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ABSTRACT: Poly(ethylene oxide) electrospun nanofibers with
a low concentration of embedded gold nanoparticles (AuNP)
were subjected to postfabrication annealing via photothermal
heating from the nanoparticles. The results, including nano-
fibrous mat morphology, crystallinity fraction as a function of
annealing time and modality, and average crystallite size, were
compared with that for conventional heating at the same average
temperature. Maximum crystallinity is achieved more quickly
under photothermal heating, and higher maximum crystallinity
values, approaching the theoretical maxima for an entangled
polymer (~80%), are obtained. Photothermal heating better
preserves the unique nanostructured morphology of the nano-
fibrous mat whereas significant fiber thickening and loss of
porosity occur under conventional annealing treatment. With
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photothermal heating, heat may be predominantly applied within amorphous material within the fiber, which provides energy for
the amorphous chains to reorient and then possibly crystallize but while preserving existing crystalline regions as well as the
temperature-fragile nanofiber surface. This occurs because nanoparticles are spontaneously segregated within amorphous material
due to their characteristic size. In the complex environment of a polymeric nanofiber where crystalline, aligned amorphous, and
random amorphous material are all present, further spontaneous segregation of the AuNP to the random amorphous material
may occur which enables targeting of this higher barrier to crystallization population, leading to very high final crystallinity

fractions.

1. INTRODUCTION

Polymeric nanofibers are technologically useful low-cost, high
surface area materials for apphcatlons such as tissue englneer—
1ng, drug dehvery, filtration,®” and energy storage A
common technique for generation of polymeric nanofibrous
materials is electrospinning.'’ Nanofibers fabricated from
electrospinning often have limited crystallinity as a result of
the rapid loss of solvent and solidification during the
electrospinning process, which can result in mechanical
weakness.''~'? Ideally, with postprocessing, the crystalline
fraction within electrospun materials could be controllably
increased: however, such a process is only useful if it also
preserves the nanofibrous morphology within an electrospun
mat. One common strategy to improve crystallinity in a
semicrystalline polymer is thermal annealing at temperatures
between the glass transition (T,) and melt (T,,) temperatures.
Such postprocessing studies on eIectrospun nanofibers suggest
increased crystallite size and larger, more organized crystals (as
well as evidence that moderate annealing may improve
mechanical properties due to the formation of fiber—fiber
bonds).""'*~"” Beyond improving mechanical properties,
annealing to increase crystallinity serves as a prototypical
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example of a barrier-limited process that can be driven by
internal or external heating.

The ideal process of crystallinity maximization involves
selective thermally induced crystallization of amorphous
regions coupled with simultaneous retention of any pre-existing
crystalline structure. The lower the heating temperature
utilized, the longer the time needed to achieve maximum
crystallinity; however, when annealing using temperatures
closer to the polymer melt temperature, undesirable melting
and recrystallization (i.e., loss of existing crystallites) effects
become more dominant. Melting and recrystallization in an
annealing experiment generally lead to a dramatic decrease in
overall crystalline fraction. An additional complicating factor
when annealing nanostructures is the large surface area to
volume ratio, which results in strong surface melting effects,
where the innately less stabilized surface melts (or, more
generally, relaxes) at a lower temperature than the sample
interior. Furthermore, in electrospun materials the polymer
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chains tend to be aligned and elongated along the fiber axis.
This unstable quasi-equilibrium can lead to dramatic relaxation
(including mat shrinkage) upon heating.'*~** These factors
suggest that a heterogeneous temperature distribution where,
for example, the interior of the fiber is much warmer than the
exterior and/or the amorphous regions hotter than the
crystalline volumes may be a highly beneficial approach to
postprocess polymeric nanofibers, thus retaining the useful
nanostructured morphology while simultaneously allowing
relatively rapid improvement of the crystalline faction. Such
an approach would be in sharp contrast to conventional heating
(heat propagation from the outside in) where the surface is the
first to warm, and the entire sample reaches a homogeneous
temperature which can lead to both increased surface melting
and loss of existing crystalline regions.

