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Abstract

Individual carbon nanotubes (CNTs) exhibit exceptional mmechanical properties. However,

difficulties remain to fully realize these properties in CNT maero-assemblies, because of the

sliding past one another resulting from the weak intef=tube forces. Herein, a simple solid-state

4

reaction is presented that enhances the mechanical properties of carbon nanotube fibers (CNTFs)
through simultaneous covalent functionalization and crosslinking. This is the first chemical

crosslinking proposed without involvementuof. catalyst or byproducts. The specific tensile

strength of CNTF obtained fromuthe treatment.employing a benzocyclobutene-based polymer

is improved by 40%. Such improvement.can be attributed to reduced voids, impregnation of
polymer, and the formation0f covalent/crosslinks. This methodology is confirmed using both

multiwalled nanotube (MWNT) powders and CNTF. Thermogravimetric analysis, differential

scanning calorimetry; X=ray photoelectron spectroscopy, and transmission electron microscopy

of the treated MWNT powders confirm the covalent functionalization and formation of inter-

tube crosslinks. This simpléione-step reaction can be applied to industrial-scale production of

high-strength CNTFs.
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1. Introduction

Carbon nanotube fibers (CNTFs) have received much attention for their promising applications

in actuators[1], supercapacitors [2], and light-weight magnetic shields [3], but key challenges

remain to realize their full potential in terms of mechanical properties [4-6]. The tensile strength

of pristine CNTF reported thus far vary from 0.15-8.8 GPa, depending on the type of CNTs

used, their packing, and associated processing [7-9]. Even the highest reported strength (8.8GPa)
[10] is only a fraction of that of the individual carbon nanotube (CNT) building blocks, which

is on the order of 100 GPa [11]. -
CNTFs are fabricated through various means resembling the" traditional fiber spinning
techniques, such as wet spinning from CNT solutions [125.13], dryspinning from vertically
aligned CNT arrays [7, 14], and direct spinning of aerogels from chemical vapor
deposition(CVD) reactors [15]. The integrity and propertics of @s-spun CNTF rely on weak Van
der Waal’s interactions and low friction forces present between components [ 16-18]. As a result,
upon tensile loading of the fiber, the CNT building blocks and their bundles slide past one
another causing inefficient load transfer from macroscopic CNTFs down to the individual tubes

[18, 19]. Numerous post treatment methods have been developed to enhance the load transfer
and improve the mechanical propgties of CNTFs, such as solvent densification [8, 20], polymer
infiltration [21, 22], and crosslinking [23-30], but each with its limitations.

There are two approaches.reported in the literature which claimed to achieve “crosslinking” or
CNTFs: (i) infiltration of functional monomer/polymer in CNTF followed by curing without
involving reaction with CNTs (should be regarded as “consolidated’) [24-27], and (ii) covalent
crosslinkingbetweenCNTs with or without chemical functionalization [23, 28-32]. In the first
approach, curing of the infiltrated material such as catecholamine polymer [24], photoreactive
diene [25],"epoxy [27], and polyacrylonitrile [26], successfully trapped the CNTs in a rigid
network and yielded mechanical interlocking. In the second approach, crosslinking shall be

achieved by introducing covalent bonds within the CNTF. Simulations suggest that introducing
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covalent crosslinks to CNTF should improve their mechanical strength by 1-2 orders of
magnitude [33], However, only very few reports demonstrated the covalent crosslinking of
CNTFs on the macroscopic scale, either through chemical functionalization [29-31], er
irradiation [23, 28, 32]. None of the reports have reached the predicted improvement, and most
of them employed tedious process.

Covalent crosslinking of CNTFs using chemical functionalization is typically‘achieved through
multiple steps in solution: a surface functionalization on CNT to introduce an active moiety
followed by reaction with a multi-functional crosslinker or coupling of the functional groups
[29, 30]. Despite the increase in mechanical strength observed innCNTFs treated by these
chemically crosslinking methods, multiple steps of functionalization were required, which
potentially means repetitive reactions, rinsing “and drying. Intramolecular cross-
dehydrogenative coupling has been used as a single-step treatment for CNTFs [31], but the
reaction occurred in solution requiring catalysts; which may create obstacles to potential scale-
up. Moreover, many of the results of these treatments were reported only in terms of traditional
tensile strength, which is less comparablesto other fibers than density normalized specific
strength considering irregularity of the cross-sections.

