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Structure-induced Enhancement of Thermal
Conductivities in Electrospun Polymer Nanofibers'

Zhenxin Zhong,™ Matthew C. \ZVingert,Tb Joseph Strzalka,” Hsien-Hau Wang,® Tao
Sun, Jin Wang,“ Renkun Chen ™ and Zhang Jiang™

Polymers that are thermally insulating in bulk forms have been found to exhibit higher thermal
conductivities when stretched under tension. This enhanced heat transport performance is
believed to arise from the orientational alignment of the polymer chains induced by the tensile
stretching. In this work, a novel high-sensitivity micro-device platform was employed to
determine the axial thermal conductivity of individual Nylon-11 polymer nanofibers fabricated
by electrospinning. Their thermal conductivity showed a correlation with the crystalline
morphology measured by high-resolution wide-angle X-ray scattering. The relationship
between the nanofiber internal structures and thermal conductivities could provide insights into
the understanding of phonon transport mechanisms in polymeric systems and also guide future
technical development of the fabrication and control of polymer nanofibers with extraordinary

thermal performance and other desired properties.

Introduction

Recent progress in polymeric material engineering, especially
in the synthesis and processing of materials with structure on
nanometer-length  scales, has created very promising
opportunities for designing and fabricating a new class of
nanostructured thermal transport materials with high thermal
conductivity and compliant mechanical properties.' It has been
discovered that, in addition to enhanced mechanical
performance,®* polymer materials under tension also exhibit
increased thermal conductivity along the tensile direction.*>”
Polymeric materials, which are nearly insulating in bulk
forms,'*'? exhibit increased thermal conductivity when they are
stretched to high draw ratios. For instance, the thermal
conductivity (k) of micron-sized polyethylene (PE) fibers was
found to increase from 0.2 W/m-K in bulk forms to 50 W/m-K
after drawing, accompanied by an increase in Young’s
modulus.® More recently, Shen et al' observed thermal
conductivity as high as ~100 W/m-K for a single PE nanofiber
(drawn from a gel to a diameter of ~100 nm). Polymer
nanofibers therefore represent a new class of materials
potentially suited to thermal applications and related
technologies that require good thermal conductivity, electric
insulation, mechanical flexibility, chemical stability, and other
attributes uniquely related to polymers.

Heat transport mechanisms in polymers have been studied
quite extensively. As an intrinsically low-dimensional system,
isolated individual polymer chains can, in principle, have very
high thermal conductivity.'> However, a macroscopic ensemble
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of polymer chains is often a thermal insulator because of the
twisted random orientations of the polymer chains and the weak
coupling between the chains, in addition to inherent defects
such as voids, impurities, polymer chain ends, and
entanglements. These imperfections and defects generate high
interfacial thermal resistance between conducting crystalline
domains because high-frequency phonon modes within the
crystalline domains must transfer to low-frequency modes
across the domains. In highly stressed nanofibers, however,
voids and entanglements are less likely to exist and polymer
chains tend to form highly oriented structures as a result of
transverse axial confinement and large surface aspect ratio.
Molecular dynamic simulations have shown that x of PE
polymer nanofibers may achieve ~350 W/m-K,'*'® and is ever
diverging with length.'*!718

These prior experimental and computational studies suggest
a correlation between structures (e.g., crystalline domain size
and orientation) and thermal conductivities in polymeric
materials. In mechanical drawing experiments,'>>51°
believed that stress imposed during the fiber drawing re-orients
the crystallites along the draw direction. These crystallites are
connected by tie-molecules that originate in the unfolding
polymer chains. Upon further drawing, the number of fully
extended tie-molecules increases, producing oriented and
stretched polymer chains as well as increased crystal sizes,
thereby enhancing mechanical strength and thermal
conductivity. Much effort has therefore gone into developing
advanced fabrication techniques, for example, direct proximal
probe-based drawing' and nanoporous template wetting,”® as

it was
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well as into uniaxially stretching bulk polymers into nanofibers
of aligned chains in order to produce high modulus and high
thermal conductivity.

