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ABSTRACT: Plastic recycling is limited due to the immiscibility
of most polymers and the weakness of the corresponding interface.
Here, a method to synthesize block nanotubes in a scalable manner
is described, and one example is shown where these nanotubes
strengthen polymer−polymer interfaces. The method relies on the
incorporation of nitrogen atoms selectively within the nanotube
structure during growth. By rapidly changing the reaction
environment, blocks of nitrogen functionality along the length of
the nanotube result. The change in the local electronic environ-
ment and radical scavenging property of the nanotube near the
nitrogen atoms was used to selectively polymerize styrene from the nanotube wall where nitrogen is incorporated. These diblock-
functionalized nanotubes were placed at a poly(methyl methacrylate)/polystyrene (PMMA/PS) interface, and the fracture
toughness was measured by the asymmetrical double cantilever beam test. The fracture toughness of the interface was found to
increase by over 1000% compared to that of the bare interface and 400% over the interface with nonfunctionalized nanotubes.
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■ INTRODUCTION

Over the past few decades, there has been a definitive trend of
increasing plastics recycling although overall recycling rates in
the United States are less than 10% as of 2015.1 One primary
reason for the low recycle rates is the fact that most polymers
are immiscible with one another, which means that mechanical
properties of polymer blends are far less than that of the
individual components because of very weak interfaces
between two immiscible polymers.2−4 Hence, essentially all
mechanical recycling processes involving postconsumer
materials have a separation step as part of the process, so
that polymers of one type are segregated from one another.
Further, the proliferation of multilayer films, especially in food
packaging, has meant that segregation by type is not possible
for some products.
A well-studied and often-used strategy to strengthen

interfacial adhesion in polymer−polymer blends is via the
introduction of diblock copolymers where the blocks are
chosen to match the two polymers. Unfortunately, however,
diblock copolymers will occasionally aggregate in one of the
polymer phases instead of migrating to the interface.2−4

Micellar aggregates are entropically favorable when compared
to dispersion of a copolymer at the interface, and once formed,
they are difficult to break. Tetrablock and higher copolymers
will not form micelles and have been proven to strengthen the
blend interface5,6 but will form lamellar layers under shear
stress.6 Schmalz et al. have developed a method to use the

micelle formation of block copolymers to create “patchy”
polymer-coated carbon nanotubes (CNTs).7,8 A polystyrene
(PS)/polyethylene (PE)/poly(methyl methacrylate) (PMMA)
triblock polymer was physically wrapped around the nanotube
using the strong interactions of polyethylene with the
nanotube to bind it in place. The nonanchoring groups, PS
and PMMA, then formed micelles around the nanotube
resulting in patches of polymer on the surface and a nanotube
that is block-functionalized in the radial direction. These
polymer-coated nanotubes were dispersed in a PMMA/PS
blend and had a strong influence on the domain area of the
PMMA phase, possibly indicating a strengthening of the
interface although no quantitative data was shown. Trans-
mission electron microscopy (TEM) shows the nanotubes
laying at and parallel to the blend interface. Carbon nanotubes
are remarkably strong along the axial direction9,10 but are
much weaker radially,11−13 meaning if the nanotube lays along
the blend interface and not perpendicular to the interface, then
the full strengthening potential of the nanotube is not used.
Further, when the polymer is not chemically bound to the
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nanotube, depending on the conformation of the polymer
chain around the nanotube, the weakest point in the system
will be van der Waals forces between the nanotube and
polymer, which is much weaker than a covalent bond. Another
technique grafts a polymer and a reactive group along the
length of a carbon nanotube, where the two are chosen so that
the polymer prefers one component and the reactive group can
only react with the other component. Micrographs indicate
that the nanotubes are located at the interface, but their
orientation does not appear normal to the interface. No direct
measurement of interfacial strength is made, but the elongation
at break and toughness increase by more than 20 times.14