Herein, we report a novel one-st&p solid-state chemical treatment using a benzocyclobutene
(BCB) based polymer. This is afacilé approach with BCB functional groups covalently attached
onto CNT walls whilethese groups react with each other simultaneously to form stable covalent
bonds. These chemical crosslinks between CNTs are visualized by transmission electron
microscopy (TEM). Effect of the designed chemical crosslinking process on the tensile
propertiessof CNTE s discussed both in terms of the traditional method and the density
normalized method.

2. Experimental

2.1 Synthesis of Polymer Linker Poly(styrene-r-4-vinylbenzylcyclobutene) (PS-VBCB)
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A series of the PS-VBCB polymer linkers with varying monomer ratio was synthesized by
anionic polymerization [34]. In the preparation of a typical PS-VBCB, the monomers, 4-vinyl
benzocyclobutene (4-VBCB, synthesized as previously reported [35]), and styrene (Fisher
Scientific,>99%) were purified by exposure to and distillation from calcium hydride (Acros
Organics, 93%) and dibutylmagnesium (Sigma Aldrich, 1.0M in heptane), suceessively, then
diluted in anhydrous THF (Fisher Scientific, ACS grade) to ~0.8M and sealed in.glass ampules.
A hand-crafted all-glass reactor was equipped with an ampule containing sec-butyl lithium
(Acros Organics, 0.218 mmol, 1.3M in hexanes) as the initiator, an ampuile %ntaining a mixture
of diluted monomers (26.9 mmol styrene and 6.9 mmol 4-VBCB) and/an ampule of purified
methanol (Fisher Scientific, 1mL, >99.5%). After the reactorwas flame-sealed from the
vacuum line, the initiator and the monomer ampules were cut open and allowed to polymerize
for 30 minutes at -78°C before quenching with methanol. Th€ mixture was released from the
reactor and precipitated in methanol (500 mL),with vigorous stirring (3 times). Finally, the
polymer was dried in a vacuum oven evernight at room temperature to afford a white powder.
2.2 Crosslinking MWNT powder

MWNT powder (>99%) was purchased from Cheap Tubes Inc., and used as received. In a small
beaker, MWNT powder was imn&rsed in PS-VBCB solution (5 mL, 90 wt.% in toluene) and
the solvent was allowed to'evaporate. The mixture was dried in vacuum for 2 hours to remove
any residual solvent, which reduced the distance between the CNT bundles by the capillary
effect. A sample at this point, denoted as PS-VBCB infiltrated MWNT, was then heated in N,
for 24 hours to ensure the crosslinking reaction is complete. The crosslinked MWNT appeared
as sheering flakes.due to rigid crosslinking between adjacent CNT bundles. Finally, the sample
was rinsed, with copious THF and toluene to remove unreacted PS-VBCB. In order to prove
that rinsing effectively removed most of the residual linker, a control sample was prepared by
immersing MWNT powder into 90 wt.% PS-VBCB solution in toluene and washed by the same

process without heat-induced crosslinking.

Page 4 of 19
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2.3 Crosslinking CNTF

CNTF was produced by University of Cincinnati through a proprietary process and were used
as received. CNTF were treated with the solution of PS-VBCB in toluene at lower concentration
(0.1 wt.%), because low linker content is desired to retain high purity in the resultant CNTE.
The as-spun CNTFs, noted as pristine, was immersed in PS-VBCB solution (0.1 wt.%in
toluene) for 1 hour to enable effective infiltration of the linker into the CNTF. This step is
readily applicable in industry by simply adding a bath in the CNTF spinning process. The fiber
was then removed from the solution and dried under vacuum at 60 °C_for 12 hours. A sample
at this stage was denoted as PS-VBCB infiltrated CNTF. A sample that'was further heated at
250 °C in N; for 4 hours while being stretched to straightsis named as PS-VBCB crosslinked
CNTEF. Both PS-VBCB infiltrated and crosslinked CNTF contained up to 7 wt.% of linker
determined by gravimetric analysis. y