Despite these recent advancements in thermal conductivity
enhancement via drawing, there is still a lack of fundamental
understanding of the relationship between the structures and
attained thermal transport properties in polymer nanofibers. For
instance, there is no study revealing how the size and
anisotropic alignment of polymer crystallites is correlated with
thermal transport. To that end, we used high-resolution in situ
X-ray scattering (WAXS) to systematically
determine the structures of Nylon-11 nanofibers fabricated by

wide-angle

electrospinning, which is a simple and versatile method to
produce polymer nanofibers with controlled fiber diameters
from tens of microns to tens of nanometers.”’ Nylon-11 is a
used  polymer high-performance
applications, and it is relatively easier to produce highly aligned
Nylon-11 nanofibers through electrospinning. A highly
sensitive micro-device platform was employed to measure the

widely material  in

thermal conductivities of corresponding individual nanofibers.
Using electrospun Nylon-11 as a model system, we established
a close correlation between the axial thermal conductivity and
the orientational distribution and
dimension of the crystallites). The methodology in the current
study can be readily extended to other commonly investigated
polymer materials, such PVDF (polyvinylidene fluorid), PE,
PEO (polyethylene glycol), and etc.

crystalline structures (e.g.,

Results and discussion

Structural characterization

During the fast electrospinning, long filaments of Nylon-11
chains are wound up at an extremely high speed to form
crystalline lamellar domains whose orientation and
crystallization occur in line with the elongation flow along the
extrusion direction. In each domain, the extended parallel
chains are connected by hydrogen bonds forming a layered
structure.”>” These oriented crystallites are connected by
networks of more disorded tie molecules or chain segments that
represent the amorphous constituent of the internal structure.
The mixed phase, consisting of co-existing amorphous and
oriented crystalline regions and schematically shown in Fig. la,
is confirmed by the WAXS pattern from uniaxially aligned as-
spun Nylon-11 nanofibers where Bragg diffractions appear as
broken arcs while the amorphous phase scatters X-rays to form
a broader circular ring (Fig. 1b and 1c).

It is known that Nylon-11 possesses at least five different
polymorphs depending on its method of preparation: the
triclinic a-form, the monoclinic B-form, and three hexagonal or
pseudo-hexagonal forms (y, & and &'-forms).”**> For example,
isothermal crystallization of Nylon-11 from the melt and
solution casted films from diols gives the triclinic a-form,*
while crystals of B-form were reported obtaining from a
solution of Nylon-11 in water containing 5% formic acid.”* For
both o and B-forms, two strong characteristic diffractions

2| J. Name., 2012, 00, 1-3

(a)

Amorphou Crystallm
domain
3&2‘ X
\Lr

500w
450
400

1200,

S Hot stretched
o As-spun RT |

Hot

110000 stretched
@

: 350 800

= < 300
2 250

~ 600
C 200
400 "

Amorphous 1 1 2000

-50 0 50
¢(deg)

Fig. 1 (a) Schematic of the molecular arrangement in Nylon-
11 nanofibers. WAXS patterns from uniaxially aligned
nanofibers of an initial diameter of ~200 nm are shown for (b)
as-spun at room temperature (RT) and (c) after hot-stretching
to a 1.5% draw ratio at 120°C, respectively. The long axis of
the nanofibers are laid along the c* axis, and the X-ray is
incident perpendicular to the fibers (into the page). (d), (e)
and (f) correspond to the intensity line cuts along (010)
direction (b* axis), (200) direction (c* axis), and polar angle
¢ across the (200) diffraction peak, respectively. Solid red
lines are fits to the models described in the text. Hot-stretched
data are shifted vertically for clarity. Dashed blue, violet, and
cyan curves displayed in (d) are best fits to the (010), (020),
and amorphous peaks for the RT data, respectively. Inset in
(f) shows corresponding orientational distribution functions of
the crystalline domains as a function of inclination angle 8 of
crystalline domain with respect to the nanofiber axis.

