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Abstract

Nanocomposites are critically influenced by interfacial interactions between the
reinforcement and matrix. Polyvinyl alcohol (PVOH) of varying molecular weights were
prepared and grafted-to single-walled carbon nanotubes (SWCNTs), to improve the
interfacial interaction with a homopolymer PVOH matrix. Nanocomposite fibers were
coagulation spun across a broad range of loading fractions, controlled by the spinning dope
composition. An intermediate grafted-PVOH molecular weight (10 kDa) maximized grafting
ratio, and the final composite mechanical performance; the positive effects were attributed to
the increased degree of dispersion of the SWCNTs in the dope, as well as the favorable
interface. The PVOH grafting increased the stability of the SWCNT loading fractions (up to
45 wt.%), offering increased strength (up to 1100 MPa) and stiffness (up to 38.5 GPa); at the
same time, strain-to-failures remained high (up to 23.3%), resulting in high toughness (up to

1257 gh.
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1. Introduction

Classic fiber reinforced composites, in particular carbon and glass systems, use continuous
fibers in a brittle matrix to exploit the excellent uniaxial strength and stiffness of the
constituents [1]. However, application is often limited by a low ultimate strains and the lack
of plastic deformation before catastrophic failure [2]. While recent advances in composite
layup (use of hybrid composites [3] or thin plies [4]) have been shown to introduce
pseudo-ductility, fully ductile composites require fundamentally ductile components to
replace the conventional brittle constituents. While high strength, and tough polymers are
well established, there is clearly a need for a high performance ductile fiber which maintains

high strength and stiffness [5].

Single-walled carbon nanotubes (SWCNTSs) offer exceptional intrinsic strength, stiffness,
and toughness, as well as high thermal and electrical conductivities, all at low density [6, 7].
They have been widely explored as high performance (multifunctional) reinforcements for a
range of matrices, particularly polymers. Their high aspect ratio and anisotropic properties
make them particularly suited to nanocomposite fiber applications [8-10]. One strategy is to
form ‘yarns’ directly from pure, dry, entangled nanotubes, either by drawing ‘forests’ grown
on a substrate [11], or by spinning gas-phase networks or aerogels formed in the reactor
during chemical vapor deposition [12-14]. These yarns can be subsequently infiltrated with
resin to form composites fibers [15-17]. Whilst dry routes are appealing, they are necessarily
linked to the synthesis, limiting the types of SWCNTs that can be used and the opportunities
for purification or functionalization of the interfaces. Liquid or melt phase spinning of
pre-grown SWCNT powders to form nanocomposite fibers offers greater flexibility and
potentially simple upscaling using conventional technology. One significant challenge is that
nanotube-nanotube van de Waals interactions [18] tend to drive SWCNTs to form rope-like
bundles [19], with a poor shear strength. Poorly exfoliated bundles have reduced
SWCNT-matrix interfacial areas, and slip internally under load [20], limiting their
load-carrying ability [21]; they may also act as defects or stress-concentrations initiating
premature failure. Agglomerates become more prevalent at higher loading fractions, so while
increasing the SWCNT loading in a composite initially increases mechanical properties, the
degree of agglomeration begins to dominate even at moderate (<5 wt.%) loadings, eventually

reducing bulk mechanical performance [22].

Melt spinning routes tend to be limited to less than approximately 10 wt.% carbon

nanotubes due to viscosity and wetting limitations [9, 23]. Instead, composite fibers may be
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produced by coagulation wet-spinning of a SWCNT dope injected into a (co-flowing)
anti-solvent. Use of a pure SWCNT solution forms a wet-spun nanotube yarn [24, 25], while
use of a polymer solution as anti-solvent has been used to form nanocomposite fibers.
Polyvinyl alcohol (PVOH) is the most common matrix used for SWCNT coagulation
spinning, for both convenience and performance [9, 10]. Post-processing, by hot-drawing,
dramatically increases PVOH crystallinity, improving properties, and diminishing water
sensitivity.

The degree of agglomeration in wet-spun composite fibers can be linked to the degree of
exfoliation in the dope. SWCNTs may be fully debundled as individualized solubilized
species through the use of reductive chemistry [26] or superacids [24]. Although they have
shown promise in the synthesis of high toughness, cross-linked composites [27, 28], the
inherent high reactivity and air/water sensitivity of reduced nanotubes complicates their
application. Superacid solutions have not yet been used in composite manufacture, likely
owing to the incompatibility of the highly corrosive and dehydrating acids with potential
matrices. Instead, most SWCNT dispersions used for spinning are metastable and are formed
through high shear techniques, commonly (ultra)sonication. However, without the addition of
a stabilizing additive (adsorbed surfactant or polymer), pristine SWCNTs quickly
reagglomerate. Unfortunately, these stabilizing species typically remain in the final fibers,
limiting interfacial stress transfer and hence the overall mechanical performance. SWCNTs
can be dispersed in low volatility amides, but these solvents are difficult to remove and can

act as plasticizers, again compromising composite strength [29].

