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ABSTRACT: Fluorescent cellulose triacetate (CTA) fibers
were prepared by electrospinning solutions of CTA dis-
solved in an 8 : 2 v/v cosolvent system of methylene chlo-
ride (MC) and methanol (MeOH) which contained CdSe/
ZnS quantum dots (QDs). The relatively low loading of
colloidal nanoparticles was sufficient to impart fluores-
cence to the fibers but did not significantly alter fiber mor-
phologies, which tended toward smooth surfaces with the

occasional longitudinal feature. The fibers were birefrin-
gent due to the alignment of the polymer chains which
occurred during electrospinning and had widths on the
order of a hundred nanometers. © 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 119: 803-810, 2011
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INTRODUCTION

Electrospinning is an established and experimentally
straightforward technique, which has the potential
to produce virtually continuous lengths of submi-
cron width fibers, from a wide range of materials,
including many polymers and blends.'™ Electrospun
fibers have been proposed for many different types
of applications including filtration, textiles,® tissue
engineering,” '° optical and electronic devices,'"'?
and sensing.'** The properties of electrospun poly-
mer fibers can be further enhanced by the incorpora-
tion of functional materials, such as polymer (i.e., to

make a blend),lS’16 metal complexes,w‘19 nanopar-
ticles,1220-23

carbon nanotubes,*?° dye molecules,'?
dye loaded zeolite crystals,* or proteins.'**

In a typical experiment, a high voltage (kV) is
applied to a metallic capillary through which the
polymeric solution is fed. The charges induced on
the surface of the pendant polymer droplet act in
opposition to the surface tension of the fluid. Above
a critical voltage, repulsive Coulombic interactions
overcome surface tension, causing an electrified
polymer jet to be accelerated from the apex of the
droplet towards a grounded collector, located some
fixed distance away. The polymer jet is elongated
into a long, thin filament as the solvent evaporates
and is deposited onto the collector in the form of
fibers. Depending upon the nature of collection,
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fibers may be collected in random mats or in more
ordered assemblies. The elongational flow of the
polymer to some degree results in orientation of the
macromolecular chains in the fibers and to interest-
ing uniaxial properties such as birefringence.”***
The morphologies and dimensions of electrospun
fibers are dependent upon the often complex interre-
lationship between intrinsic polymeric and solution
properties, processing parameters, and ambient
conditions.

In this article, we describe the electrospinning of
CTA fibers containing CdSe/ZnS quantum dots
(QDs) from a mixed solvent composed of methylene
chloride (MC) and methanol. The fluorescence of the
fibers was derived from the colloidal QDs which
were incorporated into the electrospinning solutions.
The quantum confinement of excitons in semicon-
ductor nanoparticles results in unique -electronic
properties.” ™" Briefly, the energetic spacing bet-
ween the valence and conduction bands increases
with decreasing particle size giving rise to size de-
pendent characteristics, which include broad excita-
tion and sharp fluorescence. For fluorescent applica-
tions this translates into smaller nanoparticles
emitting bluer wavelengths compared to larger
nanoparticles and a potential for creating single sys-
tems, which incorporate QDs having discrete fluo-
rescent wavelengths. The QDs used in this study are
core-shell nanoparticles with a CdSe core and a ZnS
shell. The CdSe core has a lower band-gap com-
pared to the ZnS outer layer and largely defines the
optical characteristics of the particles, whereas the
ZnS shell improves the optical efficiency and stabil-
ity of the particles.®> In comparison to organic
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fluorophores, surface passivated QDs possess com-
parable quantum yields but are less susceptible to
photobleaching.®!

CTA is a commercially important cellulose ester
and is a key component of photographic films and
liquid crystal display (LCD) screens. CTA is derived
from the acetylation of cellulose and possesses a B-
(1-4) glycosidic backbone with acetyl groups in
place of the hydroxyl groups of cellulose.”®> Unlike
native cellulose which is highly crystalline, hydro-
philic, and insoluble in most solvents, cellulose tria-
cetate is semicrystalline, hydrophobic, and readily
soluble in common organic solvents, making it more
amenable to solution processing. Cellulose can be
regenerated by base-catalyzed de-esterification of
CTA. The conversion to cellulose can be limited to
the surfaces of CTA fibers and films, improving
aqueous dispersibility while retaining the bulk prop-
erties of the polymeric material. In previous
work,**?> we have shown that CTA is an appropri-
ate polymeric matrix for CdSe/ZnS QDs and that
surface hydrolysis to cellulose made the fluorescent
materials water dispersible and able to adhere to
other cellulose surfaces. The electrospinning condi-
tions described in this article are similar to those
used by Han et al*® who made CTA fibers from
mixtures of ethanol and methylene chloride, and
established the practicability of preparing CTA fibers
using the electrospinning technique. The desirable
properties of CTA, including good spinnability and
compatibility with QDs, made it a highly suitable
polymer for the current application. We found it rel-
atively straightforward to prepare fluorescent CTA
fibers with reasonably reproducible morphologies
and dimensions from MeOH and methylene chloride
mixed solvent.