appear with d spacing 4.4 A and 3.7 A.*>* There are also two
other diffractions at 11.3 A and 14.9 A for o and B-forms,
respectivley, corresponding to the repeat unit of unit cell along
the chain axis.”*** The y-form observed first on films cast from
trifluoroacetic acid solution showed only one strong diffraction
at 4.16 A.*® Nylon-11 obtained by uniaxial stretching and
electrospinning was also reported to produce y-form with a
strong X-ray diffraction at 4.1 A.*" It has been shown that
uniaxial deformation of Nylon-11 films can induce a-y phase
transition, yielding a y-form dominant phase at the end of
stretching with two strong diffraction peaks at 4.1 A and 14.0 A
on the meridian and equator, respectively, the latter along
stretched chain axis.®® The y-form is stable against heat
treatment, and can be converted to the o-form by stretching, or
melting and subsequent crystallization.”**® Reversible o-8
transition was observed to occur at 95°C.*° Nylon-11 quenched
from the melt gives &'-form with a single strong broad
diffraction at 4.1 A.***° Annealing at a tempeature higher than
95°C again converts the &'-form to the a-form.?*** In our study,
strong diffractions at ~4.2 A and ~13.8 A (and its multiple),
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Fig. 2 Structure data of the crystalline domains as a function
of diameter for nanofibers as-spun at room temperature (blue
circles) and hot-stretched at 120°C to a 1.5x draw ratio (red
squares). (a) and (b) are the orientational order parameter
and average inclination angle, respectively; (c) and (e) are
lattice parameters along the (010) direction (nanofiber axis)
and (200) direction (perpendicular to nanofiber axis),
respectively; (d) and (f) are the average crystalline domain
sizes along the (010) and (200) directions, respectively.
Error bars are standard deviations from measurements on
multiple and identical nanofiber samples.

corresponding to the (200) (hydrogen bond direction) and the
(010) (chain axis) diffractions of the y-form (following the
conventional selection of unit cell proposed by Kawaguchi et
al®), observed in as-spun Nylon-11
electrospun from their hexafluoroisopropanol solutions (Fig. 1b
and 1c). The y-form crystals in electrospun Nylon-11
nanofibers were stable upon thermal treatment, which is
consistent with those reported the literature,”** and we did not
observe phase transition during the hot-stretching.

Detailed information about the internal structure can be

were nanofibers

obtained by quantitative analysis of the line shapes of the Bragg
diffractions. The longitudinal (axial) line cut along the fiber b*
axis is excellently described by the superposition of the (010),
(020) and the diffuse peak from the amorphous regions, which
is modeled by three Lorentzian functions (Fig. 1d). The lattice
spacing along the fiber axis can then be determined from the
peak position, and the size of the crystalline domain is
estimated from the peak width via the Scherrer equation.’’ The
shape factor of the amorphous phase obtained from the axial
line cut is then used as the background scattering to extract the
lattice spacing and crystalline domain dimension along the fiber

This journal is © The Royal Society of Chemistry 2012
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perpendicular direction c* (Fig. le). The degree of the uniaxial
orientational order of the crystalline domains is described by
the orientational distribution function (ODF) f(f), where
denotes the inclination angle between the long molecular chain
axis and the fiber axis. The ODF can be obtained from the
angular intensity distribution®*** across the (200) Bragg peak,
as shown in Fig. 1f. Knowing the ODF, any averaged
orientational property (X) can be numerically calculated by
_ [T?xf(B)sinpap

) = 7 gy sinpas )
In particular, the average inclination angle of the crystalline
domains (B) and the 2" order orientational order parameter
(P,) with respect to the fiber axis are determined by
substituting X by B and (3cos?f —1)/2, respectively. It
should be noticed that the orientation due to the inter-fiber
to the overall
orientational WAXS anlysis as a convolution with the intrinsic

alignment in a bundle also contributes
orientation aring from the molecular alignment.** Analysis on
the scanning electron micrope (SEM) however,

revealed that nanofibers are highly aligned so that the effect due

images,

to fiber alignment is very small in comparision to that from the
orientation (Supplementary
Information Sec. 7). Quantitative structure information about

intrinsic  internal crystalline
the internal structures is summarized in Fig. 2 for as-spun and
hot-stretched nanofibers as a function of nanofiber diameter,
and will be discussed along with their thermal properties. The
d-spacings of the (200) and (010) diffractions correspond to the
y-form and barely change for all the nanofibers in this study;
their effect on thermal conductivity, therefore, will be ignored

in the following discussions.