Covalent functionalization of the SWCNTs [30] can improve dispersibility without
addition of a mobile stabilizer, while also providing an opportunity to strengthen the
SWCNT-matrix interface [31, 32]. Polymer grafting, in particular, offers steric stabilization in
solution and a potentially, strong, interdiffused interface [33]. In graft-from methods, the
polymer is grown in situ from the nanotube surface [34], whereas graft-to methods attach
well-defined, pre-synthesized polymers [35, 36]. The graft-from approach facilitates higher
grafting ratios (percentage weight fraction of grafted polymer relative to the SWCNT
framework), but the molecular weight remains unknown. In grafi-to reactions, the grafting
ratio initially increases with molecular weight; however, at higher molecular weights, the
grafting ratio decreases due to the steric bulk of larger polymers. Intermediate molecular

weights, therefore, maximize the grafting ratio and hence dispersibility [37].



Here, we prepare well-defined PVOHs, of varying molecular weight, for grafi-to
functionalization of SWCNTSs (f-SWCNTs). The intention was that the -SWCNTs would
form stable dispersions, at relatively high concentrations, including in the presence of
homopolymer PVOH, to generate dopes for coagulation spinning. In contrast to systems in
which the homopolymer diffuses from the coagulant, the microstructure should be more
uniform, with a defined minimum spacing between the well-exfoliated SWCNTs. At the same
time, the grafted PVOH is expected to be miscible with bulk matrix PVOH, maximizing

interfacial interactions, and improving the (nano)composite fiber performance.
2. Experimental

2.1 Materials

Tuball SWCNTs (Lot # 4-18032014) were purchased from OCSiAl LLC (LU). Acetic acid
(>99.8%), 2,2'-azobis(2-methylpropionitrile) (98%), N,N-dimethylacetamide (DMAc,
anhydrous, 99.8%), di-t-butyl dicarbonate (>99%), ethanol (anhydrous >99.5%), lauroyl
peroxide (Luperox® LP, 97%), naphthalene (99%), potassium O-ethyl xanthate (98%),
PVOH (Mowiol® 4-88, My, ~31,000), pyridine (anhydrous, 99.8%), sodium (ingot, 99.99%),
sodium azide (>99.5%), sodium nitrite (99.999%), thionyl chloride (>99%), trifluoroacetic
acid (99%), dimethyl sulfoxide (DMSO, >99.9%), and vinyl acetate (>99% with 3-20 ppm
hydroquinone stabilizer) were purchased from Sigma Aldrich (GB). Acetone (99.9%),
dichloromethane (DCM, 99.9%), ethanol (96%), n-hexane (99.9%), isopropyl alcohol
(99.9%), petroleum benzine (petrol, 40-60 °C fraction), sodium sulphate (>99%), sodium
hydrogen carbonate (>98%), sodium hydroxide (99.9%), and tetrahydrofuran (THF, 99.9%)
were purchased from VWR UK Ltd. (GB), and 4-aminobenzylalcohol (98 %) was purchased
from Fluorochem Ltd. (GB).

2.2 Characterization

Scanning electron microscopy (SEM) micrographs were taken with a LEO Gemini 1525
field emission gun SEM (Carl Zeiss AG, DE) controlled by Smart SEM software, with a
working distance of ca. 7 mm, accelerating voltage of 10 keV, and a 30 um aperture using an
InLens detector. As-received materials were adhered using silver dag (Agar Scientific Ltd.,
GB). Dilute dispersions were drop-cast on aluminum foil covered stubs and were dried in

ambient conditions. The dried samples were then submerged in deionized water and



tetrahydrofuran briefly to remove NaOH and naphthalene, before drying in ambient

conditions.

High-resolution Transmission electron microscopy (TEM) images were taken with an
aberration-corrected FEI Titan operated at 80 kV and additional TEM images were carried
out on a JEOL2100Plus TEM at 200 kV. A dilute (f-)SWCNT/ethanol suspension was drop
cast onto a holey carbon film on a 200 mesh copper grid (Agar Scientific Ltd., GB), and left

to dry at room temperature.