However, there are also significant changes in morphology, so
it is unclear how much the change in morphology contributes
to the performance vs a change in interfacial strength.
Previous work from our group15 and others16−19 has shown

that CNTs with uniform surface chemistry will reside entirely
within the phase most compatible with their surface functional
groups. Producing nanotubes that will reside along an interface
or cross through the interface to serve as an anchor can be
accomplished by placing anisotropic blocks of functional
groups along the length of the nanotube. While anisotropically
functionalized, or block-functionalized carbon nanotubes (BF-
CNTs) have been produced,20−24 the selective multilayer
masking and sample manipulation involved in this approach
limit these materials to very small-scale (mg) applications. In

this work, we will describe a new method for producing BF-
CNTs in a scalable manner using wet chemistry and fluidized
beds. This method can generate sample amounts appropriate
to demonstrate their potential for stabilizing melts of
immiscible polymer blends. The extent to which the BF-
CNTs strengthen the interface is investigated. In addition to
the stabilizing potential of carbon nanotubes, their excellent
ability to conduct heat and electricity can enable a broad range
of applications with highly tunable tensile strengths25 if a block
nanotube were controllably placed at the interface.

■ RESULTS AND DISCUSSION
Most nanotube functionalization approaches use strong
oxidative or acidic conditions26 that do not impart selectivity
of functional groups along the length of the tube. As an
alternative, functional groups have been incorporated during
the growth process by the selective incorporation of nitrogen
species. Nitrogen can be incorporated directly into the
nanotube wall during growth27,28 based on the feedstock and
has been well studied in graphene and nanotubes.27−31 In
addition to incorporating nitrogen groups, we synthesized
nanotubes between sheets of vermiculite within a fluidized bed
to minimize cleavage of the nanotubes due to attrition during
the growth. This approach enabled the uniform forest that is
typical of vertically aligned nanotube growth and protection
from physical damage while still in the scalable fluidized bed

Figure 1. Schematic depiction of sequential (a) N-doped nanotube growth followed by (b) nondoped carbon nanotube growth. (c) Radical growth
of polymer on nitrogen-modified carbon nanotubes.
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reactor. The lamellar structure of vermiculite, consisting of
alumina silicates and magnesium oxide,32 was dissolved by
treatment with a strong base33 followed by a weak acid.34 Any
exposed catalyst particles will be removed with the acid wash.

These treatments should not have affected the surface
chemistry of the nanotube surface.26,35

After synthesis of block-functionalized nanotubes, polymer
chains were attached selectively to the nitrogen-containing

Figure 2. (a) SEM image of block CNTs on vermiculite, which shows a coloration difference in the two halves of the nanotube, perhaps indicating
a difference in conductivity or amorphous carbon on the surface. (b) TEM image of block nanotubes, showing a nitrogen content gradient along
the length, the left portion showing no nitrogen content, and the right portion has heavy herringbone structures indicating nitrogen heteroatoms,
with a transition region in between. (c) TEM image of a block-grown nanotube after polymerization supported on a lacey carbon grid. Polymer is
only found on the portion of the nanotube-containing herringbone structures. (d) TEM image of a BF-CNT at a PS/PMMA interface. The
nanotube herringbone structure indicates where polymer would have been attached, near the nitrogen atoms.

Figure 3. (a) Thermal decomposition of CNTS in air before and after purification. (b) Thermogravimetric analysis (TGA) graph of the radical
initiator/mediator thermally leaving the surface in argon. (c) Thermal decomposition of the polymer/nanotube composite in argon.
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walls via a “grafting-from” method, as illustrated in Figure 1.
For simplicity, and to reflect steric interaction with the added
phenyl ring, combination with the 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO), and addition to styrene, is depicted
here as occurring at the carbon allylic to the N and to the site
of phenyl radical addition. Pyridine rings are shown clustered
in groups of three because a single nitrogen functionality leaves
dangling carbon bonds or results in a graphitic nitrogen.
Graphitic nitrogen does occur but is likely to be restricted to
the inner walls of multiwalled nanotubes due to diffusion
limitations during synthesis.36