Size dependence of thermal conductivity

Stretching crystalline polymer films and fibers has been
reported in both computer simulations and experiments to be
capable of modifying crystalline structures or inducing crystal
transitions, which subsequently can lead to enhanced or even
new performance in mechanical and thermal properties.'?*°
Although it has been recently proposed that the orientations of
the amorphous phase would be responsible for some
unexpected properties of the fibers when reducing their
diameters,>**7 our WAXS data as the fibers were drawn was
dominated by the evolution of the crystalline structures so the
data statistics (Supplementary Information Sec. 9) did not
reveal the improvement of the orientational distribution of the
amorphous chains. It is commonly believed that drawing
stretches the loose chains between crystal domains and yields
increased tension in these chains and larger crystal size; on the
other hand, the entangled polymer chains are restricted and the
molecules orient themselves along the fiber axis direction,
resulting in improved orientation. In the case of lamellar-
structured Nylon-11, drawing can also enable the hydrogen-
bonded polyamide sheets to slip past each other and form a
more oriented structure.®® The as-spun nanofibers are
intrinsically highly stretched with an extremely high draw-ratio
of 10*-10° from the electrospinning process.”” By uniaxially
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Fig. 3 (a) Thermal conductivity versus nanofiber diameter at
300 K. Black circles represent as-spun nanofibers and red
triangles represent nanofibers hot-stretched to 1.5x original
length. Thermal conductivity of all samples increases as
diameter decreases, with larger increases among hot-stretched
fibers. Blue dashed line represents bulk Nylon-11 values.'® (b)
Dark-field optical image of nanofibers on a suspended micro-
device for thermal measurement. (¢) SEM of the same fiber in
(b) with inset of a close-up of the fiber segment on the
supporting pad.

drawing the as-spun nanofibers at elevated temperatures below
Nylon-11°s melting point (7,=198°C), we succeeded in
obtaining an extra draw ratio of up to 2x original length. Data
with a draw ratio of 1.5% were demonstrated in this study as the
1.5%  ratio is fibers. The
improvements and the tension along the polymer chains are

applicable for all structural
expected to increase the axial thermal conductivity, which was
indeed observed in the present study.

Fig. 3a shows the increasing axial thermal conductivity x
measured at room temperature on as-spun and hot-stretched
Nylon-11 nanofibers as a function of fiber diameter. As-spun
nanofibers, even the one with 413-nm diameter, displayed a
higher thermal conductivity than the literature values (0.216-
0.24 W/m-K) of bulk Nylon-11,'4" and the thermal
conductivity increased as fiber diameter was further reduced to
196 nm, 121 nm, and 109 nm. Hot-stretched nanofibers (175
nm, 113 nm, and 73 nm) had even higher thermal conductivity
values than those of similarly sized as-spun samples. Due to the
challenging nature of the thermal conductivity measurements of
individual nanofibers, it was prohibitively time-consuming to
carry out these measurements with a broad sampling to probe
possible variations of thermal properties of fibers with the same
diameter. Such a study with large sampling size would be
useful to establish a stronger diameter-dependence correlation,
which warrants more systematic experimental study in the
future.

As-spun nanofibers The increase in thermal conductivity with
decreasing diameter for

as-spun nanofibers is strongly

4| J. Name., 2012, 00, 1-3
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Fig. 4 Thermal conductivity versus temperature for all
measured nanofiber samples. Nanofiber diameters ranged
from the largest at 413 nm down to the smallest at 73 nm.
Fibers of diameters 413, 196, 121, and 109 nm (circles) were
as-spun, whereas the 175, 113, and 73 nm diameter fibers
(triangles) were hot-stretched to 1.5x original length. Vertical
lines denote Debye (7)) and brittleness (7},) temperatures for
bulk Nylon.