We explore the approach of creating a heterogeneous
temperature distribution within polymer nanofibers by using
a low concentration of gold nanoparticles (AuNP) as internal,
optically controlled, nanoscale heat sources. The size scale of
the nanoparticles (~20 nm diameter) indicates (from steric
considerations) that they will be predominantly located within
amorphous regions.”> Metal nanoparticles exhibit a localized
surface plasmon resonance (SPR) and generate thermal energy
when incident light resonant with the SPR is absorbed and
converted into heat.”* Such photothermal heating has been
previously demonstrated in aqueous systems,” >~ as well as
solid polymer environments such as films,>> ™" with a few
reports within nanofibrous systems.’’~*> Because the heat is
generated at the nanoparticles, these sites are the warmest
points in the solid, and the steady-state temgerature decreases
moving away from such thermal hot spots.*’~>° In principle,
this temperature difference provides rapid annealing in the
amorphous regions while preserving the existing crystalline
structure and the nanofibrous morphology of the surface.

Photothermal heating in a nanofibrous system (which has a
high porosity, >70%) will differ from that in bulk materials as
conduction along the very small cross-sectional area (typical
diameter ~200 nm) fibers will be the predominant heat loss
mechanism, in competition with natural convection losses
through the air surrounding each fiber.”"”>* This heterogeneous
environment is much more complex than the relatively
homogeneous region surrounding a heated nanoparticle within
a liquid or a bulk solid medium where primary heat loss by
conduction occurs uniformly in all directions.*”**** Moreover,
the environment within an electrospun fiber is more
complicated than in a polymer thin film, with areas dominated
by elongated amorphous chains and other regions which are
strongly entangled, in addition to the typically row-nucleated
lamellar structures forming the crystalline portions. This
morphology is quite different than the spherulitic structures
observed in bulk semicrystalline polymers. In this report, we
compare the effects of postfabrication annealing (including
nanofibrous mat morphology, crystallinity fraction, and average
crystallite size) in a metal (gold) nanoparticle: poly(ethylene
oxide) (AuNP:PEO) electrospun nanofibrous composites via
conventional means with that obtained from photothermal
heating at the same average temperature.

2. EXPERIMENTAL SECTION

2.1. Metal Nanoparticle Synthesis. Frens’ method was used to
synthesize citrate-stabilized spherical gold nanoparticles™ wherein
aqueous tetrachloroauric(III) acid was reduced with aqueous
trisodium citrate solution (both Sigma-Aldrich). Dry polyvinylpyrro-
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lidone (PVP) (Scientific Polymers Products, Inc.) was added to the
solution in an amount equal to that of the tetrachloroauric(III) acid to
further stabilize the nanoparticles after synthesis. Characterization of
gold nanoparticles utilized transmission electron microscopy (TEM)
(Hitachi HF2000 transmission electron microscope) images of freshly
prepared nanoparticle solution drop-cast directly onto copper grids
(Ted Pella, PELCO 400 mesh grids) (see Supporting Information
Figure S3). Spherical nanoparticles were observed to have an average
diameter of 19 + 3 nm. Extinction spectra of the solution were
measured with an ultraviolet—visible spectrometer (CARY 50 Scan)
identifying the peak of surface plasmon resonance (SPR) at 527 nm.

2.2. Nanocomposite Mat Fabrication. Poly(ethylene oxide)
(PEO) (Scientific Polymer; molecular weight 400 000 g/mol) was
added to the AuNP water-based solution along with perylene in
powder form (Sigma-Aldrich # 394475-1G) obtain a 6 wt % solution,
resulting in 0.25 wt % AuNP:PEO and 0.09 wt % perylene:PEO in the
final solid nanofibrous sample after electrospinning. The solution was
magnetically stirred for 24 h at room temperature before electro-
spinning.

The AuNP:PEO solution was electrospun using a traditional needle
electrospinning set up with a S cm long, 18 gauge stainless steel
needle. A programmable syringe pump (New Era Pump Systems,
Model NE 500) extruded the solution from a 12 mL syringe and with
a positive polarity high voltage applied to the needle (Glassman High
Voltage, Model No. FC60R2). A feed rate of 4 uL/min with an
operating voltage of 11 kV and working distance of 12 cm were used.
The grounded collector was covered with aluminum foil to collect the
randomly oriented nanofibrous mat. The nanofibrous samples were
electrospun for 1 h to obtain mats with a thickness of 7 + 3 ym as
measured by an alpha step profilometer (VeecoDektak Model 150).
The mats were subsequently annealed by conventional or photo-
thermal heating at average temperatures ranging from 40 to 60 °C for
4—400 min.

