanofibers (CNFs). The formation mechanism was attributed to “size-dependent soft epitaxy”. Because
NHSK formation conditions depend on CNT structures, it further provides a unique opportunity for CNT
separation. The reported method opens a gateway to periodically patterning polymers and different functional
groups on individual CNTs in an ordered and controlled manner, an attractive research field that is yet to
be explored.

Introduction and mechanical properties of the chemically functionalized CNT

: . decreased dramatically?
Since their discovery,carbon nanotubes (CNTs) have at- y

tracted tremendous attention due to their extraordinary mechan- The noncovalent method to .functlonallze CNTs involves
ical, electrical, and optical propertiés* Because of the using surfactants, oligomers, b!omolecqlles, and polymers to
substantial van der Waals attraction, CNTs often form bundles. wrap” CNTs to enhapce ‘he'f solubilify. Water-soluble
To manipulate and process CNTSs, it is desirable to functionalize polymers such as poly(vinylpyrrolidone) (PVP) an(_j_polystyren_e
the sidewall of CNTs, thereby generating CNT-derivatives that suIIongaﬁa (PSS) were lijsfg ttotﬁnhancel the sol_utt)_llltytm; CNT in
are compatible with solvent as well as organic matrix materials. \(’:VE_?L ¢ was propolse y (?NT ESE %O ymter§ Im Clirm'e y ;Nrap
To this end, both chemical functionalization techniques and S, forming a polymer ybri .ma enal. syr ace
noncovalent wrapping methods have been repértehemical propert){ was altered, and the resulting hybrid materlals.are
functionalization, functional groups are covalently linked to the sqlub_le n water. The adyantage of the noncqvalent _functlon-
CNT surface. and it is also referred to as the covalent alization is that the integrity of CNT structure is not disrupted
functionalizati,on methofl. The advantage of chemical func- and the properties_ of the .CNTS are therefore retai_ned. However,
tionalization is that functional groups are covalently linked to the noncovalept interaction between the wrapping .molecules
the CNT surface; the linkage is permanent and mechanically gnd the CNTS Is not as strong as the covalent bonding formed
stable. However, reaction with the graphitic sheet also results in the ghemlcal_ functionalization mth_O_aS' ) .
in breaking of the shconformation of the carbon atom. The Our interest is to explore the feasibility of using crystalline
conjugation of the CNT wall is therefore disrupted, and it has POlymers to functionalize CNTs via CNT-induced polymer
been observed that, as compared to the pristine tubes electricafrystallization. If successful, noncovalent functionalization can
be achieved and specific chain registry of the polymer upon

* Drexel University. CNT might occur due to the epitaxial growth of polymer crystals
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degree of functionalization could also be easily controlled by epitaxy” (SSE). Two main factors affected the polymer chain
tuning the crystal size (see following sections). orientation on CNT during crystal growth: epitaxy and geometry
Previous research shows that carbon materials, in variousconfinement. As the diameter of the CNT is comparable to the
forms, are able to induce polymer crystallization. The following radius of gyration of a polymer chain, its highly curved surface
three types of related research can be summarized regardingéads to strong geometric confinement and polymer chains are
polymer crystallization induced by carbon materials. forced to align parallel to the CNT axis upon crystallization,
Expitaxial Growth of Polymer on Highly Ordered Pyro- regard_less of the CNT chirality. Because strict crystal lattice
lytic Graphite (HOPG). Sano et al. observed the epitaxial Matching between the CNT surface and the polymer crystals
growth of polymers such as Nylon 6, poly(tetrahydrofuran), Was not required, “soft epitaxy” was adopted to describe this
poly(oxacyclobutane), and poly(ethylene oxide), etc. on graphite Unique growth mechanism. As the diameter increasesl@0-
surface using scanning tunneling microscopy (STM) and atomic 300 nm, the geometric confinement effect became weakened
force microscopy (AFM) techniqué8.These polymer chains ~ and epitaxy dictated the polymer lamellar growth. (3) As the
have been found to possess a trans conformation and a“gnformg'qon condition of this novel hybrlld structure is highly
parallel to the (10-10) or (11-20) direction of the graphite lattice. Sensitive to CNT structures, PCCF might be used for CNT

Graphite-induced polyethylene (PE) crystallization was also separation. MWNTs Wi'Fh different diameters/structures were
reportedt! used to demonstrate this concept.