Thermogravimetric analysis (TGA) was performed on a TGA/DSC 1 (Mettler Toledo
International Inc., CH), with a GC200 flow controller, using STARe software v12.00C. The
samples were heated under nitrogen from 30 °C to 100 °C at 35 °C min’!, then held
isothermally at 100 °C for 30 min to dry, and the temperature ramped to 750 °C at
10 °C min™.

SWCNT-reinforced composite fiber samples were prepared and tested based on the
standard ISO BSI11566 for single carbon fibers. The tensile specimens were mounted on a
card template (15 mm gauge) using an epoxy adhesive (Araldite Rapid, Huntsman
Corporation, US) to aid handling. Samples were tested using a TST350 Tensile Stress Tester
(Linkam Scientific Ltd., GB) fitted with a 20 N loading cell. Samples were measured with a
cross head displacement rate of 16 pm s™! until failure. Fiber cross-sectional areas were taken
from SEM fracture surfaces (true stress). Tensile modulus was determined from linear regions

between 0.1 to 0.6% strain.

Raman spectroscopy was performed on a Renishaw InVia micro-Raman Spectrometer
(Renishaw Plc., GB) using a 532 nm (32 mW, 10% power) laser with 1800 line/mm grating,
centered around 2050 cm™'. A high laser power was required due to significant attenuation
during the different polarization configurations. Raman mapping was performed through
iterative point spectra collected from 360 points (12 x 30) in a ~300 um? array with a 5 s
acquisition time for each point. Polarized Raman was performed through manual introduction
of half waves plates between incident light source/sample, and sample/detector.

Small- and wide-angle two-dimensional X-ray scattering (SAXS and WAXS, respectively)
patterns were obtained at NCD-SWEET beamline at ALBA synchrotron light source, ES. A
monochromatic beam with wavelength of 0.998 A was selected using a Si (111) double

crystal monochromator. The beam size at the sample position was ca. 100 x 50 um? (H x V,

FWHM). The SAXS detector was a Pilatus3S 1M (Dectris®) which consists of an array of
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981x1043 pixels (H x V) with a pixel size of 172 x 172 um?. The calibration of the
wavevector scale of the scattering curve was calculated using Silver Behenate.
Complementary WAXS patterns were collected using a LX255-HS area detector from
Rayonix®, which consists of a pixel array of 1920 x 5760 (H x V) with a pixel size of

44 x 44 pym?. The wavenumber q = 4m/A sin@ scale for WAXS experiments scale calibration
was achieved by using Cr,O3 as calibrant. Data were processed with the software Data
Analysis WorkbeNch (DAWN) [38]. Azimuthal profiles were obtained by radial integration
after background subtraction. The degree of orientation of SWCNT was quantified from the
full-width-at-half-maximum (FWHM) of the azimuthal intensity distribution (fitted as
Lorentzian functions) across the g range analyzed (0.01-0.025 A™!), subtracting the constant

intensity contribution to the azimuthal profiles.

Differential scanning calorimetry (DSC, 204 F1 Phoenix®, Netzsch, DE) thermal analysis
was used to determine the PVOH crystallinity in the drawn fibers. Samples were analyzed in
a nitrogen atmosphere and cycled twice from 35 °C to 250 °C at a heating rate and cooling
rate of 10 °C min™'. The two endothermic peaks for melting and decomposition temperatures
overlapped for PVOH. Overlapped peaks were thus deconvoluted by peak fitting a
bi-Gaussian peak for melting and a Gaussian peak for decomposition around the two
specified temperatures (ca. 225 °C and 233 °C for melting and decomposition temperatures,
respectively). The integration of the melting peak areas, normalized to the percentage total
PVOH in the sample, and the melting enthalpy was compared to pure crystalline PVOH
(156 J g1 [39] to determine the degree of crystallinity.

2.3 Procedures

Acyl-protected polyvinyl acetate (PVAc) synthesis was performed as reported in
Clancy et al [27]. In short, the reversible addition—fragmentation chain transfer (RAFT) agent
S-(4-((t-butoxycarbonyl)amino)benzyl)-O-ethyl xanthate was synthesized from
4-amino benzyl alcohol through Boc protection of the amine and conversion of the hydroxyl
to an O-ethyl xanthate via an alkyl chloride formed through treatment with thionyl chloride,
followed by metathesis with the potassium xanthate salt. Neat vinyl acetate was subsequently
polymerized, using varying equivalents relative to the RAFT agent to control molecular
weight. The xanthate was removed with benzoyl peroxide, the amine deprotected with
triflouroacetic acid, and the amine converted to azide via in situ diazonium formation using

sodium nitrite and sodium azide. SWCNTs were purified reductively according to a
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previously reported procedure [40]. In short, under inert atmosphere, dried SWCNT powder
was soaked in 1 mL mgswent! DMAc with 0.1 eq of sodium and naphthalene for 48 h
before centrifugation (1,000 g, 30 min) to separate dissolved impurities from the pure

SWCNT sediment.