2.3. Annealing Methods and Temperature Measurement.
Three different methods of postprocess annealing were used to treat
the nanofibrous samples: conventional annealing, photothermal
annealing (natural-cooled), and photothermal annealing (fan-cooled).
Conventional annealing of the nanofibrous samples was carried out
using a temperature-controlled heated stage utilizing a copper block
2.5 cm X 7.5 ecm X 1 cm attached to a commercial hot plate (VWR
7X7 CER hot plate), the details of which have been described
previously.®® The average temperature attained by the mat during
initial heat-up, the active annealing time at a given annealing
temperature, and the cooldown to room temperature were monitored
via a fluorescence technique (described below). The heat-up profiles
were matched so that the time to reach steady state was the same for
each annealing modality.

For photothermal annealing, samples were mounted on the same
stage at room temperature and irradiated with 514 nm light. In this
work, light intensities (measured using a power meter (Coherent
Model Powermax PM10)) ranging from 0.078 to 0.125 W/cm* were
utilized, resulting in steady state temperatures of 40 + 2.4 to 60 + 1.8
°C. The average temperature of the system was increased by increasing
the laser intensity, as discussed in detail previously.’®>> Samples that
experienced photothermal annealing cooled significantly slower than
conventionally annealed samples after the removal of the heating
source. This effect was observed to be most pronounced at higher
annealing temperatures (60 °C) where photothermally annealed
samples took almost 20 min longer than conventionally annealed
samples to cool down to room temperature (ie., ~40 min to cool as
compared to ~23 min cooldown time in conventionally annealed
samples). In order to isolate the effect of cooling from that of
annealing temperature and duration alone, a third protocol was
implemented wherein photothermally heated samples were actively
fan-cooled. Thus, in the fan-cooled experiments, the cooling rate for
photothermal annealing was matched to that observed under
conventional annealing by the use of an external cooling fan such
that the entire temperature cycle (i.e., heating, annealing, and cooling)
was identical for the two types of thermal treatment.
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A noncontact temperature measurement utilizing perylene as a
fluorescent probe monitored the average temperature of the
nanocomposite. Perylene displays temperature-dependent changes in
its emission spectrum: in particular, the ratio of the emission intensity
at the “trough” at 465 nm to that of the “peak” at 479 nm changes
quasi-linearly, providing an in-situ probe of temperature."”*>~>” The
514 nm emission was spectrally separated from the multiline output of
an argon-ion laser (Coherent Sabre) using a dispersing prism,
expanded to ~3 cm 1/e* diameter, and utilized as the photothermal
heating beam. A 405 nm diode laser (~5 mW), collimated to ~5 mm
1/e* diameter and amplitude-modulated at a 2 kHz rate using a
flywheel chopper, was used to excite the perylene molecules. The two
beams were spatially well-overlapped at the sample. Fluorescence from
the excitation spot was imaged onto the front slit of dual-grating
scanning spectrometer (SPEX 1680B); the instrument output is mated
to a photomultiplier tube (PMT, Hamamatsu 931B). Dielectric filters
on the input to the spectrometer (CVI) and the PMT (Omega
Optical) were used to reject scattered laser light. The PMT output
signal is amplified using a homemade instrument and photon-counted
(SR400, Stanford Research Systems) with dark background corrected
subtraction as the spectrometer iteratively samples the emission at the
trough and peak wavelengths.