Carbon Fiber (CF)-Induced Polymer Crystallization. To Results and Discussion
achieve the CF-reinforced polymer composite, CFs, which are

~10 um in diameter, have been used extensively to induce of CNTs, a Generic Method. PE-Decorated SWNTsTo

polymer crystallization (so-called transcrystallization). It hgs also. modify the CNT surface and realize controlled functionalization,
been demonstrated that a number of polymers [such as isotactic

. . a polymer solution crystallization technique was employed. PE
polypropyler_le (.'PP)' PE, Nylon 66, poly(phenylene sulfide), was used as the model polymegrXylene was used as the
etc.] can epitaxially grow on the CF surfat3

e solvent for controlled solution crystallizatiGAFigure 1 shows
CNT-Induced Polymer Crystallization. Recently, polymer o TEM images of PE-decorated SWNTs after solution
CNT nanocomposites (PCNs) formed by CNTs and semicrys- ¢y stallization at 104C for 30 min. Note that the solution was
talline polymers such as iP®, PE!* poly(vinyl alcohol) not under an extension or shear flow field. The relatively high
(PVA),*® polyacrylonitrile (PAN);” and thermoplastic elas-  _ \hich is higher than the clearing temperature of PE in
tomers such as polyurethane have been studietsing DSC p-xylene, was chosen so that homogeneous nucleation of PE
nonisothermal and isothermal crystallization techniques, it has 55 prohibited, and all of the PE crystals grown at this condition
been found thaty, decreases with increasing CNT contentin \yere injtiated by CNTs via a heterogeneous nucleation mech-
PCNs, indicating that CNT could induce polymer crystallization. gnism. It is evident from the figure that CNTs are decorated
All of these previous works warrant the feasibility of using  with disc-shaped objects (arrows), which are PE single-crystal
crystalline polymer to functionalize CNTs. To clearly view the  |amellae (edge-on views). The crystalline nature of the disc-
CNT/polymer interface, we proposed the use of a controlled shaped objects can also be confirmed by differential scanning
solution crystallization method. Polymer single-crystal func- calorimetry and wide-angle X-ray experiments as shown in the
tionalized CNTs were recently observEdIn our recent  Sypporting Information (Figure S.1). The average lateral dimen-
communicatiort? we reported the first observation of the sjon is~50-80 nm. It is of great interest that these PE lamellae
polymer single-crystal-decorated CNTs. Solution crystallization were strung together by SWNTs with the average periodicity
was used. PE and Nylon 66 were found to be able to periodically of ~40—50 nm. This fibril-linked-disk structure is similar to
grow on CNT surfaces. In this Article, we report the systematic the classic “shish-kebab” polymer crystals formed under shear
study on polymer crystallization-driven CNT functionalization field, as was first observed in the 1960s by Geil and Reneker
(PCCF). Three main points will be discussed: (1) The novel (“Hedgerow”f°and Penningd! A shish-kebab polymer crystal
PCCF technique is a generic method for CNT functionalization. ysually consists of a central fibril (shish) and disc-shaped folded-
It can be used for a variety of CNTs, including single-walled chain lamellae (kebab) oriented perpendicularly to the shish as
(SWNT), multiwalled (MWNT), and vapor grown carbon  shown in Figure 2a. Figure 2b shows the schematic representa-
nanofibers (CNF). Both PE and Nylon 66 were used as the tion of the structure in Figure 1. A few similarities between
model crystalline polymers, leading to either a hydrophobic or these two structures can be found from this figure: (1) Both
a hydrophilic CNT surface. (2) The formation mechanism of structures possess a central fibril core and the diameter of the
this unique structure was attributed to “size-dependent soft core is approximately one to a few tens nanometers. (2) The
central cores in both structures are wrapped with disc-shaped

Polymer Crystallization-Driven Periodic Functionalization

(10) Sano, M.; Sasaki, D. Y.; Kunitake, Bciencel992 258 441-443. H i i
(11) Tuinstra, .. Baer, B1. Polym. Sci. Polym. LetL670 8, 861865, single crystals with the'lamellar thickness of several to a.few
(12) Khoury, F.Proc. SPE199Q 1261-1263. tens nanometers. (3) Single-crystal lamellae are perpendicular
(13) Hsiao, B. S.; Chen, E. J. WIRS Symp. Procl99Q 170, 117-121. i ; A
(14) Grady, B. P.- Pompeo, F.: Shambaugh. R.: Resasco. I Fhys, Chem, to the shish axis. 4) These lamellae are periodically located on
B 2002 106, 5852-5858. the central one-dimensional (1D) cores. Because the central shish
(15) Haggenmueller, R.; Gommans, H. H.; Rinzler, A. G.; Fischer, J. E.; Winey, : : f
K. I. Chem. Phys. Let2000 330, 216225, is CNT while the kebgbs are formed by PE smglle crystals in
(16) Shaffer, M. S. P.; Windle, A. HAdv. Mater. 1999 11, 937-941. Figure 2b, we name this novel structure nano-hybrid shish-kebab