Functionalization of SWCNTSs with azide-terminated PVAc was adapted from Qin et a/
[41]. Purified SWCNTs (6 mg, 0.5 mmol, 1 eq) were added to anhydrous DMAc (45 mL) and
bath sonicated (75 W, 30 min). The azide terminated polymer (0.033 eq) was dissolved in
5 mL DMACc and added to the SWCNT dispersion. The mixture was heated to 140 °C for
72 h before cooling to room temperature and filtering through a 100 nm
polytetrafluoroethylene (PTFE) membrane. Before drying on the filter membrane, the
wet-cake was mixed with DMAc (100 mL) sonicated and filtered to remove non-grafted
PVAc. This procedure was repeated with tetrahydrofuran before drying at room temperature
overnight to give the -SWCNTs. SWCNTs functionalized with PVAc were deacetylated by
soaking in saturated potassium hydroxide methanol solution for 30 min, before filtering and
washing with methanol and allowed to dry at room temperature overnight to give f-SWCNTs
[42].

Spinning dopes were prepared with a constant total solids content (PVOH and f-SWCNT)
of 40 mg mL™! (total volume varied between 4 and 16 mL) in a 3:1 v/v DMSO/water mixture.
The loading of SWCNT (excluding the weight of the grafted polymer) was varied between
0-60 wt.% relative to the polymer fraction (compromising the grafted PVOH and the free
PVOH (Mowiol®)). Functionalized-SWCNTs were dispersed in the water component
through probe sonication (5 min, tip sonicator, 150 W) before dropwise addition to a
homopolymer PVOH/DMSO stock solution, with stirring. The mixture was briefly sonicated
(5 min, 150 W) again and passed through a syringe filter (PTFE, 200 um) to remove residual

macroscopic agglomerations.

Fibers were spun through injection into a rotating bath of acetone, used as coagulant.
Injection was performed at 10 mL h™! through a 21-gauge cannula (i.e. 0.8 cm s,
stainless-steel, Central Surgical Co. Ltd., GB) using a syringe pump (KDS100, KD Scientific,
US), while the bath was rotated at 2.0 cm s™! at the point of injection to provide extensional
flow during fiber coagulation. The fibers were soaked for 1 h and then removed from acetone,
wound about a circular glass vial and stored at 70% relative humidity at room temperature,

until post-processing.



Post-processing of the fibers was performed with on a micro fiber conditioning line (DSM
Xplore Fiber Conditioning Unit, NL) with varying draw ratio (1.8 for composites, 2.0 for
pure PVOH) and a furnace temperature of 180 °C.

3. Results and discussion

3.1 Grafting PVOH to SWCNT

The functionalizing polymers were synthesized by RAFT polymerization, as developed
previously [37]. The RAFT route allows fine control over polymer molecular weight with a
low polydispersity, while enabling independently controllable end groups: here, a terminal
azide and hydrogen. Four different polymer molecular weights were synthesized (5, 10, 30,
and 60 kDa) and grafted onto the SWCNTs. Due to the incompatibility of the hydroxyl side
groups with both RAFT polymerization and SWCNT grafting conditions, the
functionalization was performed with the acetylated polymer (PVAc).

The azide-terminated PVAc was grafted onto ultrasonically-dispersed SWCNTs forming
an aziridine link with the SWCNT surface, via established chemistry [37]. Tuball SWCNTs
were selected for their high crystallinity, and low cost, consistent with composite
applications; the SWCNTs were purified using reductive purification before use [43]. After
functionalization, the polymer backbone was subsequently deacetylated with potassium

hydroxide and methanol through base hydrolysis to give the PVOH f-SWCNTs [42].

The grafting stoichiometry (C/R, SWCNT carbons per polymer chain, estimated using the
number average molar mass, Mp) and grafting ratio (percentage weight fraction of grafted
polymer relative to the SWCNT framework) follow established trends with polymer
molecular weight (Figure 1a). The C/R increases with molecular weight as increasing steric
occlusion on the nanotube surface increases the distance between grafting sites. Relatedly, the
grafting ratio follows a non-linear trend, increasing at low molecular weights due to
increasing per-polymer weight, up to 29 wt.% for 30 kDa, before decreasing at higher
molecular weights as steric occlusion dominates (Supplementary Figure S1a). TEM of the 10
kDa f-SWCNT (Figure 1b) shows a core (SWCNT)-shell (PVOH) structure, absent in the
as-received or purified SWCNTs (Supplementary Figure S2), indicating successful grafting.