As previously discussed, perylene molecules are uniformly
distributed throughout the entire sample, and thus the temperature
measured via this technique is an average over all environments.*
Because of the dilute doping of AuNP, the vast majority of perylene
molecules (and, in fact, most of the polymeric sample) are relatively far
from a gold nanoparticle. Thus, this temperature measurement
provides a result which is slightly higher than, but very close to, the
background temperature, which is the coolest temperature in the
heterogeneously heated sample.*">>°*

2.4. Sample Characterization. Scanning electron microscopy
(SEM) (JEOL JSM-6400 FE w/EDS, operating at S kV) images were
used to study fiber morphology and porosity changes as a function of
annealing conditions. Electrospun mats were sputter-coated with gold/
palladium (~10 nm) to reduce surface charging. Nanofiber diameters
were obtained from an average of at least 100 points for each annealing
condition from the SEM images using the NIH Image] software.
Porosity of the electrospun webs was determined using Image]
software, converting the SEM image to an 8 bit image, adjusting the
pixel intensity to approximately select only the first layer of nanofibers
and calculating this area fraction.'**” Porosity measurements from this
image analysis method were consistent with direct density measure-
ments (measuring the mass of a nanofibrous mat of known volume)
where the literature values of PEO density and the law of mixing were
used to estimate void space fraction.

Differential scanning calorimetry (DSC) (PerkinElmer Diamond
DSC-7) was used to determine the crystalline fraction. Sample
specimens were subjected to heating scans from 25 to 80 °C at a
heating rate of S °C/min (first heating cycle). Pyris software was used
to analyze the DSC data. Overall crystallinity (% X.) was calculated
from % X, = (AH,/AH*,) X 100, where AH,, and AH* , are the
melting enthalpies for the specimen and 100% crystalline PEO,
respectively (AH*,, = 213.7 J/g).** No evidence of cold crystallization
was observed. As fabricated, AuNP:PEO fibers showed a crystallinity
fraction of ~62.6 + 1%, which is comparable with the value of 64.7 +
1% in pure PEO nanofiber mats, indicating that addition of the metal
nanoparticles neither enhanced nor limited the ability of the polymer
to crystallize. Both as-fabricated as well as annealed samples (of all
modalities, with and without nanoparticles) showed melt temperatures
(T.,,) between 65 and 68 °C.

To study annealing-induced crystal structure changes, wide-angle X-
ray diffraction (WAXD) was performed at 20 angles ranging between
5° and 30° using a step size of 0.01° on a Rigaku Smartlab
diffractometer with Cu Ka radiation at a wavelength of 0.1541 nm.
From the diffractograms, full width at half-maximum intensity
(FWHM) and average crystallite size (calculated using the Scherer
equation) are reported for the peak observed at 20 angle ~19.0°
corresponding to the (120) reflection of PEO. ol
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3. RESULTS AND DISCUSSION

3.1. Increased Crystallinity without Compromising
Nanofibrous Morphology. A key result in this study,
demonstrated in Figure 1, is that photothermal annealing
results in crystallinity increase without sacrificing the nano-
fibrous morphology of the nonwoven mat.

Figure la shows the crystallinity from DSC as a function of
treatment time for each annealing modality. Each curve
demonstrates the expected response: at first the crystallinity
increases whereas at longer times, overt melting occurs which
destroys existing crystallites, resulting in nonideal recrystalliza-
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Figure 1. (a) Crystallinity as a function of annealing duration
(minutes) at S0 °C (T, — 15 °C). SEM images of (b) untreated
AuNP:PEO nanofibers and samples at a 70% crystallinity which was
achieved after annealing at S0 °C (c) for 90 min in a conventional
oven, (d) for 30 min with photothermal annealing (fan cooling), and
(e) for 8 min with photothermal annealing (natural cooling). The scale
bar (shown in (b)) is the same for all images.
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tion and thus a decreased crystalline fraction. Between these
extremes, a maximum value is achieved. Here, the maximum
crystallinity achieved under conventional annealing (filled
square symbols in Figure la) is 70% which occurs at ~100
min. For the fan-cooled photothermal samples (with identical
heating/cooling times to the conventional case, open diamond
symbols) the maximum crystallinity is 73% which occurs at ~60
min. As discussed in greater detail previously,””*** the
heterogeneous temperature distribution resulting from photo-
thermal heating means that regions particularly close to the
particles are significantly warmer than the average temperature
in the sample. Thus, the effective dynamic temperature in the
sample is higher under photothermal heating, which reduces
the time needed to achieve maximum crystallinity. For the
photothermal samples cooled naturally (slower cooling rate,
closed circle symbols), the overall crystallinity was equal to that
for the fan-cooled samples (73%) but occurred at ~20 min of
active heating (vs 60 min). In this case (discussed further, in
section 3.4), the sample remains warm after the SPR resonant
light is removed, effectively increasing the annealing time as the
sample slowly, naturally cools (i.e., the effective annealing time
is longer).