(17) Ko, F.; Gogotsi, Y.; Ali, A.; Naguib, N.; Ye, H. H.; Yang, G. L,; Li, C.; (NHSK)
Willis, P. Adv. Mater. 2003 15, 1161-1165. :
(18) Koerner, H.; Price, G.; Pearce, N. A.; Alexander, M.; Vaia, R.Nat.

Mater. 2004 3, 115-120. (20) Geil, P. H.Polymer single crystajsRobert E. Krieger Pub.: Juntington,
(19) Li, C. Y, Li, L. Y.; Cai, W. W.; Kodjie, S. L.; Tenneti, K. KAdv. Mater. NY, 1973.
2005 17, 1198-1202. (21) Pennings, A. J.; Kiel, A. MKolloid Z. Z. Polym.1965 205, 160-162.
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CNT agglomeration” irp-xylene solution. This image, therefore,
can be considered as the direct visualization of the degree of
CNT exfoliation inp-xylene. PE NHSK with better exfoliated
SWNTSs can be achieved by using 1,2-dichlorobenzene (DCB)
as the solvent, which will be discussed in the following section.
The observation of NHSK opens the gateway to periodically
functionalizing CNTSs. Periodic functionalization of CNTs is an
attractive field of research, and it provides a unique opportunity
to pattern 1D CNTSs to create functional, ordered structures for
electrical and optical applications. Periodic functionalization of
CNTs, on the other hand, is an extremely challenging task due
to the small size of CNTs. Very few reported CNT function-
alization research works have been dedicated to studying how
the functional groups arrange on the CNT surface. Recently,
Worsley et al. carefully investigated the structure of the CNTs
functionalized by the Bingel reactidA.The authors were able
to identify long-range, regular patterns of the functional groups
on the individual CNT surfaces. When functionalized, the
formation of the sp cyclopropane structure results in the
disruption in the splattice, altering the electronic properties
of the nanotube and leading to a larger band gap depending on
the degree of functionalization. Well-resolved images of indi-
vidual functional groups on a nanotube bundle were reported
with a clear periodicity of+4.6 nm. In the present NHSK case,
it is evident that PCCF also led to periodic functionalization of
CNTs. Furthermore, as compared to the previous reported
techniques, PCCF is unique because (1) it provides periodic
functionalization and the periodicity is tunable from 20 to 150
nm (see following sections), as opposed to 4.6 nm in the Bingel
L { i : : reaction-induced periodic functionalization; (2) it belongs to the
Figure 1. TEM micrograph of SWNTs periodically patterned with PE  noncovalent functionalization type and CNT integrity remained;

lamellae crystals produced by crystallization of PE on SWNTs at°@4 ; : ;
in p-xylene for 0.5 h (a). The PE and SWNT concentrations are 0.01 wt % (3) a variety of functional groups could be introduced on the

and 0.002 wt %, respectively. SWNT bundles can be seen in NHSK as Chain ends and then brought to the vicinity of the CNT (Figure
shown in (b). 2b); and (4) the degree of functionalization could be easily

. . . ~controlled simply by increasing the kebab size. In the following
Conventional polymer shish-kebab structure is formed in gaction, we shall focus on the generality of the newly discovered

polymer solution/melt under an external shear field. For a method, which is demonstrated by the applicability of PCCF
polymer solution (i.e., 5% polyethylene/xylene) under an ;. o variety of CNTs as well as polymers.

extension/shear flow, polymer chains that normally possess a 0.\ SWNT to MWNT/CNF. To demonstrate the general-
coil conformation might undergo a coil-to-stretch transittén. ity of this PCCF method, different kinds of CNTs were
If the chain is longer than a critical molecular weight (M*), the employed in this study as shown in Table 1.