The f-PVOH dramatically improves the dispersibility of SWCNTs in the dope solvent
(DMSO/water mixture), as clearly shown by optical microscopy (Figure 1e-g), while

unfunctionalized SWCNTs failed to disperse (Figure 1d), remaining as aggregates tens of
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microns across. There appears to be some dilute segregation of f~-SWNT which gradually
disappears with increasing chain length from 5 kDa to 30 kDa. However, at 60 kDa the
dispersibility decreases notably, with large bundle-like structures appearing (Figure 1h). The
poor dispersity of 60 kDa f-SWCNT may be related to the low grafting density (13.5 wt.%,
Supplementary Figure S1a) or the large Flory radius [44, 45] of the grafted polymer.
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Figure 1 (a) Grafting ratio (percentage weight fraction) of polymer and grafting
stoichiometry (C/R) with differing PVOH chain lengths, (b) TEM image of 10 kDa
f-SWCNTs, scale bar 5 nm, (c) schematic of PVOH functionalized on the side of a SWCNT.
Optical micrographs of dispersions (d) unfunctionalized SWCNTs, and (e) to (h) f~-SWCNTs
in the dope solvent (DMSO/water 3:1 v/v), with scale bars 50 um.

3.2 Composite fiber spinning

PVOH solutions and (f-)SWCNT dispersions were simply mixed and briefly sonicated
(5 min, 150 W) to form dopes, which were spun into a non-solvent (acetone) coagulation
bath. Previous studies have used PVOH solution as a coagulant bath for carbon nanotube
dispersions [46] because unfunctionalized carbon nanotubes agglomerate readily in PVOH

solutions; indeed, in this work, agglomeration limited the unfunctionalized control samples to
9



3 wt.% SWCNTs. However, the PVOH-grafted SWCNTSs formed stable spinning dopes even
at 40 wt.% solids (absolute concentration 16 mgswent) mL™!). The compatibility of the
f-SWCNTs and the homopolymer PVOH provides better composition control and uniformity
than the traditional approach. The fiber composition was adjusted, taking the grafting ratio
into account, to maintain a constant proportion of SWCNTs to total PVOH. The process is
shown schematically in Figure 2. After spinning into acetone, TGA showed that the resulting
fibers approximately retained the SWCNT/PVOH ratio of the constituent dope, indicating
that little homopolymer is lost during the spinning procedure (Supplementary Figure S1b).

i H
(iv) | swent _o

Figure 2 Schematic of fiber production. (i) Bundled SWCNTs, (ii) PVOH grafting to the
SWCNT surface in a liquid phase, (iii) then the highly concentrated dispersion (dope) is wet
spun into an anti-solvent coagulating into a SWCNT-PVOH composite fiber. (iv) Hydrogen
bonding will form between f~-SWCNTs in the composite fiber.

After removal from the coagulation bath, the fibers were subjected to a hot-drawing
procedure (180 °C) to increase PVOH and SWCNT alignment, as well as PVOH crystallinity,
as applied previously for multi-walled carbon nanotube/PVOH fibers [47]. The
heat-treatment increased the strength and stiftness, while decreasing strain-to-failure, with the
effects becoming more pronounced with increasing draw ratio for PVOH fibers
(Supplementary Figure S8). To maximize strength and stiffness, the f--SWCNT/PVOH
composite fibers were drawn at the highest ratio (1.8) at which it was possible reliably to
process meter lengths without fracture, for all samples. The hot-drawn f~-SWCNT/PVOH
fibers showed the expected strength and stiffness curves (see discussion below, Figure 4b).
The final f~-SWCNT/PVOH composite fibers were ~ 50 m in length, (aside from 60 kDa
f-SWCNT sample which broke during spinning, due to the poor dispersion), with a linear
density of 0.8 + 0.2 tex; all fibers displayed a non-circular or ribbon-like cross section, with
similar dimensions. The nominal diameters (corresponding to a circular fiber of equivalent
cross-section) were around 25 um (Figure 3 and Supplementary Figure S3). The SWCNT

functionalization was critical for spinning and drawing composites with high filler loadings.
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The grafted PVOH improves compatibility with the matrix, reducing agglomeration, favoring
alignment, and supporting the matrix above glass transition temperature (T); by encouraging

load transfer, the f~-SWCNTs strengthen the fiber during drawing.