2.4 Characterizations

Thermogravimetric analysis (TGA) (Q50, TA Instrument) was used to analyze the content of
linker on treated CNT, at a ramp rate of 10°C/min to 1000 °C in nitrogen. The thermal behavior
of the crosslinking reaction was monitored by differential scanning calorimeter (DSC) (Q2000,
TA Instrument) at 5 °C/min fror{80 °Cito 280 °C. The chemical characteristic of CNTs was
evaluated using X-ray photoelectron spectroscopy (XPS) (K-Alpha, Thermo Scientific). Data
were collected and analyzed using the Advantage data system (v.4.61). C 1s high resolution
core level spectra were recorded at 50 eV pass energy. The atomic concentrations of the
detected elements were calculated using integral peak intensities. Inter-tube crosslinking was
visualized by transmission electron microscopy (TEM) (Libra 200 MC, Zeiss). The surface
morphology and internal structure of CNTF were investigated by focused ion beam scanning
electron microscope (FIB-SEM) (Auriga, Zeiss). Gallium ion was used as FIB source to mill
the cross sections of the CNTFs inside the SEM chamber. The tensile properties of CNTFs were
assessed on a MTS single filament tensile tester, with gauge length of 25mm and extension rate

5
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of 0.2mm/min. The diameters of the fibers were measured with 500X optical microscope and
used to calculate the ultimate strength (breaking force/ (0.25md?)), since the shape of CNTF is
almost perfectly cylintrical (see Fig.4 (a-c)). Eight specimens from each yarn sample were
tested and the average of the results was reported. In addition, density-normalized tensile
properties were derived from breaking force (N) and linear density (tex). The densities of the
pristine, toluene densified, PS-VBCB infiltrated, and PS-VBCB crosslinked CNiLF are 0.2, 0.4,
0.4, and 0.5 g/cc, respectively, calculated from dividing tensile strength by specific strength.
3. Results and discussion -

3.1 Establishment of covalent functionalization and crosslinking

In this work, benzocyclobutene (BCB) chemistry was applied. Upon heating, the 4-membered
ring of BCB transforms into reactive o-quinodimethané intermediate that can couple with sp”
carbons of aromatic systems through [4+2] Diels-Alder (D-A) cycloaddition,[36, 37] as
illustrated in Fig. 1(a). BCB-containing materials.can be widely used to covalently functionalize
carbon nanomaterials for several advantages, such as 1) statistical distribution of functional
groups on the CNT wall instead of favoring.tube ends and defect sites, 2) no catalyst required,
and 3) no release of any small molecules during the reaction. For our purpose, PS-VBCB
random copolymer was prepargi via lanionic polymerization and characterized by size
exclusion chromatography (SEC) and nuclear magnetic resonance (NMR) (see Figure S1 and
S2 in the supporting information). The non-reactive styrene units were added to the copolymer
to suppress the inevitable intramolecular reaction between BCB units, which leads to formation
of collapsed polymer nano particles[35] that negatively affects mechanical properties of the
fiber. However, polystyrene itself is a relatively rigid polymer, and the mechanical properties
of CNTEF can hardly reach the optimum if too much styrene is present. Therefore, a series of
PS-VBCB with varying monomer ratio were synthesized and applied to CNTF to study the
effect of monomer ratio on the mechanical properties of crosslinked CNTF, as in Fig. S3. The

tratio of styrene to BCB leading to the best result is approximately 4:1 and an illustration of the

6
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chemical structure is shown in Fig. 1(b). As schematically shown in Fig. 1(c-¢), our approach
involves infiltration of the polymer linker, PS-VBCB, into CNT materials followed by
thermally induced reaction of BCB units with the sp® carbons on CNT walls. The polymer
backbone acts as inter-tube crosslinks when BCB moieties on the same polymer.hain grafts
onto adjacent CNTs. In addition, the coupling of BCB with BCB generates a reticulate network
that might also contribute to inter-tube crosslinks (Fig. 2).