stretched polymer chains aggregate to form extended chain First, MWNTs synthesized by arc discharge and CVD
fibrillar crystals2® The remaining coil polymer chains could then methoas were used. The diameters of these MWNTS were
crystallize upon the fibrillar crystals in a folded periodic fashion, reported as 515 and' 20-30 nm, respectively. They are thus
forming the shish-kebab morphology. The stretched polymers denoted as MWNT-10 and MWNT-ZS. Figu}e 3a shows the

f\hre g]\?v;r_}_'/SQEam: tth e folded Iatmellgle aret kepabs. In rt]h's SfﬁUdy’TEM image of the resulting PE functionalized MWNT-10s after
€ soltion was not under extension or sheartiow ¢, 44, crystallization irp-xylene at 103°C for 30 min, and

during crystallization. Because the nano fibrillar structure of the PE concentration was 0.01 wt %. It is evident that the disc-

ivt\:]NeTCKlr'lc')ylr?desc: dlc:[: 2:’;;6 Zi'.z':] Zﬁg?grerthsr?:)'fsl\l?ﬂoé;eessedshaped PE single-crystal lamellae were periodically located
! indu ystaflizall ! w along the tube axis and they are mostly perpendicular to the

?bserv;ad. It Illsbnot:;eablg that slc:)mehof the SW'}ITS egeN'a g:f tube axis. A larger periodicity (the average periodicity is about
orm of smafl bundies. Figure SNOWS an eniarge 50—70 nm) is observed as compared to that in SWNTs, and

image, and it is evident that the central shish consists of a bundle . - . .
of SWNTSs. This is because as the polymer chains started to'[he diameter of kebab is about 580 nm. NHSK with better

nucleate on SWNTSs, due to the poor solubility of SWNT in dispersed MWNT-10 can also be achieved by using DCB as

. . the solvent, which will be discussed in the following section.
p-xylene, SWNTs were not completely exfoliated. A fraction Figure 3b shows PE functionalized MWNT-25sxylene was
of the SWNTs were still in the bundle state, and PE crystallized/ g

S B the solvent and. = 97 °C). The tubes are slightly curvy and
wrapped the bundle, which in turn captured the “state of the possess more defects as opposed to MWNTSs synthesized

(22) De Gennes, P. G. Chem. Phys197Q 60, 5030-5042.
(23) Somani, R. H.; Hsiao, B. S.; Nogales, A.; Fruitwala, H.; Srinivas, S.; Tsou, (24) Worsley, K. A.; Moonoosawmy, K. R.; Kruse, Rano Lett2004 4, 1541~
A. H. Macromolecule2001, 34, 5902-5909. 1546.
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PE folded lamellae

LJ

PE shish-
kebab

Figure 2. Schematic representations of (a) polymer shish-kebab crystals; (b) PE/CNT nano-hybrid shish-kebab structure. Periodic patterning of different

(X

L

PE chdins

p Bt

@ = functional groups
such as -OH, -SH,-NH,, etc.

Nano hybrid
shish-kebab

functionalities can be achieved by crystallizing polymers with different end groups suel®Bls —SH, —NH2. These end groups are “defects” for the
polymer single crystals and will most likely be excluded onto the crystal surfaces as shown in (b). The degree of functionalization can be ed#silly contr

by tuning polymer crystal sizes.

Table 1. Source of CNTs
category synthetic method vendor outer diameter length
SWNT HiIPCO Carbon Nanotechnology, Inc. 883 nm ~micrometer
MWNT-10 (product #406074) arc discharge Sigma =15 nm 1-10um
MWNT-25(product #1240XH) CVD Nanostructured & Amorphous Materials, Inc. —20nm 0.5-2um
CNF (PR-19-HHT) CVvD Applied Science, Inc. 16300 nm 36-100um

b | iMwNT25

=

.

Figure 3. TEM images of PE/IMWNT-10 NHSK (a), PE/IMWNT-25 NHSK
(b), and PE/CNF NHSK structures produced by crystallization of PE on
different CNTs and CNF ip-xylene for 0.5 h at 103, 97, and 9C. The

PE, MWNT, and CNF concentrations are 0.01, 0.002, and 0.002 wt %,
respectively.

by the arc discharge method and HiPCO SWNTs. However,

NHSK structure is clearly seen from the figure. The outer
diameter of MWNT-25 is about 30 nm. The disc-shaped PE

To further demonstrate the generality of this method, much
larger size CNFs were used. CNFs are attractive from the
practical point of view due to their relatively low cost. These
CNFs have an outer diameter of 30800 nm, a hollow core,
and length on the order of 3A00xm. Figure 3c shows a TEM
image of the PE NHSK with CNF shislp-Xylene was used,
andT.was 97°C. ltis clear that PE forms single-crystal lamellae
on the central CNF. The PE lamellae in this case are large; the
diameter is about 500 nm.