The nitrogen in the nanotube’s outer walls is primarily
incorporated in the form of pyridine rings,27,28,30 which are
more reactive than benzene-type rings. Terrones et al.37 have
used this reactivity along with the radical scavenging
tendencies of CNTs to create a semi-stable resonant radical
structure on the addition of benzoyl peroxide radicals to
nitrogen-containing CNTs, CNxNT. Using benzoyl peroxide as
the radical source will result mainly in the addition of phenyl
radicals to the nanotubes, and addition will most likely occur at
the 2-position adjacent to the N atom.38,39 Some addition of
benzyloxy radicals likely takes place, and the addition of
radicals may take place at other positions as well but is not
depicted in Figure 1 for clarity. This resonant radical structure
can combine with 2,2,6,6-tetramethyl-1-piperidinyloxy,
TEMPO, as a mediator to perform nitroxide-mediated radical
polymerization, NMRP, to grow polystyrene brushes on the
surface of the CNxNTs. The resulting radical on the nanotube
will be delocalized, and combination with the TEMPO radical
and polymer growth may occur at many positions but will
become localized once polymerization starts. Since the reaction
is occurring on a closed surface, both radical addition and
reaction with TEMPO or styrene will likely take place on the
exo-face of the outer nanotube. Other research groups have
accomplished a similar feat on pristine CNTs without nitrogen
functional groups,40,41 but in these cases, oxidation of the
nanotubes, 5 and 8 wt % carboxylic groups, respectively, was
required to form polymerization sites. Terrones et al.37 used
nanotubes with 1 wt % N and 2.5 wt % O. Thermal gravimetric
mass spectrometry (TG-MS) showed that the CNxNT had a
nitrogen content of 0.68 wt % and an oxygen content of 1.16
wt %.
Block nitrogen-containing nanotubes were grown on

vermiculite-supported catalyst as shown in the scanning
electron microscope (SEM) image of Figure 2a. A clear
distinction between the two phases of the nanotube can be
observed in the image. The lamellar layers of the vermiculite
are composed of an alumina silicate and magnesium oxide.
Figure 3a shows the thermal degradation of the block-
functionalized nanotubes in air before and after purification,
indicating that nearly all of the catalyst particles and
vermiculite support have been removed. This is the first
report of such purification of nanotubes on a vermiculite
support.
TEM images performed on the block CNxNTs demonstrate

the presence of a concentration gradient of nitrogen in the
nanotube. CNxNTs grown with acetonitrile on an iron catalyst
are well documented to exhibit a herringbone structure. Figure
2b shows a gradient of these herringbone structures from none
on the left to a high concentration on the right, indicating that
there is a gradient of nitrogen incorporated into the nanotube.
Furthermore, while the length of the nanotube indicates that
dispersion on the TEM grid by sonication caused some

breakage, the breakage did not obviously occur at the
nitrogen/pristine interface of the nanotube. Sonication is
only used for dispersion on TEM grids, not for the purification
and functionalization of the nanotubes. SEM of the function-
alized nanotubes showed no significant breakage, as shown in
the Supporting Information.
To evaluate the ability to create the resonant radical

structures on the nanotube surface for subsequent polymer-
ization, pure pristine and pure nitrogen-doped nanotubes were
tested separately with the polymerization initiator and
mediator. Nanotubes were reacted with the benzoyl peroxide
initiator and TEMPO mediator and analyzed by TGA in argon
to determine the number and stability of radical groups on the
surface. As can be seen in Figure 3b, while the total amount of
weight loss across the two samples is comparable, there is a
clear difference in the temperature the radicals leave the
surface, indicating that the nitrogen-doped nanotubes bind the
radicals less strongly, perhaps by creating the resonant
structures theorized by Terrones.37 Therefore, pristine CNTs
that bind the radicals more strongly are unable to release the
mediator TEMPO for polymerization at low temperatures in
agreement with the idea that surface groups can significantly
modify the radical scavenging properties of nanotubes.42,43