3.3 Crystallinity of PVOH with f-SWCNT

The crystallinity of PVOH is increased by the hot-drawing process that increases chain
alignment [48, 49]. Stiff fillers can also increase crystallinity by enhancing alignment or
acting as nucleants [47, 50]. Despite the surface constraint, grafted polymers can show
accelerated crystallization kinetics, as found for multi-walled carbon nanotubes [51].
However, here, differential scanning calorimetry (DSC) (Supplementary Figure S4 and
Supplementary Table S1) showed that the degree of crystallinity of pure PVOH
(Xcpvony = 25.6%) modestly reduced with the addition of f-SWCNT (21.6 %, 24.6 %, and
19.1 % for 5 kDa, 10 kDa, and 30 kDa samples respectively). The decreases in crystallinity
are largely consistent with the grafting of a relatively amorphous atactic polymer; however,
the crystallinity of the homopolymer PVOH may also be disrupted by the shorter grafted

polymer chains [52], which constitute a significant proportion of the total matrix.

3.4 SWCNT orientation and interface

High-resolution SEM micrographs of composite cryo-fractured cross-sections qualitatively
suggest that most f~SWCNTs are preferentially aligned along the fiber axis (Figure 3 top).
However, since reinforcement orientation is so critical to mechanical performance, especially
of fibers, the orientation was quantified with both Raman spectroscopy and X-ray scattering
measurements (Figure 3). First, polarized Raman maps were used to estimate the Herman
parameter of the f-SWCNT parallel to the fiber axis. Briefly, the intensity of the G-mode
(~1590 cm™) is highest when the incident laser is polarized parallel to the SWCNT axis (i.e.

S =0°) and the lowest when perpendicular (i.e. f# = 90°) [53]. The Herman’s orientation
parameter (S) quantifies the degree of alignment, as a function of the angle between the
nanotubes and the fiber axis ().

3cos? ) —1
S=( )

> (1)

For a random orientation of SWCNTs, § = 0, and for perfect orientation along the fiber

axis, S =1 1[50, 53]. Assuming a uniaxial orientation, Raman data obtained with three
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different polarization configurations, Iyy, Iyu, and Iun, where V and H refer to orientation
parallel and perpendicular, respectively, can be used to estimate S:

3l + 121y + 8lyy

2)

The PVOH-grafted SWCNTs all show significant better alignment than the
unfunctionalized SWCNT (3 wt.%) control sample (S= 0.23), maximized for the 10 kDa
sample (S = 0.68). However, Raman measurements have a high spatial resolution but only
probe the surface of the fiber. Bulk SWCNT alignment was confirmed by synchrotron SAXS
and WAXS measurements (Figure 3 and Supplementary Figure S5 respectively), analyzed
using procedures published previously [14]. In brief, in polymer-free carbon nanotube fibers,
the azimuthal profiles determined from SAXS, which originate from the form factor and
elongated bundle/pore structure, have been previously shown to be equivalent to the broad
carbon nanotube (002) interplanar reflection [54] obtained from WAXS. The azimuthal
profile obtained after radial integration of scattering intensity corresponds to the orientation
distribution for SWCNTs, which is normal to the graphene basal planes for adjacent

nanotubes and thus perpendicular to the nanotube main axis. The PVOH crystal orientation

can be monitored through the (101) peak, relative both to the SWCNTs and the composite
fiber axis. The SWCNT and PVOH orientation distribution functions for 10 kDa
f=-SWCNT/PVOH composite fibers (Supplementary Figure S5) overlap in WAXS, confirming
that the alignment of the constituent parts are intrinsically linked. SAXS intensity in these
systems, which lack long-range crystalline order, is much stronger than WAXS, and can be
thus conveniently used to analyze individual 30-micron diameter composite fibers at short
beam exposures without causing sample damage. To quantify the alignment, the SAXS data
were integrated azimuthally to yield an azimuthal angular distribution with a characteristic
full-width-half-maximum (FWHM). The trends (Fig. 3b-e (ii)) are consistent with the Raman
data, showing significantly enhanced orientation for the f~-SWCNT samples, with the best
alignment for the 10 kDa fibers (narrow FWHM = 13.7°). The (bulk) SAXS FWHM showed
a strong correlation with the (surface) Raman Herman parameter (Supplementary Figure S6),
indicating that the nanotubes were indeed preferentially orientated to the nanocomposite fiber
axis. The dramatically improved alignment observed for the grafted SWCNTs is consistent
with the improved dispersion, since individualized SWCNTs facilitate reorientation during