correlated with the structural trend revealed by the WAXS data
(Fig. 2). The perpendicular crystal size, i.e., along the (200)
direction, does not vary as the fiber diameter reduces from the
micron scale to ~200 nm (Fig. 2f), while the longitudinal
crystal size grows by ~25% (Fig. 2d), implying a longer phonon
mean free path (MFP) along the aligned molecular chains
before phonons are scattered at crystal boundaries. Moreover,
the population fraction of crystals whose extended chains are
parallel to the fiber axis is higher as the fiber diameter
decreases, which has been verified by the higher orientational
order parameter (P,) and smaller averaged crystal inclination
angle (B) (Fig. 2a and 2b). This further facilitates phonon
propagation along the fiber axis. On the other hand, the
crystallinity analysis** reveals a nearly constant degree of
of 36% the studied
(Supplementary Information Sec. 10), consistent with 35-45%

crystallinity for all nanofibers
determined by X-ray diffraction and differential scanning
calorimetry on electrospun Nylon nanofibers''** and bulk
Nylon samples.***> In addition, WAXS from bulk Nylon-11
samples does not reveal preferred orientations (Supplementary
Information Sec. 8). Therefore, it is the improved crystallite
orientation and polymer chain alignment arising from the
confinement of diameter reduction rather than the fraction of
crystallinity that contributes to the enhanced thermal
performance.

Hot-stretched nanofibers As the diameter reduces below a
critical value of ~200 nm, regardless of as-spun or hot-stretched

nanofibers, x increases in an accelerated trend (Fig. 3a),

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Thermal conductivity versus temperature for annealed
NF2 (196 nm diameter as-spun).
Nanofiber thermal conductivity was measured from 30 K to
400 K (black circles) and further annealed to 500 K. The
thermal data above room temperature shows a peak at ~330

nanofiber sample

K, which is approximately the glass transition temperature
for Nylon (vertical dotted line). After holding at 500 K for
~1 hr, the sample was cooled to room temperature and the
thermal conductivity was re-measured from 300 K to 500 K
(red triangles) and found to be significantly reduced.

consistent with previous studies on PE nanofibers,'* albeit with
lower x for the stretched Nylon fibers studied herein. In
addition, hot-stretched nanofibers show higher « values than as-
spun fibers with comparable diameters. This enhancement is
correlated with the in situ hot-stretching WAXS data, which
reveal a significantly narrower orientational distribution of the
crystals, i.e., (P,) increased from 0.75 for as-spun 190-nm
nanofiber to 0.9 after hot-stretching (Fig. 2a), and the averaged
crystal inclination angle reduced from 11° to 4.4° (Fig. 2b). In
contrast to a very small change in the longitudinal crystal size,
the transverse crystal size after hot-stretching expanded to more
than twice that of the as-spun fibers, which implies a much
lower phonon scattering probability at the crystal boundaries
and hence an increase in thermal conductivity along the crystal
axis. For the smallest hot-stretched nanofiber in the present
study (73 nm in diameter), the thermal conductivity is about
1.6+£0.2 W/m-K, more than 6x that of bulk Nylon.

It is also worth pointing out that the conductivities of the
hot-stretched fibers, regardless of the size, are consistently
slightly higher than those of the as-spun fibers. As can be seen
from Fig. 3a, the hot-stretched 113nm fiber has a higher
thermal conductivity than the 121nm and 109nm as-spun fibers.
This observation indicates that the stretching leads to higher
orientation order in addition to the effect of the diameter
reduction.

Temperature dependence of thermal conductivity

To further understand phonon scattering mechanisms in
nanofibers, we investigated the temperature dependence of k
over a temperature range of 30-300 K. Bulk Nylon exhibits
three temperature regimes: 1) below the Debye temperature 7p,

This journal is © The Royal Society of Chemistry 2012
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@ Beaded Nylon-11 Fiber
'‘Bulk' Nylon-11 (300K) [Moore et al.]
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Temperature (K)

200

Fig. 6 Thermal conductivity of a beaded nanofiber. Bulk
Nylon-11'"" (blue dashed line) shown for comparison

purposes.
nanofiber segment with several beaded structures marked.

Inset (a) shows an SEM image of a beaded

Inset (b) shows an individual bead structure from the beaded
fiber.

2) above the Debye temperature but below the brittleness
temperature 7}, and 3) above the brittleness temperature up to
room temperature. The temperature dependence of thermal
conductivity can be understood from the relation, k¥ < Cvl,
where C is the heat capacity, v is the phonon speed of sound,
and / is the phonon MFP. In the first regime, the temperature
dependence is due to the increase in heat capacity with
increasing temperature which saturates approaching the Debye
temperature. In the second regime, the heat capacity is constant,
but there is still a slight increase in x, up to the brittleness
temperature (~188 K*). Above T, in the third regime, k is
nearly constant. This provides a baseline for comparison with
the measured nanofibers.