Once the selectivity of radical groups on the surface was
established, the nanotubes were dispersed in benzene and
styrene and heated to 80 °C for polymerization to occur.
Again, the pure pristine and pure CNxNTs were tested first and
underwent TGA in argon to determine the extent of
polymerization. The results can be seen in Figure 3c, indicating
more pronounced polymerization on nitrogen-doped nano-
tubes. Unpolymerized samples are also shown for comparison.
The differences in low-temperature weight loss for the N-
doped vs pristine nanotubes before polymerization can be
attributed to differing degrees of moisture adsorption due to
exposed nitrogen-containing functional groups.
Polymer chain lengths are challenging to measure while

tethered to the nanotube surface, as molecular weights may
decrease during the process of removal from the nanotubes. An
estimate may be made by dividing the polystyrene desorbed
from the nanotube surface via TGA measurements by the
moles of TEMPO that has been thermally desorbed at 80 °C,
the polymerization temperature. This approximation suggests
an average polymer molecular weight of slightly over 3000 g/
mol. Based on weight percentage, the selectivity for polymer
growth over nitrogen-doped vs pristine nanotubes was about
7:1. The same functionalization procedure was performed on
the block nitrogen-containing CNTs after accounting for
moisture adsorption. Block tubes after polymerization were
found to be 9.6 wt % polymer, which corresponds to having a
54% nitrogen doping assuming the same 7:1 ratio.
TEM was used to visually determine the polymer attach-

ment to the block nanotube. Figure 2c shows block nanotubes
after polymerization. A large amount of polymer can be seen in
the upper portion of the nanotube, which contains herringbone
structures, indicating that this is the portion of the nanotube-
contained nitrogen heteroatoms. The pristine portion of the
nanotube, however, showed no attached polymer. Of the
hundreds of nanotubes observed, none showed polymer
attached to the pristine surface, while 40% showed polymer
on the nitrogen portion. TEM was also used to image
nanotubes placed in a polymer blend, as can be seen in Figures
2d and S1. Figure 2d shows where the herringbone structure is
located, which corresponds to the part functionalized with PS
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and is in the lighter PS phase, while the rest of the nanotube
resides in the PMMA phase, which is darker. The nanotube
bisects the interface at a nearly perpendicular angle, rather than
having its length lay along the interface. As noted earlier, the
stiffness and high aspect ratio of nanotubes will cause strong
segregation of single-chemistry tubes into the preferred phase
of interest; our observations here are consistent with that
observation.
To further investigate the nature of selective polystyrene

grafting to the nanotube surface, X-ray photoelectron spec-
troscopy (XPS) experiments were carried out on the nitrogen-
doped samples pre- and post functionalization. Due to the
surface-sensitive nature of the XPS technique, probing
approximately three atomic layers deep within a solid surface,
the measure of the surface alterations that occur upon
polystyrene grafting is quite revealing. Peaks were deconvo-
luted based on identification of N-doped carbon structures
reported by Biddinger et al.44 Figure 4 illustrates that the N 1s

spectrum obtained from the polystyrene-functionalized CNT
sample shows the deconvoluted peaks at BEs of 398.91 eV
(N1), 401.08 eV (N2), 402.75 eV (N3), and 404.99 eV (N4),
as tabulated in Table 1. The observed positive shift in BEs
(∼0.25−0.5 eV) clearly indicates that polystyrene functional-
ization influences the surface chemistry of N-doped CNTs.
Pyrrolic N is incorporated into five-membered heterocyclic
rings and contributes two p electrons to the π system. This
could be the reason for the slightly high positive BE shift (0.37
eV) of N2 peak when compared to that of pyridinic N (N1
peak shift of ∼0.25 eV), which contributes only one p-electron
to the aromatic π system. The pyridinic (N1), types of
quaternary and graphitic (N3), and pyridinic oxide (N4) peak