Examining the morphology of the samples when reaching
70% crystallinity (Figure 1c—e) which occurs at different times
for different protocols, we observe that the mat morphology is
essentially completely preserved for the photothermal (natural
cooling) case as confirmed by image analysis which shows the
average fiber diameter (143 + 32 nm) and porosity (76 =+
0.5%) are unchanged from that in the original, as-spun sample
(Figure 1b, average fiber diameter 169 + 27 nm, porosity 77 +
0.4%). The photothermal samples that experienced fan cooling,
which required a longer active treatment to achieve the same
crystallinity level, have a morphology very similar to the original
mats, with only a slight thickening of the fibers (204 + 39 nm)
and decreased porosity (73 + 0.5%). In contrast, there is overt
damage to the sample annealed under conventional conditions
(average fiber diameter 350 + 79 nm and porosity 61 =+ 0.6%).
This result highlights the utility of annealing with a
heterogeneous heat profile. Under conventional conditions,
the lower melting point surface of the sample is the first to
warm as heat must penetrate through the fiber surface in order
to reach the interior, causing surface relaxation and melting. In
contrast, in the photothermal approach the fiber surface is the
coolest region of the sample: heat is generated within the
nanofiber, and the heat loss mechanism of convection and
conduction by the air is the most dominant at the fiber surface.
Thus, the fiber surface is less affected in the photothermal
approach, leaving the nanostructured morphology intact.

Similar behavior was seen for samples at 60 °C (T, — 5 °C,
Figure 2, filled dark gray symbols) and 40 °C (T, — 25 °C,
Figure 2, filled black symbols). At all temperatures, the
conventional annealing approach (Figure 2a) results in
maximum crystallinity values ranging from 70 to 71%, which
indicates that this is the highest achievable value under uniform
heating at temperatures T, — 25 °C to T, — S °C. As discussed
below (section 3.2), maximum crystallinity from photothermal
approaches is always equal to or higher than the conventional
result, reaching values as high as 78%. Comparing the
morphology for samples with ~70% crystallinity (Table 1)
(achieved for different times in different modalities) for 40 °C
treatment, nanofiber diameter values after annealing overlap
within error for all annealing modalities and are not
significantly different from that within as-spun mats. Similarly,
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Figure 2. Crystallinity as a function of annealing duration (minutes) at
various temperatures for (a) conventional or photothermal annealing
(with (b) fan cooling or (c) natural cooling). Additional data in the
recrystallization region (after the maximum value has been achieved)
for the higher temperature data are not shown to ensure readability.

porosity values after annealing are also uniform across
modalities with only small differences from the as-spun case.
Here, the majority of the sample is always well below T, which
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Table 1. Figure Diameter and Porosity from Analysis of SEM Images after Treatment at the Given Temperature in the Given

Modality”
diameter (nm) porosity (%)
temp (°C) conv PT (fan) PT (nat) conv PT (fan) PT (nat)
40 188 + 43 208 + 53 209 + 48 76.1 + 0.6 76.3 + 0.6 75.0 £ 0.7
NU 350 + 79 204 + 39 143 + 32 61.2 + 0.6 72.6 + 0.4 764 + 0.5
60 307 + 76 227 + 59 202 + 59 62.9 + 0.5 76.8 + 0.9 76.4 + 0.6
as fabricated 169 + 27 772 + 0.4

“All analyzed images are from samples with crystallinity fraction ~70%. Annealing methods: conv = conventional, PT = photothermal, where fan =
fan-cooling and nat = natural cooling. Particular comparisons highlighted in the text are presented in bold font.

tends to preserve morphology; however, annealing times are
long. For annealing just below T, (60 °C), the results are
similar to that at S0 °C (Figure 1); that is, the photothermal
approaches preserve the nanofiber size and porosity much
better than conventional annealing where porosity drops by
~15% and fiber diameter almost doubles. Note that even when
annealing very close to T, the sample porosity is almost
unchanged for the photothermal modalities. We conclude that
for reasonable annealing times, which requires an annealing
temperature relatively close to T, photothermal heating
produces a much more favorable outcome even for the same
crystallinity increase—that is, the ability to maintain mat
nanofibrous morphology while also altering the interior of the
material.