From these three figures, it is evident that PE was successfully
used to form NHSK structure with CNTs having diameters
ranging from less than 1 t&300 nm. A unique feature of the
NHSKs is that the degree of functionalization can be easily tuned
by changing the experimental parameters. Much larger kebabs
can be obtained by crystallizing PE/MWNT-10 mixture in
p-xylene with relatively higher PE concentration at 1W@3for
30 min as shown in the Supporting Information (Figure S.2).
Larger kebab surface ensures more functional groups as
indicated in Figure 2b. Furthermore, as compared to pristine

single-crystal lamellae were located along the tube axis and notCNTSs, by choosing polymers that are miscible with the kebabs,

as uniform as those on MWNT-10s, which is probably due to
the defects on the MWNT-25 surface and/or relatively lower

these NHSKs are easier to disperse in a polymer matrix, leading
to controllable CNT nanocomposites. Research work on the

Tc. Less perfect sidewall structure is also believed to be the nanocomposites fabricated using NHSKs is ongoing.

reason that the kebab periodicity was not as well formed as in

MWNT-10.

Nylon 66-Decorated CNTs.Because the polymer used in
PCCEF dictates the surface properties of the final NHSK, it is of

J. AM. CHEM. SOC. = VOL. 128, NO. 5, 2006 1695
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interest to modify CNT surface using different polymers in 2
addition to PE. Nylon 66 was used as the second model materia
for three reasons: (1) PE is relatively hydrophobic, and using
Nylon 66 could lead to NHSKs with relatively hydrophilic
surface. (2) Nylon 66 possesses a zigzag conformation, and it
is anticipated that this planar chain conformation might facilitate
NHSK formation. (3) It has been reported that Nylon 6 could
epitaxially grow on HOPG surfad®.Glycerin was used as the
solvent for Nylon 66 single-crystal growth, aiid was chosen
to be 185°C.25 Figure S.3 in the Supporting Information shows
an SEM image of Nylon 66/MWNT-10s NHSKs. Based on
Figure S.3 and the TEM results (not shown), all of the MWNTs
have been separated into individual tubes and periodically
decorated with Nylon 66 lamellar crystals along the entire tube.
Note that the kebabs appear to be “thick” in the figure because
they are sputtered with Pt. The periodicity of the kebabs is Figure 4 Schematic representation of the proposed “size-dependent soft
s epitaxy” mechanism. For large-diameter CNFs, PE lamellae are randomly
~20-30 nm, which is different from PE/MWNT-10 NHSKS,  gjientated on the fiber surface (a), while for small diameter CNTS, soft
suggesting that the periodicity also depends on the nature ofepitaxy dictates the parallel orientation between PE chains and the CNT
the decorating polymers. While PE NHSK possesses a hydro-axis, leading to an orthogonal orientation between CNT and PE lamellar
phobic surface, the surface of Nylon 66 NHSKs is more Surface (o).
hydrophilic. Nylon 66 was also crystallized on SWNTSs to test
the generality of the method. The upper-right inset of Figure
S.3 shows a shadowed TEM image of a Nylon 66/SWNT NHSK
crystallized at 188C for 1 h. A periodic array of the Nylon 66
single crystals again is evident. The lateral dimension of the
kebab is~20 nm, and the periodicity is20—30 nm. Therefore,
NHSKs with relatively hydrophilic Nylon 66 surface were
achieved. This further shows that PCCF is a generic technique
for CNT functionalization.
NHSK Formation Mechanism. Size-Dependent Soft Epi-
taxy (SSE).Forming NHSK on CNTs is intriguing. One key
observation with conventional PE shish-kebabs is that the

PE folded lamellae

Carbon (nano) Fiber CNT

L) ; T e :
U 1 2 %l e,

case. It is of interest that orthogonal orientation was observed - S e
in PE NHSK because the chirality of CNT could significantly ~Fgure 5. SEM micrograph of PE periodically functionalized CNFs
affect NHSK structure. We ostulz\te that there are I?NO ossi)tl)le produced by crystallization of PE on CNTs at % in p-xylene for 0.5 h.