(a) /g s (b)
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Fig. 1 (a) D-A cycloaddition of BCB derivatives with CNT; (b) Chemical structure of PS-
VBCB; (c-e) Preparation of PS-VBCB crosslinked CNTF by infiltration and thermally induced
reaction, and the CNTFs at each stage during the crosslinking process denoted as (c) Pristine
CNTF; (d) PS-VBCB infiltrated CN'TE;(e) PS-VBCB crosslinked CNTF

>150°C
g (D

S5

Fig. 2 Reaction between BCB moieties to form cyclooctadiene (left) and crosslinked polymer

(right)
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Given that a meter of the CNTF used in the study weighs only 0.7 mg, it is a big challenge to
apply characterization methods that require milligrams of sample. In order to fully demonstrate
the chemistry and support the proposed mechanism, bulk multi-walled nanotube (MWNT)
powder samples were crosslinked and investigated for such characterizations,ssince CNT
powder is very close to CNTFs in terms of chemical reactivity since they are both.eomposed.of
MWNT bundles.

The thermogravimetric analysis (TGA) [Fig. 3(a)] reveals a single-step 63% ‘weight loss at
around 400 °C for the crosslinked MWNT. This is attributed to the therinal decomposition of
reticulate crosslinked PS-VBCB network. Uncured PS-VBCB infiltratéd MWNT was rinsed
with solvent to obtain physically adsorbed PS-VBCB on.the MWN'T (control MWNT). Such
sample shows 3 wt.% PS-VBCB sorption on MWNT surface by TGA. The reacted portion of
BCB linkers went through either cycloaddition with MWNTYor with other BCB moieties to
form crosslinks. In addition, the cycloadditionnand crosslinking reaction of MWNT and PS-
VBCB was verified through differential scanning calorimetry (DSC) by heating the PS-VBCB
infiltrated MWNT in-situ, as shown in Fig. 3(b). During the heating ramp in the first cycle, two
signals were clearly observed at 100:°C and 200 °C. The endothermic step transition occurred
near 100 °C is attributed to the %ass transition of PS-VBCB where segmental movement of
polymer chains is unlocked. The wide exothermic peak initiated at around 200 °C is associated
with activation of BCB units for further cycloaddition and crosslinking with MWNT. As the
sample was heated again, both of the signals disappeared. Absence of the glass transition
confirms transformation of PS-VBCB to a crosslinked reticulate structure and loss of polymer
segmentalimovement. Also, BCB has fully reacted prior to the second heat ramp due to the
absence ‘of an exothermic peak at 200 °C in the second cycle. These thermal characterizations

by TGA and DSC provide solid evidence of BCB-induced crosslinking.
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action with CNTs on CNTF. XPS results presented in Fig. 3 (c-d) show the high-

solution C 1s spectra of PS-VBCB infiltrated MWNTs and crosslinked MWNTs, respectively.
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In order to identify differences in the chemical states of carbon in these samples, deconvolution
of the C 1s curve was performed and five characteristic peaks were revealed. Binding energy
0f 284.3,284.8, 286.5 288.5, and 291.3 eV correspond to sp>-hybridized carbon, sp’-hybridized
carbon, C-O, C=0, and ©- * satellite signals. These peaks were fitted with a combination of
Gaussian-Lorentzian functions and integrated to quantify the contribution of eachi.component.
The relative intensity of sp® and sp’ carbons is a good indication of covalent functionalization
on MWNT. Since the reaction between BCB groups themselves (Fig. 2) does not induce any
changes in the chemical status of carbon on MWNT, lower sp” and highet s? in the crosslinked
MWNT suggests conversion of C=C unites on the CNT wall to€-C"due to cycloaddition
reaction with BCB. Negligible signals of C-O and C=0 areattributed to defects on MWNT and
adventitious carbon. The m- * satellite signal is charactetistic of aromatic structures which can
be correlated to graphitic structure on MWNT. y

The pristine MWNT and inter-tube crosslinkingin the erosslinked samples were visualized via
transmission electron microscopy (TEM), as shown in Fig. 3(f). In contrast to the morphology
of pristine MWNT in Fig. 3(e), a near-homogeneous polymer layer was observed covering the
MWNTs crosslinked with PS-VBCB [Fig. 3(f)]. This suggests that the BCB functional groups
were statistically distributed on t{e MWNTs, instead of being isolated at tube ends or defect
sites. In addition to the layerovering the wall, polymeric material also formed inter-tube
linkages, resembling the herizontal bars on a ladder.