3.2. Increased Maximum Crystallinity with Inhomoge-
neous Heating. As discussed above, the maximum crystal-
linity achieved for conventional annealing is ~71%. However,
as summarized in Figure 2, significantly larger values (up to
78%) were observed for photothermal modalities. In this
section, we discuss the origin of these results. Examining the
effect of temperature within each modality provides informa-
tion on the distribution of environments within the nanofibers.
For the conventional annealing approach, as the annealing
temperature changes, the time scale is compressed or expanded
(as expected from time—temperature superposition38 with no,
or only a slight, increase in the maximum achievable
crystallinity (Figure 2a)). Thinking of the crystallization process
as thermally activated where a well-defined barrier must be
overcome in order to transition a segment or region from
amorphous to crystalline, increasing the temperature should
lead to a decrease in the time to maximum crystallinity.

In contrast, for the photothermal modalities, the dominant
effect as the average temperature increases is an increase in the
maximum crystallinity (Figure 2b,c) with less of or no decrease
in the required time. For instance, for either photothermal
approach, as the temperature increases from 50 to 60 °C, the
speed to maximum crystallinity is not improved, but rather, a
much higher crystallinity is achieved. This result is consistent
with the presence of a wide range of barriers or multiple distinct
and significantly different barrier values. The highest barrier
environments are simply inaccessible at lower temperature (i.e.,
the rate to thermally activate is prohibitively small), which
limits the maximum crystallinity achieved and results in the
dynamics of the crystallization process being dominated by the
lower barrier population. This scenario is consistent with the
conventional annealing data, where the decreased time to
maximum crystallization is consistent with the change in
temperature and a fixed barrier value. However, when much
higher temperatures are applied (in this case, for photothermal
heating, the temperature at some points in the sample may even
exceed the bulk melting point), these higher barriers environ-
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ments can be converted, resulting in an increase in the
maximum crystallinity. In this case, at elevated temperature the
average dynamics will reflect a different distribution of barriers,
including larger barrier values, thus reducing the expected
increase in apparent crystallization rate.

This interpretation is supported by the presence of an
apparent multistage increase in crystallinity under annealing.
For instance, examining the effect of annealing at 60 °C (Figure
3), the first stage, which is identical under all modalities,
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Figure 3. Crystallinity as a function of annealing time in nanofibers
(solid lines) as compared to solution crystallized spin-cast films
(dotted lines) when annealed at 60 °C by conventional and
photothermal (PT) heating. For the nanofibers, all curves overlap at
low times, indicating that the increase in crystallinity from 62 to ~70%
is relatively facile. Additional data in the recrystallization region (after
the maximum value has been achieved) for the higher temperature
data have been removed to ensure readability.

happens rapidly with a sharp increase in crystallinity from 62 to
~70% over a ca. 8 min annealing period. Then the
photothermal samples continue to increase in crystallinity (to
a maximum of 75 and 78%) over the next 20—S0 min for
naturally or fan-cooled samples, respectively. No further
increase in crystallinity is observed for the conventionally
treated samples after the initial jump, and as at lower annealing
temperatures, the maximum crystallinity is ~70—71% until
melting and recrystallization occur. If there is a distribution of
environments within the nanofibers, with polymer segments
that are easier (low barrier) or more difficult (high barrier) to
reorient, the higher temperature near the nanoparticles during
photothermal heating may access higher barrier material and
thus lead to higher overall crystallinity. Spontaneous
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segregation of the nanoparticles (as discussed in section 3.4)
may aid in this process. The higher barrier material apparently
cannot be crystallized by uniform conventional heating because
the energy required for segment reorientation would result in
overt melting of other crystallites, resulting in no overall gain in
crystallinity fraction. A physical explanation for different
barriers in a semicrystalline nanofibrous system could be the
presence of row-nucleated structures due to chain elongation in
the fiber-forming process where aligned amorphous material is
relatively easy to crystallize. We note that for the highest
crystallinity samples some loss of nanofibrous morphology can
occur. For instance, for the photothermal fan-cooled samples
with 76 + 1% crystallinity, average fiber diameter is 290 + 90
nm with 52% porosity.