: p - S P Random orientation of PE lamellae can be clearly seen on the CNF surface.
factors that affect NHSK growth: first, epitaxial growth of PE  The PE and CNF concentrations are 0.01 and 0.002 wt %, respectively.

on CNT. A strict crystallographic relationship is needed between fibers. as the fiber diameter a
the polymer chain and the graphitic lattice. Second, geometricthe fiber surface is “molecularly curvy”. This curvy surface

confinement by the CNT also plays a role. Because of their g,hqiantially affects the stability of the crystals if the polymer

small diameters, CNTs themselves can be considered as rigidnhain and the fiber axis do not match. which would lead to
macromolecules and polymer chains might prefer to align along ¢ e g crystals with distorted lattice. Therefore, as a polymer

the tube aX|§ regardless of .the lattice mgtchmg btheen thestarts to crystallize on this surface, two scenarios could occur
polymer chain and the graphitic sheet. This mechanism can be(using PE as an example, in which case expitaxy requires the
attributed to “soft expitaxy”, in which strict lattice matchingis ¢ chain001 o be parallel with2-1-10Tgraphite)iL27 (1) If
nothrequm_ad. We speculate that thﬁ true growth might mvo_lvel the lattice of the graphitic sheet orients in such a way fat

bo: and is S|ze-dependdgnt, "’;S shown in Figure 4. A typical g parallel to the CNT axis [am( n) tube], both lattice

po y/merl POSSESSES a radius o .gyrat||qo ' (ﬁodnm (P2I65~1OO matching and the geometric confinement dictate the polymer
K g/mol, Ry ~ 13.8 nm assuming thé condition)® As a chain to be parallel with the CNT axis. (2) [2-1-10is not
macromolecule of such a size diffuses to the fiber/tube surface parallel to the CNT axis [am( m) tube,n == i, lattice matching

and f:rystallizes, the gliameter of the f_iber/tube_plays a critical and geometric confinement therefore compete with each other,
role in (.:ryzt.al formatlohn. Forflarger diameter f|bers"(|.e.,dC|;, and the dominant factor should determine the chain orientation.
10 um in |ameter),.t.e. surtace curvature 'S_ sma. and the pacause the geometric confinement becomes more significant
polymgr behaves as if it is on'a flat surface. Strllct lattice match as the fiber diameter decreases, one can envisage that for CNTs
and epitaxy should be the main growth mechanism. For smaller, iy, gmaji fiber diameter, geometric confinement would be the

major factor and polymer chains should be exclusively parallel

pproackg®f the polymer chain,

(25) Cai, W. W.; Li, C. Y.; Li, L. Y.; Lotz, B.; Keating, M. N.; Marks, DAdv.
Mater. 2004 16, 600-605.

(26) Flory, P. J.Principles of polymer chemistryCornell University Press: (27) Takenaka, Y.; Miyaji, H.; Hoshino, A.; Tracz, A.; Jeszka, J. K.; Kucinska,
Ilthaca, NY, 1953. . Macromolecule2004 37, 9667-9669.
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Figure 6. Appearance of three samples made by crystallizing PE in
dichlorobenzene (DCB) in the presence of SWNT at different temperatures

(91, 89, and 87C). The PE and SWNT concentrations are 0.01 and 0.02 - )
wt %, respectively. Figure 8. TEM micrograph of PE/SWNT NHSK produced by crystalliza-

tion of PE on SWNTs in DCB at 88C for 3 h. The PE and SWNT
concentrations are 0.02 and 0.01 wt %, respectively.

Figure 9. TEM micrograph of PE/SWNT NHSK produced by crystalliza-
tion of PE on MWNT-10’s in DCB at 92C for 1 h. The PE and MWNT
concentrations are 0.01 and 0.005 wt %, respectively.
S # Bt i To confirm this hypothesis, TEM and SEM experiments were
Figure 7. TEM micrograph of PE periodically functionalized SWNTs ~ conducted to study the detailed lamellar orientation on the CNT/
produced by crystallization of PE on SWNTs in DCB at different CNF surface. Figure 3a clearly shows that PE lamellae are
O 3 ot b P ol o s PeIPENGCURY 0 the MWNT-A0 axs, indicating the poymer
gnd NHSK were formed. The P'E anEI SWNT goncentrations are 0.01 and chains are parallel t‘? the CNT axis (also seg Figures 8, 10a).
0.02 wt %, respectively. On the other hand, Figure 5 shows the SEM image of CNF/PE
NHSKs. Interestingly, PE lamellae possess multiple orienta-
to the CNT axis, disregarding the CNT chirality. As a tions: the lamellar normals are parallel, perpendicular, or oblique
consequence, kebab crystal lamellae should be perpendiculato the CNF axis. This observation indicates that in CNF samples,
to the CNT axis, and orthogonal orientation was obtained. For because the fiber diameter is relatively large (3600 nm),
larger diameter CNFs, geometric confinement is weak, and the curvature of CNF is not significant for PE macromolecules,
lattice matching might play the major role and dictate the and lattice epitaxy is therefore the major factor as CNF-induced
orientation of the polymer chain. Because a variety of graphitic crystallization occurs. It should be noted that in Figure 3c, most
sheet orientations exist for CNFs, epitaxial growth of the of the kebabs of the CNF/PE NHSK are nearly perpendicular
polymer crystals would lead to different orientations of the to the CNF surface; this is probably because adopting this
polymer chains/lamellar normal. perpendicular orientation could facilitate the PE to grow into
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Figure 10. SEM images of (a) supernatant and (b) precipitant resulting from mixed crystallization of PE/MWNT-10/MWNTp2¥liene at 103C. The
PE, MWNT-10, and MWNT-25 concentrations are 0.01, 0.001, and 0.001 wt %, respectively. Part (c) shows Raman spectra of pristine MWNT-10 (2),
MWNT-25 (4), the supernatant (1), and the precipitant (3).