3.2 Effect of the process on the morphology of CNTF

After validating our novel strategy using MWNT powder, we then studied the effect of the
crosslinking process<on the morphology and mechanical properties of CNTFs. The surface
structures of pristine CNTF with a diameter of 67.3+0.9 um, PS-VBCB infiltrated CNTF with
37.141.1 um, and PS-VBCB crosslinked CNTFs with 36.44+3.5 um were observed under SEM
atlow magnification, as shown in Fig. 4(a-c). The CNTs were mostly aligned to the axis of the
fiber at a twist angle. While the pristine CNTF exhibits loosely packed structure, PS-VBCB

10
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infiltrated and PS-VBCB crosslinked CNTF were condensed to smaller dimensions, primarily
due to solvent evaporation after infiltration of linker. Intuitively, introducing crosslinks within
the fibers can cause slight shrinkage in diameter, such as direct inter-tube linkages caused by
irradiation[23, 32]. However, in many treatments crosslinking CNTF, especially chemical
crosslinking methods that introduce functional groups as linkages, no obvious,decrease,in
diameters have been reported due to crosslinking or curing [23, 24, 29, 31]./In this study, the
average diameters of PS-VBCB infiltrated fiber before and after heating [Fig. 4(b) and Fig.
4(c), respectively] are very similar, but the error range of the diameters increased. This is due
to low percentage of PS-VBCB infiltrated into the fiber (<7%), and the/crosslinking reactions
occur locally and irregularly, causing some area to shrink and others te swell. Furthermore, due
to low void content in infiltrated CNTF, little space is left.for crosslinking to further reduce the
yarn diameter. In addition, the impregnated polymer in [Fig.*d(b)] created a smooth layer on
the surface of the fiber as compared with the less compact structure observed in the pristine
sample [Fig. 4(a)]. After thermally induced crosslinking, PS-VBCB collapsed into a reticulate
structure, leading to an increase in surface waviness of the fibers [Fig. 4(c)]. Higher
magnification images Fig. 4(d-f) provided further details on the surface morphology. In contrast
to pristine CNTF 1in Fig. 4(d), lovgr void'content was found in Fig. 4(e-f), which is responsible
for the difference in the diameters of these samples. Given their close proximity to each other,
CNTs and CNT bundles in.the densified fiber can easily get in contact with PS-VBCB to enable
inter-tube/inter-bundle crosslinking. Consistent with observations from Fig. 4(a-c), a
continuous layer of polymer is shown on the CNTF in Fig. 4(¢) due to infiltration of PS-VBCB;
subsequentrheating _has introduced irregularities to the surface by turning the continuous

polymer cover on CNTs into rigid network that joins the CNTs into large bundles [Fig. 4(f)].

11
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e SRS o A= i e e g

20 pm

Fig. 4 Low magnification SEM 1mages of (a) Pristine, (b) PS-VBCB infiltrated, and (c) PS-
VBCB crosslinked CNTF;, high magnification SEM images of (d) Pristine, (¢) PS-VBCB
infiltrated, and (f). PS-VBCB crosslinked CNTF; FIB-milled cross-section of (g) Pristine, and

(h) PS-VBCB/infiltrated CNTF

The internal structure of the CNTFs was investigated by imaging at the focused ion beam (FIB)-
milled cross-sections that are 10 um deep [Fig. 4(g-h)]. Again, the pristine fiber was composed
of mostly empty spaces, as in Fig. 4(g). After infiltration of the linker and evaporation of solvent,

the CNTs were almost “welded” together, only exhibiting occasional vacancies [Fig. 4(h)].

12
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Note that the diameter of the PS-VBCB infiltrated CNTF was around 37 pm, thus the 10 um-
deep cut should fairly represent most of the cross-sectional area. This showed that our polymer
was infused effectively towards the center of the fiber during infiltration for 1 hour.

3.3 Effect of the process on mechanical properties of CNTF

There are several methods to report the mechanical properties of CNTF[38], and the two most
commonly used ones were discussed below. The traditional tensile strength ¢an be obtained
from assuming cylindrical shape of the fiber, where the cross-sectional ‘area A = 0.25md? [24,

~

26, 27,29, 31].
_F
772
Another approach reports the specific strength in GPa-SG™' (equivalent to N/tex) in terms of

force (N) per the linear density of the fiber (g/km). The specific strength makes it easier to
4

compare between different types of fibers.