In the first regime, below 7 (~123 K for bulk Nylon-1 147,
the temperature dependence is again due to the heat capacity,
however, the x increase is scaled higher at smaller diameters
due to longer phonon MFPs from the increased crystal size and
orientation. The thermal conductivity, however, increases
above the bulk Debye temperature, which becomes more
pronounced for smaller diameter fibers. This is possibly due to
the relationship between the Debye temperature and the elastic
modulus, E, (Tp « VE),*® where increasing E with decreasing
diameter? leads to increases in Tp for smaller nanofibers. This
could be the reason there is no discernable plateau or maximum
in the thermal conductivity over the measured temperature
range.

Impurity and inter-chain scattering dominates thermal
transport in bulk and amorphous Nylon.'' Similar scattering
mechanisms also exist in the nanofibers in the present study,
but with reduced impurity and inter-chain scattering leading to
the higher x. Moreover, a recent study* on the thermal
conductivity of polymers has seen 1/7 temperature dependence
above the peak in x due to Umklapp scattering. However, these
polymers had a crystallinity of ~80%, whereas the Nylon in this
study is comparatively low at ~36%, leaving much of the

Nanoscale, 2012, 00, 1-3 | 5



Nanoscale

polymer amorphous. This large amorphous component could
reduce the peak thermal conductivity and mask the 1/T
behaviour in the measured x data.

High temperature measurement and annealing effect

The thermal properties were also examined on an as-spun
nanofiber sample (196 nm in diameter) above room temperature
before and after annealing at 500 K (Fig. 5). In the heating
cycle before the annealing, ¥ maximizes at ~330 K, around
Nylon’s glass transition temperature (325-335 K),’*' and
declines again upon further temperature increase. Similar
behavior has been previously observed in some other
polymers.***" As the temperature rises above the glass
transition temperature, structural changes>> cause a decrease in
«.* The nanofiber was then annealed at 500 K (slignthly above
the 7,, of 471 K) for about one hour without breaking the fiber
and then allowed to cool to room temperature; its conductivity
was found to be significantly depressed from 0.48 to 0.19 W/m-
K at ~330 K. This may be accouted for by a few possible
changes of the internal structures which were challenging in the
current study to identify on single free-standing fibers: the
degree of crystallinity substantially decreased; crystal size and
morphorlogy may be signficantly affected; or more probably,
preferred molecular orientation of the crystallites with respect
to the fiber axis was lost with the thermal history.

Effects of structural defects

The close correlation between structural and thermal properties
in electrospun nanofibers was also clearly demonstrated in a
nanofiber with intentionally induced defects, namely, a beaded
nanofiber (Fig. 6). The capillary instability squeezes the fluid
electrospinning jet into droplets that are still connected by the
entangled polymer chains, thereby forming a beaded
structure.” Previous orientation analysis along single-beaded
fibers via electron diffraction has revealed a bulk-like structure
in the beads with randomly oriented crystallites,* which can
account for the measured bulk-like ¥ (~0.28 W/m-K) for the
beaded nanofiber in the present study (details of x calculation in
Supplemenatray Information Sec. 5).

Comparison with other nanofibers

In agreement with Shen ef al.,' our results showed a significant
structural-induced increase in thermal conductivity in small
diameter nanofibers. The lower absolute x observed in the
Nylon-11 nanofibers as compared to PE, is attributed to the
intrinsic difference in the molecular structure and the lower
crystallinity. In addition, the macroscopic conductivity of an
ensemble of polymer chains drastically depends on the manner
in which the chains are folded. Linear high-density PE has the
simplest molecular structure with chains that can fold to form
almost entirely crystalline domains (80-90% crystallinity)® with
a much higher packing density than its amorphous counterpart.
In contrast, the degree of crystallinity of Nylon-11 is only 35-
40%, leaving most of the polymer in non-crystalline phase with

6 | J. Name., 2012, 00, 1-3

very high thermal resistance. Furthermore, both experimental
studies on PE mats’ and molecular simulations on individual
polymer chains'®*>**® have shown that polymers of high
mechanical strength also have superior thermal performance.
Given Nylon’s intrinsically lower Young’s modulus (~25 GPa)
of the crystalline lattice compared to PE (~240 GPa),”’ it is
expected to possess a much lower thermal conductivity.