areas are reduced by ∼25% each after polystyrene function-
alization, with the only exception of pyrrolic (N2) peak that is
slightly reduced (∼3%). This distinction indicates that not all
N species are covered to the same extent by PS grafting, further
emphasizing the selective nature of said functionalization in the
proximity of specific N surface features. There also has been a
slight increase in the full width at half-maximum (FWHM) of
N peaks of polystyrene-functionalized CNTs (2.07) when
compared to that of the N-doped CNTs (1.91), corresponding
to the adsorption of polystyrene, as shown in the Supporting
Information. Table 2 shows the ratio of nitrogen to carbon

obtained near the surface of these materials. Upon each
incorporation of polystyrene, there is clearly a decrease in the
N/C ratio, indicating that the N functional groups are
selectively covered by polystyrene layers. It is intriguing that
not all N functional groups are influenced, further illustrating
the selective nature of grafting around specific surface features.
The effectiveness of these nanotubes at an immiscible

polymer blend interface is probed by measurement of the
fracture toughness, GC, of the interface and is measured by the
asymmetric double cantilever beam test, ADCB, as described
by Creton.45 TEM images of the block nanotubes at the
prepared PS/PMMA interface for these tests are indicated in
Figure 5. A cross section of these prepared interfaces was
microtomed to 690 nm prior to imaging, with thinner slices
leading to fracture at the interface and thicker slices not
allowing sufficient light penetration for imaging. Of note only
the block-functionalized nanotubes were readily imaged
through this method, as both the bare interface and the
interface laden with nanotubes containing a single chemistry
fractured upon microtome slicing at this thickness, qualitatively
indicating that the block-functionalized nanotubes are able to
strengthen the interface. Of further note, as mentioned earlier,
some aggregates of nanotubes are formed in the solution prior
to spin coating, with these aggregates and entanglement
apparent in Figure 5. This causes some nanotubes to lie at
various orientations across the interface, although it is clear

Figure 4. High-resolution XPS results for various fully nitrogen-doped
nanotubes prior to and postpolystyrene polymerization. Deconvoluted
peaks correspond to the species identified in Table 1.

Table 1. High-Resolution XPS Binding Energy Peak Shifts for Nitrogen-Doped Nanotubes Pre- and Postpolystyrene
Polymerization

sample pyridinic pyrrolic types of quaternary pyridinic oxide

binding energy (eV) referencea 398.60 400.50 401.30 402−405
N-doped 398.66 400.71 402.21 404.73
N-doped-polystyrene-functionalized 398.91 401.08 402.75 404.99

peak shift (eV) 0.25 0.37 0.54 0.26
peak area (au) N-doped 752 681 276 583

N-doped-polystyrene-functionalized 571 658 208 434
decrease in peak area (%) 24 3 25 26

aIdentifying various peaks from ref 44.

Table 2. Surface-Nitrogen-to-Carbon Ratios Obtained from
XPS Analysis over Various Nanotube Samples before and
after Polystyrene Growth

nanotube sample nitrogen/carbon

pristine
nitrogen (N)-doped 0.062
N-doped-polystyrene-functionalized 0.052
block 0.049
block-polystyrene-functionalized 0.033
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that some of the nanotubes do extend into both phases. This
indicates that improved dispersion techniques to inhibit
aggregation during block-functionalized nanotube preparation
will likely improve any resulting effects on interfacial
strengthening even further than what is indicated in the
fracture toughness tests reported here.

A schematic of the ADCB testing apparatus can be seen in

Figure 6a. Polystyrene and poly(methyl methacrylate) were

used with a thickness ratio of 1.2:1 to account for the slightly

different crazing stress as required by the test, and the results

can be seen in Figure 6b. Pristine CNTs reside in the PMMA

Figure 5. TEM images at two locations along the cross section of a PS/PMMA interface containing block-functionalized nanotubes after
polystyrene polymerization. Nanotubes were deposited via solution casting prior to ADCB testing.