Here we report the mechanical properties of the pristine and treated CNTF through both
methods mentioned above, as sthn in/and Table 1 and Figure 5. The overall crosslinking
process improved the specific tensile strength by 40% from 0.33+0.04 N/tex to 0.46+0.04 N/tex.
This does not appear asha remarkable improvement, but if traditional tensile strength is
considered, as inmany reports [24, 26, 29, 31], the improvement becomes 230% from 70118
MPa to 232450 MPa, which is the highest among all reported chemical crosslinking processes.
In this study, several factors present in the process can contribute to the improvement of
mechanical properties: 1) solvent densification, 2) polymer infiltration, and 3) simultaneous
covalent functionalization and crosslinking as discussed above. During solvent evaporation, a
capillary force induced by surface tension of the organic solvent brings the CNT bundles closer

to each other, which causes the diameter of the fiber to decrease, and results in higher contact

13
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area for enhanced frictional forces [39]. Both Figure 5 (a) and (b) show higher tensile strength
of CNTF after being densified by toluene, but there was no significant change on modulus.
Impregnation of polymer into the CNTF enhances the CNT junctions through molecular level
coupling, which could benefit load transfer between the CNT bundles [21]. The forementioned
two factors should be responsible for the improved tensile strength (from 70£18 MPa.to
191+41 MPa or from 0.334+0.04 N/tex to 0.43+0.05 N/tex) shown for PS-VBCB infiltrated
CNTF after it underwent PS-VBCB infiltration and drying. The infiltrated polymer results in
higher stiffness of CNTF as compared to the solvent densified sample, R)ssibly due to the
inherent rigidity of polystyrene chains and its derivatives. Exeluding this portion of
improvement, the additional 93% increase in traditional tensile strength and 10% in specific
strength should be attributed to PS-VBCB crosslinking with the CNTF. The covalent
functionalization of BCBs onto CNT walls provides stfong bondings, while concurrent BCB-
BCB coupling results in a reticulate structure that filled the empty spaces between CNT bundles

to achieve more effective load transfer.

Strength Modulus Specific Strength  Specific Modulus

(MPa) (GPa) (N/tex) (N/tex)

Pristine CNTF 70+18 3.542.1 0.33+0.04 17+4.0

Toluene Densified 168i2{ 6.6+1.6 0.42+0.05 174£3.0

CNTF
PS-VBCB 191441 11.84£2.9 0.43+0.05 26+3.4
Infiltrated CNTF

PS-VBCB 256134 15.6+3.0 0.46+0.04 28+3.5

Crosslinked CNTFE

Table. 1 Tensileproperties'of Pristine, Toluene densified, PS-VBCB infiltrated, and PS-VBCB
crosslinked CNTE
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Fig. 5 (a) Specific tensile properties of Pristine, Toluene densified, PS-VBCB infiltrated, and
PS-VBCB crosslinked CNTFs with error bars; (b) Typical traditional, stress-strain curve of
Pristine, Toluene densified, PS-VBCB infiltrated, and PS-VBCB crosslinked CNTF

4. Conclusion

A novel and simple one-step solid-state chemical crosslinking process was developed to
improve stiffness and strength of CNTF using a BCB-based polymer. By infiltration of the
polymer linker into CNTF followed by heating; covalent functionalization of CNTF with the
polymer was achieved with simultaneous inter-CNT crosslinking. Since the CNT bundles were
covalently locked in a rigid network, an increase in mechanical properties is observed. The
process remarkably improves the specific tensile strength by 40% and traditional tensile
strength by 230%. These impro:ements are not only attributed to the process of polymer
infiltration and solvent densification, but are also directly related to simultaneous
functionalization and inter-tube linking. This reaction employed required no catalyst, and
releases no byproducts:€onsidering the simplicity of the process with functionalization and
covalent crosslinking/achieved in a single step, BCB induced crosslinking appears promising
for industrial post-treatment of CNTFs to greatly improve their mechanical performance.
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