3.3. Crystal Structure. Wide-angle X-ray diffraction
(WAXD) provides information about the crystalline structure
within the nanofibers. WAXD revealed two crystalline peaks
(20 ~ 19.0° (120 reflection) and 23.1° (112 reflection)) as
expected for poly(ethylene oxide). As has been previously
observed for electrospun samples,62’63 the 19.0° peak is smaller
in amplitude than that at 23.1°. An example of the intensity as a
function of 26 is presented as Supporting Information. As
expected, the integral peak area increased with annealing
temperature and time, indicative of increased crystallinity.
Quantification of the crystallinity from WAXD was not possible
due to a convoluted amorphous halo, which was not seen in
previous studies on film samples and may be attributed to the
roughness of the fibrous mat samples. Crystallite thickness was
calculated using the Scherer equation,”"®* and the results for
select samples are shown in Table 2. For both annealing

Table 2. Average Crystal Size and FWHM from WAXD
Patterns of As-Spun and Annealed AuNP:PEO Nanofibers at
40 °C (180 min) and 60 °C (30 min)“

26 ~ 19.01°

annealing temp, annealing av crystal size FWHM
time technique A (deg)
control n/a 298 0.28
40 °C, 180 min conv 305 0.27
PT (fan) 346 0.24
PT (nat) 391 021
60 °C, 30 min conv 325 025
PT (fan) 356 023
PT (nat) 401 0.21

“PT = photothermal annealing; conv = conventional annealing; fan =
fan cooling; nat = natural cooling.

conditions studied (40 °C for 180 min and 60 °C for 30 min)
the crystallite thickness (120 reflection measured from 26 ~
19.0°) increased as a function of annealing method (smallest
for conventional and largest for natural cool photothermal).
This trend is consistent with the increases in crystallinity as
shown by the DSC studies discussed above.

3.4. Natural Cooling and Nanoparticle Segregation.
Figures 1—3 show examples of the differences in crystallinity
increase comparing the two photothermal modalities: natural
cooling and fan-forced cooling. We note that at any given
treatment temperature the naturally cooled photothermal
samples achieve higher crystallinities at shorter annealing
times, which is logical due to the slower cooling rate. To
quantify this effect, one approach is to assign an effective
annealing time (intentional annealing plus additional cooling
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time) for naturally cooled samples—this would shift the
“photothermal natural” curves to longer times. For instance, for
the 50 °C data, if the effective annealing time is 17 min longer
than the intended time, then the data from natural cooling
overlaps with that from photothermal heating with fan cooling
(Figure 4). Seventeen minutes is the correct order of
magnitude difference in time between natural cooling and
that for the fan-cooled modality.
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Figure 4. Comparison of the results of photothermal (PT) annealing
with fan cooling (open diamond symbols) with the effect of
photothermal annealing with natural cooling. The time scale for the
natural-cooled modality has been shifted by 17 min to reflect the
additional time during which the sample is experiencing elevated
temperatures.