Figure 6. (a) Schematic of the asymmetric double cantilever beam test to measure fracture toughness. A razor blade is inserted slowly between two
sheets of polymer that have been bound together. The length of the crack after propagation can be used with Young’s moduli of the materials, Ei,
height of the material, hi, and the thickness of the razor, Δ, to calculate the fracture toughness. (b) Fracture toughness values determined by the
asymmetrical double cantilever beam test for PS/PMMA wafers bound together with nanotubes deposited via spin coating as described in the
methods section. Results are shown for pristine CNTs, block N-doped CNTS without polymer functionalization, pure N-doped CNTs with
polymer functionalization, a 50/50 wt % physical mixture of the pristine CNTs and functionalized N-doped CNTS, and the block polymer-
functionalized CNTS.
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phase,15 so the nitrogen-containing half of the nanotube was
functionalized with PS.
Fracture toughness for the polymer interface without

nanotubes was found to average 1.56 J/m2 about half of that
published elsewhere.46 Control experiments with nanotubes
without block polymerization increased the fracture toughness
to around 5 J/m2. The pristine nanotubes should reside within
the PMMA phase of a polymer blend; however, with no
mechanical energy to force them away from the interface, some
likely remain where originally placed. With block-polymerized
nanotubes, the strength was found to be further increased to an
average of 23.3 J/m2, which is 15 times stronger than the bare
interface and 4.6 times stronger than regular nanotubes. The
increase of 22 J/m2 is similar to the increase in the literature
shown for block copolymers at the interface.46 It should be
noted that some nanotube aggregates are present in the
nanotube suspensions used during the spin coating process.
This creates a nonuniform layer of nanotubes at the polymer−
polymer interface. Due to this as well as the fact that much of
the solution is lost during the spin coating process, the amount
of nanotubes introduced via spin coating suspension divided
by the surface area of the polymer interface is reported rather
than a thickness at the interface. Nevertheless, these proof-of-
concept experiments show that improvement took place at a
level comparable to block−copolymer addition. We recognize
that this improvement is a lower limit of what could be
achieved with much improved interfacial strength measure-
ments expected with improved nanotube dispersion in the spin
coating solution.
While many more questions must be answered before a

direct comparison of this approach with block copolymers can
be made, these preliminary results are quite promising. Future
areas to address to further increase the potential practical
impact include improving nanotube dispersions, such as
through avoiding full removal of the solvent prior to spin
coating similar to the approach used between the purification
and functionalization stages or employing freeze-drying
measures. In addition, as with many applications of carbon
nanotubes, efforts to further minimize purification costs are
important to fully realize the potential of this approach when
compared with the traditional use of block copolymers. More
work needs to be done to optimize the nanotube/surface area
ratio, nanotube dispersion technique, and the annealing time to
potentially further increase the strengthening effect from the
BF-CNTs, but we believe these results show that this
technique has great promise.

■ CONCLUSIONS

In summary, carbon nanotubes with nitrogen incorporated
with a concentration gradient along the length of the nanotube
have been grown on vermiculite and purified to over 95 wt %.
The nanotubes were functionalized with polystyrene by NMRP
using TEMPO as a mediator. Polymer growth was selective to
the nitrogen-containing half of the nanotube, as the pyridinic
nitrogen sites mediate the strong radical scavenging properties
of CNTs enabling the initialization of the NMRP. These block-
polymerized nanotubes were placed at a PS/PMMA interface,
and the fracture toughness of the interface was tested with the
ADCB method. The block nanotubes significantly increased
the fracture toughness showing an important use of these
nanotubes for the stabilization of immiscible polymer blends.