the hot-drawing.
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Figure 3 Composite fiber microscopy and SAXS patterns and polarized Raman spectroscopy
analysis. (a) Left: SEM image of a 10 kDa f~-SWCNT/PVOH composite fiber with a white
arrow indicating the fiber axis; Right: A lower resolution image of the same fiber with a
superimposed insert of a Herman orientation factor (S) Raman spectroscopy map. (b)
Unfunctionalized SWCNT (3 wt.%) composite fiber (control); and (c), (d), and (e)
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f-PVOH/PVOH composite fibers with My, 5, 10, and 30 kDa, respectively. (i) SEM of
cryo-fractured composite fiber surfaces; (ii)) SAXS azimuthal curves and the corresponding
(ii1) 2D SAXS patterns with the full-width-at-half-maximum (FWHM) corresponding to the
SWCNT alignment. Fiber axis horizontal; (iv) Herman’s orientation parameter polarized
Raman spectroscopy intensity map corresponding to surface SWCNT orientation

(10.0 pm % 24.9 pm). The scale bar is 5 um for all frames. Micrographs of PVOH (100 wt.%)
fiber and 60 kDa f-SWCNT/PVOH composite fiber in Supplementary Information, Figure
S3.

3.5 Composite fiber properties

The mechanical properties for f-SWCNT/PVOH composite fibers were compared to
PVOH (100 wt.%) fibers and unfunctionalized SWCNT (3 wt.%)/PVOH composite fibers
(Figure 4, tabulated in Supplementary Table S2). Generally, the strength, stiffness, and
toughness (fracture energy) of all the fibers improved on adding the f~-SWCNTs to the PVOH,
relative to the baseline fiber, with the exception of the 60 kDa f-SWCNTs system which
suffered from obvious agglomeration (Figure 1h). Adding low levels of unfunctionalized
SWCNTs increased strength (450 MPa) and modulus (14.8 GPa), modestly, but decreased
strain-to-failure (7.1%) relative to the baseline matrix fibers (300 MPa strength, 7.7 GPa
modulus, 12.8% strain-to-failure). In the f~-SWCNT samples, the nanotube loading and
intrinsic properties are constant, whilst the changes in matrix crystallinity are modest, hence
the dramatically different mechanical response must be related to alignment, dispersion, and
interfacial effects, induced by variations in the molecular weight of the grafted polymer. The
improvement in performance, despite small reductions in matrix crystallinity indicate that the
SWCNTs are directly contributing to reinforcement. The most oriented 10 kDa fiber has the
highest strength and good stiffness, 1150 MPa and 24.0 GPa, respectively (an increase of
281% and 212%, respectively when compared to the PVOH baseline fiber); the excellent
orientation allows the SWCNTs to be loaded effectively along the fiber axis. Although the
5 kDa fiber appears to have higher stiftness, despite the lower orientation, the difference is
within experimental error. The length of the grafted polymer should determine the separation
of the SWCNTs from the next reinforcing structure (whether another SWCNT or a PVOH
crystallite). The fibers appear to yield at around 2% strain, presumably due to shear of the
amorphous matrix between SWCNTs and PVOH crystals. When the PVOH grafted layer is
thinner, the effective shear load is higher, leading to the steeper yield curve for the 5 kDa
sample; as it becomes thicker, shear yielding becomes easier, eventually leading to the large
strain-to-failure (ca. 23%) observed for the 30 kDa fiber which also demonstrated the highest

toughness (126 J g'!). The intermediate 10 kDa fiber combines a high yield strength with
14



large strain to failure, also leading to a high toughness (74 J g''). The nanocomposite fibers
produced here have similar tensile properties to literature examples based on
aerogel-synthesized carbon nanotubes in a PVOH matrix which have tensile strength ca.
1000-1200 MPa and stiffness ca. 24-30 GPa, but lower toughness due to a lower
strain-to-failure (ca. 9%) [17]. The 10 kDa f~-SWCNT/PVOH fibers also compare well with
wet-spun ester linked nanocomposite fibers, with ~5 wt.% SWCNT loading [55]. The
ester-linked fibers exhibited lower tensile strength ca. 325 MPa and stiffness ca. 22 GPa, but
due to a very high strain-to-failure (~200%) exhibited a higher toughness (400 J g'!). Current
state-of-the-art PVOH nanocomposite fiber systems, with controlled polymer crystallization
during gel-spinning and small diameters (10 wt.%, ca. 10 pm diameter [56]) and
higher-SWCNT concentration (60 wt.% [57]), have better performance, and indicate the

scope to enhance the performance of the new grafted-SWCNT nanocomposite system further.