The structural properties and corresponding enhanced
thermal conductivities of the Nylon nanofibers in the present
study correlate well with their mechanical properties previously
studied. As the electrospun nanofiber diameter reduces to 200-
500 nm, it has been shown to exhibit rapidly rising Young’s
modulus and ultimate tensile strength along the fiber axis.* The
fast electrospinning induces tensile strains on polymer chains
even in the amorphous region. This lowers the phonon-phonon
scattering and improves energy transport along the polymer
backbones.”!

Conclusions

We have established a relationship between the internal
crystalline structures of electrospun Nylon-11 nanofibers with
high as-spun draw ratio and their axial thermal properties. In
consistence with previous experimental studies,'*® we found
that although the thermal conducivity starts deviating from the
bulk value when the fibers reach as thick as several hundred
nanometers (e.g. ~400 nm), this further accelerates only when
the nanofiber diameter decreases to about two hundred
nanometers, where crystallites start to show a significantly
higher degree of preferred orientation with respect to the fiber
axis. The combination of crystal size growth and improved
orientational order (along with the narrowing of crystalline
domain inclination distribution) increases the intermediate-
range order and the phonon MFP, resulting in an enhanced
thermal conductivity. Additional axial hot-stretching improved
the orientation distribution and the crystallite size, thereby
further reducing phonon scattering at crystal boundaries and
facilitating heat transport along the fibers. Subsequently,
thermal conductivity six times greater than bulk was achieved
on the thinnest Nylon nanofibers in the present study. It was a
challenge to determine the crystalline structures of the thinnest
fibers (<100-200 nm in diameter) because of the difficulty of
collecting high-quality ultrathin nanofiber bundles for WAXS
measurements. However, the trend observed for larger fibers
has unambiguously suggested a positive correlation between
the crystalline structure and thermal conductivity in electrospun
nanofibers. It is therefore believed that even higher thermal
performance might be achieved if crystalline structure gets
further improved as the nanofiber diameter further reduces.

Temperature-dependent tests showed some deviation from
bulk behavior below room temperature. The larger crystal size
increased thermal conductivity over the entire temperature
range. This would plateau near the Debye temperature, which
could shift to higher temperature with decreasing fiber
diameter. On the other hand, increasing temperature above T,
led to a maximum thermal conductivity around T,. It was also

This journal is © The Royal Society of Chemistry 2012
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found from the beaded fibers that the disordering in crystallite
orientations as well as nanofiber defects can signficantly reduce
the thermal conductivity to close to bulk-like values.

Nylon-11 is a ferrorelectric polymer®® and the dipole
interacions can help improve the crystallite orientations during
the
ferrorelectric polymers such as PVDF.> The effect of the

electrospinning, as have been observed in other
ferroelectricity of polymer nanofibers on their thermal behavior
is certainly of great interest for future investigations, yet there
is no direct evidence on their correlations. Since the main set of
thermal measurements were conducted below the glass
transition temperature of Nylon-11 (between 40-70°C),”
ferroelectric effects should be negligible. In addition, for
measurements above the transition temperature, electronic
contributions to the thermal conductivity are negligible and
dominated by phonon transport.

In summary, our findings from the Nylon-11 nanofibers
provided very important experimental evidence of the
dependence of the thermal performance on the crystalline
morphology of the polymer nanofibers. Therefore, these studies
will not only shed light on further understanding of phonon
transport mechanisms in low-dimensional polymer systems, but
also lay out a possible path to achieve full control of the design
and fabrication of nanostructured polymer nanofibers endowed

with high thermal conductivity and other desired properties.