■ METHODS
Nanotube Growth and Purification. All chemicals were

purchased from Sigma-Aldrich and were of ACS reagent grade
>98% or higher; all gases were from Airgas and were UHP or in the
case of air zero grade. Vermiculite (Sigma-Aldrich product Z765422)
was homogenized in water and wet-sieved to 150−350 μm in size.
The catalyst precursor was 40 wt % iron (III) nitrate nonahydrate
(Sigma-Aldrich product 216828), 15 wt % cobalt22 nitrate
hexahydrate (Sigma-Aldrich product 239267), and 45 wt % aluminum
nitrate nonahydrate (Sigma-Aldrich product 237973) in a 1 molar
solution. The catalyst solution was impregnated into the vermiculite
via incipient wetness, followed by calcination at 450 °C. The incipient
wetness impregnation was repeated a total of three times to ensure
maximum coverage.

Five grams of the final catalyst + support was placed in a 1″ quartz
tube above a quartz frit. Hydrogen was allowed to flow through the
reactor at 300 sccm as the reactor was heated to 650 °C at 10 °C/
min. The reactor was held at 650 °C to ensure complete reduction of
the catalyst. The gas was switched to 300 sccm of argon as the reactor
was heated to a growth temperature of 725 °C. At the growth
temperature, the fluidized bed height is approximately 10″.
Acetonitrile (Sigma-Aldrich product 271004) was injected into the
reactor at 80 °C for 2.5 min at 300 mL/h to grow the nitrogen-
containing portion of the nanotube while argon flow was continued to
maintain fluidization of the bed. After the acetonitrile was stopped,
the reactor was given 30 s to purge before ethylene flow was started at
200 sccm for 1 min to accomplish the pristine portion of the growth.
The reactor was cooled to room temperature under a constant argon
flow.

The vermiculite support was removed via sequential base−acid
reactions. Anhydrous sodium hydroxide (Sigma-Aldrich product
795429) was heated to 400 °C in a single-use steel container. The
nanotubes on the substrate were stirred into the molten NaOH until
dissolved, yielding a water-soluble sodium silicate, free CNTs, and
magnesium oxide. The mixture was cooled to room temperature and
dissolved in water. The solution was slowly titrated with 0.1 M HCl to
change the now magnesium hydroxide to water-soluble MgCl2. The
resulting solution was filtered and washed with water until the runoff
pH was neutral. Nanotubes destined for functionalization were never
fully dried, which would cause severe entanglement of the nanotubes.

During filtration shortly before the water wash was finished, the
wash was switched to acetone for 100 mL. After acetone, the wash
was switched to benzene, again for 100 mL. At no point were two
separate phases observed. The final result of the purification and wash
was nanotubes suspended in and stored in benzene until
functionalization to prevent agglomeration. The nanotube product
when dry was 90% CNT, 5% amorphous carbon, and 5% residual as
measured by TGA in air, shown in Figure 2a.

Nanotube Functionalization. One gram of the nanotubes
suspended in 100 mL of benzene was reacted with 0.1 g of benzoyl
peroxide (Sigma-Aldrich product 179981) for 1 h at reflux
temperature, followed by reaction with a 1:1.3 molar ratio of BPO
to TEMPO (Sigma-Aldrich product 214000) for 1 h, filtered, and
lightly washed in benzene. The nanotubes were then suspended in
300 mL of benzene and 200 mL of styrene (Sigma-Aldrich product
S4972). The reactor was heated to 80 °C and allowed to polymerize
for 24 h. The polymerized nanotubes were washed three times in
benzene to remove unattached polymer.

Asymmetrical Double Cantilever Beam Test. PS (average
MW = 192 000) and PMMA (average MW = 120 000) were
compression-molded into sheets 6cm × 5cm and thicknesses of 2.4
and 2.0 mm, respectively. One milligram of dried nanotubes was
dispersed in toluene via bath sonication for 20 min and then spin-
coated on a PMMA wafer. It should be noted that the majority of the
nanotube solution is lost during the spin coating process, so while the
amount of nanotube dispersion coated on the surface is reported, the
exact amount of nanotubes left on the surface is not quantified. We
recognize that some nanotube breakage may occur with this
treatment, which means that the interfacial reinforcement measured
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is likely an underestimation of what is possible with block nanotubes
without drying and redispersion. Once the toluene evaporated, a PS
wafer was joined to the previously coated PMMA wafer in a
compression molder at 120 °C for 6 h. The specimen was cut into 6
cm × 8 mm pieces before testing. A razor blade was inserted at the
interface between the two beams using a servo motor at a constant
speed. Once the crack propagated, a picture is taken, and the length of
the crack is measured using Image J. That length is used to calculate
the fracture toughness based on the elastic foundation model
proposed by Kramer.47