An additional figure of merit for these moderate modulus and high fracture toughness
fibers is to compare their ballistic protection capacity, U'"3, the product of the acoustic wave
speed and the cube-root of the specific fracture energy, discussed in detail elsewhere [14, 58,
59]). F-SWCNT/PVOH fibers have an average U'° between ca. 250 and ca. 600 m s™!, which
increased on increasing f~-SWCNT polymer chain length (omitting 60 kDa); composite fiber
bulk densities were estimated at 1.29 + 0.01 g cm™, using material densities for amorphous
PVOH, crystalline PVOH [60], and SWCNTs [61] of 1.269 g cm™, 1.345 g cm™, and
1.3 g cm?, respectively (Supplementary Table S2). The highest f-SWCNT/PVOH composite
ballistic protection performance was comparable to commercial E-glass fibers and carbon

fibers (560 and 590 m s, respectively) [58].
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Figure 4 Mechanical tensile properties of f-SWCNT/PVOH composite fibers compared
with PVOH (100 wt.%, matrix only) fiber and unfunctionalized SWCNT (3 wt.%)/PVOH
composite fiber (control). (a) A photograph of f-SWCNT/PVOH composite fiber collected on

a winder (10 m in length), (b) typical stress-strain curves, (c) ultimate tensile strength. (d)
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tensile modulus, (e) strain-to-failure, (f) tensile toughness (energy of deformation). The error
bars represent standard deviation and individual stress-strain curves provided in the

Supplementary Figure S7 and Figure S8.

4. Conclusions

In summary, well-defined polymers, with a range of molecular weights, were grafted to
SWCNTs in order to improve the microstructure of nanoreinforced PVOH fibers. The
grafting improves dispersion and enables coagulation spinning of nanocomposite fibers with
a high loading fraction of SWCNTSs. By preparing a spinning dope that combines the
homopolymer matrix and the reinforcement, homogeneous fibers were formed with a
well-defined composition. Well dispersed, individualized SWCNTs align readily during
spinning and subsequent drawing, improving the mechanical properties of the composite
fibers. However, the molecular weight of the grafted polymer determines the yielding
behavior. This rational strategy for enhancing load capacity via nanotube reinforcement,
whilst modulating the yield behavior by defined grafting, provides a promising avenue for the
long standing materials challenge of optimizing strength, stiffness, and toughness
simultaneously. The best PVOH grafted SWCNT/PVOH fibers obtained so far (10 kDa)
combined high stiffness (24 GPa), strength (1100 MPa) and strain-to-failure (12.5%)
allowing access to high toughnesses (74 J g'!). Interfacial control is clearly critical in
nanocomposites, in which interphase dominates; proper design is essential not only for
SWCNTs but also in other 1D nanoreinforced systems. In the current study, homopolymer
PVOH is used to improve the spinnability of the grafted SWCNTs; however, there is
significant scope to improve performance further, once grafting, grafted polymer tacticity,
nanomaterial aspect ratio, and processing are all optimized. Ultimately, designed systems

consisting only of grafted nanomaterials can be expected to offer improved properties.

Supplementary Information

Thermogravimetric analysis thermograms, additional microscopy images, additional tensile
stress-strain curves, differential scanning calorimetry profiles, and orientation distribution
functions curves from SAXS are available in supplementary information.
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Acronyms and symbols

B, incident laser angle in relation to the SCWNT fiber axis
C/R, SWCNT carbons per polymer chain/grafting ratio
DCM, dichloromethane

DMACc, N,N-dimethylacetamide

DMSO, dimethyl sulfoxide

DSC, differential scanning calorimetry

LPE, liquid phase exfoliation

f~-SWCNT, functionalized single-walled carbon nanotube
FWHM, full width at half maximum

H, polarization orientation perpendicular

M, average molar mass

NCD, non-crystalline diffraction

PTFE, polytetrafluoroethylene

PVOH, polyvinyl alcohol

PVAc, acyl-protected polyvinyl acetate

RAFT, reversible addition—fragmentation chain transfer
S, Herman orientation order parameter

SEM, scanning electron microscopy

SAXS, small angle two-dimensional X-ray scattering
SWCNT, single-walled carbon nanotube

TEM, transmission electron microscopy

Ty, glass transition temperature

TGA, thermogravimetric analysis

6, angle between the nanotubes and the fiber axis

THEF, tetrahydrofuran

U', ballistic protection

V, polarization orientation parallel

e, degree of crystallinity
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