larger size crystals. In parallel and oblique orientation, space DCB was also used for a MWNT NHSK study; Figure 9 shows
confinement from the adjacent lamellar crystals might eventually a TEM image of PE/MWNT-10 NHSK prepared in DCB. Note
prevent them from growing into large size. Thus, SEM thatin Figure 9, the kebab size and periodicity are much larger
observations clearly support the SSE hypothesis. than that in Figure 3a, indicating that the NHSK structural
NHSK for CNT Dispersion and Separation. Because of parameters depend on the crystallization conditions. This
the decorating polymer crystals, NHSK can be easily dispersedprovides a unique opportunity to control the periodicity and thus
in solution. To increase the efficiency of functionalization, the the degree of functionalization of CNTSs.
initial concentration of SWNTSs in the PE solution has to been It is also worth noting that the formation temperatures of
increased. HiPco SWNT samples were used for this stidy. NHSK depend on the CNT structures. The suitdhlevalues
Bahr et al. demonstrated that DCB is one of the best solventsfor SWNT, MWNT-10, MWNT-25, and CNFs ip-xylene are
for SWNTSs (-95 mg/L)?® We thus conducted the PE crystal- 104, 103, 97, and 97C, respectively. Because CNTs that do
lization experiment in DCB. In this case, 1 mg SWNT was not form NHSK easily precipitate while NHSK is stable in the
dissolved i 1 g of DCB byultrasonication for abdu3 h 0 solyent, PCCF thus also provides a unique opportunity to
prepare the premix (note that the SWNT concentration is much achieve CNT separation. To demonstrate this concept, MWNT-
higher than that ip-xylene). This premix was added into 49 19 and MWNT-25 were mixed together jmxylene, and the
of PE/DCB solution at 120C, and the final PE concentration  goytion was further mixed with PE and crystallized at 203
is 0.01 wt %. After equilibration pro min, the solution was It was anticipated that at thik, only MWNT-10 NHSK could
transferred to a pres&t. Three differenflc's (91, 89, and 87 g formed. It was observed that afeeh of crystallization, part

°C) were used, and Figure 6 shows the resulting samples. Noteyt the CNT precipitated while the rest was stable in the solution.

that all thrt_ee samples have the same SWNT concentration: 't_iSThe supernatant and the precipitant were collected, and SEM
clear that in sample 1, black precipitates were observed within \,,»¢ sed to study their structure; the results are shown in Figure
1 h after crystallization, presumably due to agglomeration of 145 |+ is evident that the supernatants are NHSKs and the
CNTS', On the othgr.hand, samples 2and 3 gppeared to be Sta,bleprecipitants are naked CNTs. Of interest is that all of the NHSKs
and did not precipitate 3 months after being _prepared_ This are formed with relatively straight CNTs while the naked CNTs
phenon_wen_on _suggested that SC was t0o _h'gh for PE are curvy. Because the MWNT-25 is curvy while MWNT-10
crystallization in DCB; NHSK was not formed in sample 1. In is straight due to the synthetic procedure, it can therefore be
toncluded that the supernatant NHSKs are formed by MWNT-
10 while the precipitates are MWNT-25, as we anticipated
because 103C is the right condition for MWNT-10 to form

SWNTs were decorated by PE crystals and NHSK structures
prevented SWNTSs from precipitation. TEM experiment obser-
vations were con_duc_ted to °°_”f'”‘? this hypo_the5|s, and the NHSK and MWNT-25 does not induce PE crystallization at
results are shown in Figure 7. It is evident that Figure 7a (samplethis temperature