TGA-MS. Temperature-programmed desorption (TPD) of purified
CNxNTs was performed on a Netzsch STA 449F1 equipped with a
pin thermocouple and a Netzsch nanobalance. Outlet gases were
analyzed by mass spectroscopy on an Aeolos QMS. Temperature-
programmed adsorption (TPA) measurements were carried out under
argon with a ramp rate of 2 °C/min, and H2O, CO, NO, CO2, and
NO2 levels were monitored. Of the expected oxygenated species, only
CO2 was observed as being thermally evolved in the range of 300−
450 °C. The entirety of the mass loss in this range was then
recognized to be 32/44th oxygen for the oxygen concentration.
Temperature-programmed oxidation (TPO) of the CNxNT sample

was done again with a ramp rate of 2 °C/min to determine the
nitrogen concentration. In this instance, both NO and N2O can be
seen coming off in addition to CO2. Comparing the mass spectrum
peak area to known samples for the NO and N2O, the sample is found
to be 0.68 wt % nitrogen. While this is below the nitrogen content of
the Terrones’ group nanotubes, the ratio of N/O is 40% higher in the
case of our nanotubes, indicating that the polymerization that occurs
should still be as a result of the nitrogen functionalities.
Electron Microscopy of BF-CNTs at Interface. Polymer blends

were created by solution-casting a PS/PMMA/CNT solution in
tetrahydrofuran (THF) onto lacey carbon TEM grids. The solution
was created by dissolving 0.2 g of PMMA and 0.8 g of PS in 40 mL of
THF. The solution was then sonicated until the polymer dissolved, at
which point 0.1 g of the BF-CNTs was added to the solution and
sonicated for 1 min to disperse. The solution was allowed to settle for
1 h so that nanotube agglomerates would fall out of solution. Two
microliters of solution was placed on the grid, which was then
annealed for 4 h at 120°C, which is above the glass-transition
temperature. TEM was then carried out on a Zeiss 10 A at 60 keV.
SEM was carried out for all steps on a Zeiss Neon operating at 1 keV
with an in lense backscatter detector. Cross-sectional images were
carried out by first using a table saw to cut a cross section (∼1 mm
wide) of an ADCB sample containing the interface. The sample was
then microtomed into 690 nm thin slices using a glass knife and
imaged using a JEOL 2010F field emission transmission electron
microscope.
XPS Analysis. X-ray photoelectron spectroscopy (XPS) analysis of

the materials was performed with a PHI 5800 ESCA (Physical
Electronics) system equipped with a standard Al Kα X-ray source
(1486.6 eV) operating at 300 W (15 kV and 20 mA) and a concentric
hemispherical analyzer. The materials were pretreated at 120 °C for
10 h in a flow of nitrogen (100 mL/min flow) prior to XPS analysis.
An O-ring-sealed sample transfer vessel (PHI Model 04-110) was
used to transfer the ex situ pretreated samples from the glovebag to
the XPS chamber without atmospheric exposure. The samples were
mounted on sample stubs using a double-sided conductive carbon
tape. Survey spectra (0−1400 eV) were collected with a pass energy
of 187.85 eV. The high-resolution XPS spectra of C 1s and N 1s were
measured using a pass energy of 23.50 eV. All data were collected at a
45° takeoff angle. The binding energy values were referenced to the
adventitious hydrocarbon C 1s peak at 284.8 eV. The core-level peaks
were analyzed by PHI MultiPak (Version 9.5).
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PS, polystyrene
PMMA, poly(methyl methacrylate)
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