Experimental section

Sample preparation

Nylon-11 pellets (Sigma-Aldrich) with a density of 1.026 g/mL
(melting temperature 7,,=198°C) were dissolved in 1,1,1,3,3,3-
Hexafluoro-2-propanol (HFIP, from Sigma-Aldrich). Solution
concentration varied from 2 wt% to 12.5 wt% for the control of
nanofiber diameters. The nanofibers were spun on a vertical
electrospinning apparatus (Fig. S3) with an electric potential of
6-7 kV. In order to produce uniaxially aligned nanofibers, two
parallel collecting electrodes were placed 20-30 cm below the
spinneret.®® The electrospinning jet then stretched itself across
the gap as the electric field lines are attracted towards the edges
of the electrode. The electrostatic repulsion between the
deposited charged fibers further facilitated the parallel and
relatively even distribution of fibers.®"®> The highly oriented
nanofibers were then carefully transferred either onto micro-
devices for thermal property measurement or to an X-ray-
compatible vacuum chamber for internal structure
characterization. The diameters of nanofibers were determined
on an FEI Quanta 400F environmental scanning electron

microscope (SEM).

Crystalline structural measurement

The internal crystalline structures of the nanofibers, in terms of
lattice dimension, crystalline size, and orientational order, etc.,
were quantitatively characterized using wide-angle X-ray
scattering (WAXS) at beamline 8-ID at the Advanced Photon
Source with an X-ray energy of 7.35 keV.® The aligned

This journal is © The Royal Society of Chemistry 2012
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nanofibers were placed under tension between two parallel
posts that can be individually translated axially in order to
stretch the nanofibers. Controlled thermal annealing of the
nanofibers was achieved via homogenous infrared radiation
from an in-vacuum IR heater (200 W, 120 V, Mor Electric
USA). In
performed by ramping to and maintaining the desired annealing
fibers
followed by uniaxial stretching at a rate of 5 pm/s. The

Heating Assoc., Inc., situ hot-stretching was

temperature until reached structural equilibrium,

temperature was measured with a platinum resistance
thermometer placed in close proximity to the nanofiber sample.
To protect the polymer nanofibers from radiation damage, the
samples as well as the entire hot-stretching instrument are
enclosed in an X-ray compatible vacuum chamber. WAXS
patterns were recorded by a single-photon-counting pixel array
detector (Pilatus 1M, Dectris) located 194 mm downstream
from the sample. Routine WAXS data processing was
performed for air gap scattering, efficiency, polarization, and
solid angle before the 2D WAXS data were finally reduced to

1D data for further data analysis.

Thermal measuremnt

The thermal conductivity of the Nylon-11 nanofibers was
measured using the well-established suspended micro-device
method®® over a wide temperature range. Pt resistance
thermometer coils patterned onto suspended SiN, membranes
allow for heating and temperature sensing, where one coil acts
as a heater to create a temperature differential across the
individual nanofibers, and both coils simultaneously act as
thermometers to measure the temperature rise of each
suspended membrane. Measurements were performed in a
vacuum chamber evacuated to better than ~107 Torr to reduce
the conduction and convection heat transfer due to residual air
molecules. Heat loss along the suspending beams supporting
the heating and sensing membranes as well as along the
nanofiber was found to be within the systematic error of the
nanofiber thermal property measurement and thereby can be
negligible (Supplementray Information Sec. 3 and 4).

Excess nanofibers on the micro-devices were cut using
focused ion beam (FIB) with care taken to avoid accidental Ga
ion or electron beam damage® to the nanofiber of interest (Fig.
3b and 3c). Platinum deposition for enhanced thermal contact
between nanofibers and SiN, membranes was not applied as it
was found to damage the fibers and reduce measured thermal
conductivity values (Supplementray Information Sec. 1). The
conductivity reported here therefore includes the thermal
contact resistance, thereby representing the lower bound of the
intrinsic value of the nanofibers. The contact resistance,
however, is estimated to be very small compared to the fiber
conduction resistance based on previous investigations on
suspended nanowire/fiber systems (Supplementary Information
Sec. 2).%7

Since the thermal conductance of thin polymer nanofibers
herein is rather low compared to wires made of most inorganic
materials, we employed a sensitive measurement technique

Nanoscale, 2012, 00, 1-3 | 7
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based on the Wheatstone bridge, which can resolve a thermal
conductance as low as ~0.1 nW/K.®® Our measurements

suggested that the contribution from the background
conductance is not negligible due to the low conductance of the
69,70

nanofibers. Therefore, a ‘canceling’ scheme was applied so
that the background is directly subtracted by measuring the
conductance difference between a nanofiber device and a

neighboring identical blank device with no nanofiber.
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