However, data from higher and lower temperatures reveal
additional information. Examining Figure 2, one observes that
while the maximum crystallinity achieved for treatment at S0
°C is similar for the two different photothermal modalities
(73—=74%), for treatment at both 40 and 60 °C, the maximum
crystallinity for photothermal treatment with natural cooling is
much higher than that attained under the fan-cooling condition
(74 vs 69% and 78 vs 75%, respectively). Thus, no possible shift
of the time axis will allow the two curves to match. For
instance, examining the results for annealing at 40 °C, the
maximum crystallinity achieved via the natural-cooling photo-
thermal modality is 74% at 325 min. This result cannot be
realized by simply annealing for a longer time and then fan
cooling. In fact, the maximum crystallinity attained via
annealing with photothermal heating and then fan cooling for
any time (4—600 min) is 69%. Furthermore, at early times
(<10—15 min) for all temperatures, results from the two
different photothermal modalities are almost identical (without
any time shifts). The data for annealing at 60 °C (Figure 3)
illustrate this well: photothermal treatment of 2 min with a
natural cool results in only a modest increase in crystallinity
(66% vs 62% before any treatment), identical to the result for 2
min annealing and then application of the fan, even though the
natural-cooled sample is warm for much longer (ca. an
additional 17 min).

Thus, to summarize, natural cooling does not seem to
accelerate the initial fast crystallization process, which can be
thought of as involving material with a relatively low barrier to
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crystallization, such as might occur in regions with aligned
polymeric chains. However, in contrast, the natural cooling
appears to particularly target the higher barrier material that is
more difficult to crystallize—in fact, in this study, this fraction
of the sample could not be crystallized via conventional
annealing. Previously we®® and others®*™” have argued that
nanoparticles (here, 19 nm diameter) are unlikely to be
included within crystalline regions in semicrystalline polymers
but rather likely reside in the amorphous regions between
crystallites (with an average size of ~28 nm for PEO).”

However, within a nanofiber, the amorphous material is also
heterogeneous, with regions where chains are significantly
aligned due to the fiber-forming process.”* Such aligned
material is likely to be relatively easy to crystallize, as the
chains are already elongated and have decreased entanglement
and thus may be associated with the lower barrier, fast
crystallization process that is observed for all annealing
modalities. Sufficiently tight packing of chains may prevent
nanoparticle encapsulation within these regions during fiber
formation.

Figure 3 compares the results for conventional annealing of
nanofibers with those obtained for thin films. The initial
crystallization for thin films before any treatment, 61 + 2%,
matches that for nanofibers. However, thin films do not show
the fast increase in crystallinity at short times observed for the
nanofibers, indicating that the low barrier to crystallinity
population is not present within the thin films, consistent with
identifying such material regions as elongated and aligned
amorphous chains, which are oriented during the fiber-forming
process of electrospinning. This observation also indicates that
conventional annealing of nanofibers primarily results in
crystallization of this relatively aligned amorphous material,
with maximum crystallinity being achieved in ~10 min. In
contrast, within thin films, for a conventional anneal at 60 °C,
the crystallinity maximizes after treatment of ~30 min—a much
longer time scale, which is similar to the time to maximum
crystallization for photothermal heating at the same average
temperature. This comparison suggests that the “more difficult
to crystallize” material within the nanofibers may be similar to
the “regular” amorphous material within thin films.

4. CONCLUSIONS

The ability to transform the interior of a nanosized polymeric
object without melting the surface, and thus destroying the
nanostructure, is a powerful tool. Here, we have shown that by
utilizing photothermal heating, the crystallinity fraction in
polymer nanofibers can be manipulated, with total crystallinity
values that approach the theoretical maxima for an entangled
polymer (~80%). Photothermal annealing also better preserves
nanofibrous morphology. Both the ability to preserve fibrous
morphology and achievement of higher crystallinity values due
to accessing higher barriers reflect the innate difference in
nanoparticle-driven photothermal heating as compared to the
conventional heating approach—that the temperature is
spatially inhomogeneous. These outcomes are possible because
heat is predominantly applied within amorphous material,
which provides energy for the amorphous chains to reorient
and potentially crystallize but while also preserving the existing
crystallites (which are not directly heated and thus are
protected from melting). Nanoparticles are spontaneously
segregated within amorphous material due to their character-
istic size.”> This serendipitous organization is a distinct
advantage of a nanoparticle-based heating approach. For
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instance, small light-absorbing molecules can in principle also
be utilized to increase optical energy deposition and lead to
heating. However, a molecular-sized object is much more likely
to be incorporated homogeneously throughout the polymeric
system—Ilosing the spatial specificity that is crucial to large
increases in crystallinity seen for nanoparticle heating.
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