1) contains pristine SWNT bundles without any PE crystals P ' )

attached while Figure 7b (sample 2) shows NHSK structure and 1 © further prove the separation result, Raman spectra were
all of the SWNTs were decorated with PE single-crystal obtained from both the supernatant and precipitant as well as

lamellae. Similar to the result of PE NHSK formedgixylene, ~ the pristine CNTs as shown in Figure 10c. Spectra 1 and 2 were
most of the SWNTs are in bundles. Note that the bundle taken from supermatant and pristine MWNT-10. They have
formation is probably due to the high SWNT concentration we almost the same pattern, indicating that the solution crystal-
used. lization method does not affect the graphite structure of the
A lower concentration of SWNTSs was used to achieve more MWNTS. A strong peak at 1578 cmh (G band), which

complete exfoliation between SWNTSs. Figure 8 shows that PE 'ePresents the high-frequencyyfRaman scattering mode of
NHSKs were obtained from 0.01 wt % SWNT in DCB. It is SP-hybridized carbon material, and a disordered structure-
evident that, as compared to Figure 7, SWNTs are much better"duced peak at 1352 cth(D band), which may originate from

separated and all of the SWNTs were decorated with PE crystals h€ defects in the curved graphene sheets and tube ends, are
seen. Raman spectra 3 and 4 are from the sediment collected in

(28) Nikolaev, P.; Bronikowski, M. J.; Bradley, R. K.; Rohmund, F.; Colbert, the MWNTSs separation experiment and pristine MWNT-25. The

D. T.; Smith, K. A.; Smalley, R. EChem. Phys. Let1999 313 91-97. B ; _
(29) Babhr, J. L.; Mickelson, E. T.; Bronikowski, M. J.; Smalley, R. E.; Tour, J. spectra resembled t_hose reported in the l!terature for CVvD grown
M. Chem. Commur2001, 2, 193-194. CNT20 The intensity of the D band is much stronger as
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compared to that of arc-discharged CNT in a and b. The degreefunctionalization can be easily controlled by tuning the crystal-
of graphitization is an indicator of the carbon nanotubes’ lization condition, and the resulting NHSK also possesses the
disorder level and is characterized by the intensity ratio of the unique periodic structure, opening the possibility for periodic
D and G bandsR = Ip/lg). The intensity ratios obtained from  nano patterning. The formation mechanism of the NHSK was
Raman spectra 1 and 3 in Figure 10c are 0.21 and 0.72,attributed to SSE. For small diameter CNTs, geometric confine-
respectively. The values are comparable to those reported forment dictates the polymer chain orientation in the kebabs, and
arc-discharged CNT and CVD-grown CNT. Both SEM and exclusively orthogonal orientation between PE lamellar surface
Raman experiments thus confirmed that in the CNT separationand CNT axis was observed. As the diameter increases, normal
experiment, supernatant and precipitant consist of MWNT-10 epitaxy growth plays a major role, and multiple orientations of
and MWNT-25, respectively, due to the selective crystallization PE lamellae were observed. Because the formation conditions
condition that was chosen. Therefore, CNT separation was of the NHSK depend on the CNT structures, PCCF was also
accomplished by PCCF; detailed work is ongoing to study the successfully used for CNT separation. MWNT-10 and MWNT-
selectivity/sensitivity of this unique technique. 25 were successfully separated. It is envisaged that PCCF could
. also be used for functionalizing other 1D nanowire systems;
Conclusions S . oS
this is currently under investigation.

In conclusion, we have demonstrated that controlled polymer .
solution crystallization can be used to synthesize polymer single- _ Acknowledgment. This work was supported by the NSF
crystal-CNT hybrid materials. Lamellar crystals were formed, CAREER award (DMR-0239415), DMI-0508407, ACS-PRF,

periodically spaced along entire CNTs. A novel NHSK structure SM: and DuPont. Supply of Nylon 66 samples from DuPont
was observed. Because polymers can be easily end-function{Pr- Mimi Keating) is appreciated. The ESEM was purchased

alized, this observation led to a unique CNT functionalizing through the support of the NSF (BES-0216343).
technique, PCCF, which is different from all of the previously  supporting Information Available: Experimental section,
reported methods. A variety of CNTs and two different polymers psSc and XRD data of NHSK, and SEM and TEM images of

were used for NHSK formation, indicating that PCCF is @ pPE and Nylon 66 NHSK. This material is available free of
generic method for CNT functionalization. The degree of charge via the Internet at http://pubs.acs.org.

(30) Kwok, K.; Chiu, W. K. S.Carbon2005 43, 437-446. JA056923H

J. AM. CHEM. SOC. = VOL. 128, NO. 5, 2006 1699