A parallel electrode collector was used which
resulted in the spatial alignment of fibers across the
gap between electrodes.”’?® The linear, fluorescent
fibers are characterized by a high density arrange-
ment of QDs, and the method of collection provides
some degree of control over the 2D fiber architec-
ture. The ability to produce polymeric fibers incor-
porating QDs and ordered arrangements of these
fibers may be important for photonic and electronic
devices such as polymeric lasers and light-emitting
diodes.’?® Electrospinning seems to provide a
potentially straightforward route toward the prepa-
ration of such systems.'!?**!

EXPERIMENTAL SECTION
Materials

Cellulose triacetate (43% acetyl content by weight,
103 kDa), and HPLC grade methanol (MeOH) and
methylene chloride were purchased from Sigma-
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Aldrich. Commercial suspensions of trioctylphos-
phine oxide (TOPO) capped CdSe/ZnS quantum
dots in toluene with nominal sizes of 2.1-5.2 nm and
approximate quantum yields of 30-50% were
obtained from Evident Technologies. All materials
were used as received.

Preparation of electrospinning solutions

CTA solutions in methylene chloride and alcohol
mixed solvent (65 g/L) were prepared in the follow-
ing ratios: 10 and 20% v/v solutions of methanol in
methylene chloride. The spinning solutions incorpo-
rating QDs were prepared from CTA dissolved in
20% by volume methanol in methylene chloride. The
fluorescent solutions had a first excitation peak ab-
sorbance of ~ 0.01 units, corresponding to an ap-
proximate QD loading of less than 1% by weight.

Electrospinning

A horizontal set-up was used. The voltage was fixed
at 15 kV, the solution flow rate at 1 mL/h and the
distance between capillary and collector at 10 cm.
Depending upon the subsequent characterization,
the grounded collector consisted of either a piece of
metal foil or parallel metallic electrodes held in place
by a plastic clamp which allowed the distance
between electrodes to be adjusted. The parallel elec-
trode collection allowed the fibers to be directly
transferred onto a substrate for analysis. The experi-
ments were repeated at least twice with fresh solu-
tions at ambient temperature (about 20°C) and rela-
tive humidity (about 30-50%).

Scanning electron microscopy

Morphologies and fiber dimensions were deter-
mined from SEM images obtained using a Hitachi
S-4700 cold field emission scanning electron micro-
scope (FE-SEM). Prior to imaging the samples were
sputter coated with Au-Pd wusing a Technics
Hummer IV Sputter/Coater System.

Polarized optical microscopy

A Nikon Eclipse LV100POL microscope was used to
observe the fibers under polarized light.

Differential scanning calorimetry

The thermal properties of the fibers were studied
using a TA Instruments Q2000 DSC with a heating
rate of 10°C/min and sample masses of 5-10 mg.
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Fluorescence and UV-Vis spectroscopy

Fluorescence spectra were recorded on a FluoroMax-2
fluorimeter (Jobin Yvon-Spex) using 400 nm excita-
tion. UV-Vis spectra were obtained using a Cary 300
BIO UV-Vis spectrometer (Varian). Fiber spectra were
obtained by transferring fiber mats onto quartz slides.

Confocal microscopy

Fluorescent images of the fibers containing QDs
were obtained using a Zeiss 510 confocal micro-
scope. The optical configuration of the microscope
was optimized for the different QD emission wave-
lengths. Fibers incorporating 525 nm QDs (green)
were visualized using a 505-550 nm band pass filter
and fibers incorporating 615 nm (red) QDs were
visualized using a 560 nm long pass filter. A 405 nm
laser excitation was used.

RESULTS AND DISCUSSION

Prior to preparing fluorescent fibers, the properties
CTA fibers which did not contain QDs were studied
in order to better asses the affects, if any, resulting
from the incorporation of nanoparticles into the
polymer fiber. CTA fibers were prepared from
mixed solvent comprised by volume of either (1)
20% MeOH and 80% MC or (2) 10% MeOH and 90%
MC. As mentioned in the introduction section, CTA
fibers have been successfully electrospun by Han
et al.*® who dissolved the cellulosic in mixtures of
ethanol and MC. We used MeOH as the alcohol
component of our solvent since our past work™
indicated some compatibility between QDs and this
solvent mixture.

In general, the SEM observations presented in Fig-
ure 1 indicated that an increase in the volume per-
centage of alcohol altered the fiber morphologies
from porous to nonporous. As the volatility of the
solvent system decreased with added alcohol, the to-
pology of the fibers tended to smoother surfaces.
The use of volatile solvents, such as MC, has been
shown to produce porous fibers.***** Replacing
methylene chloride (boiling point = 40°C) with
lower vapor pressure alcohols will reduce the tend-
ency to pore formation but at the 10% by volume
methanol content [Fig. 1(a)] porous morphologies
were still apparent. The fibers prepared from 10%
by volume MeOH solvent had widths ranging from
~ 300 nm to ~ 3 pum, whereas the widths of the
fibers electrospun from the higher MeOH content
solvent had a narrower range of ~ 400 to ~ 700 nm.
The relatively large thicknesses are not uncommon
for fibers electrospun from cellulose deriva-
tives®?**™* and may perhaps be related to the rel-
ative stiffness of cellulosic chains. In addition,
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Figure 1 SEM of CTA fibers electrospun from MC and
MeOH mixed solvent: (A) 10% MeOH by volume and (B)
20% MeOH by volume.

dimensions were not entirely consistent across single
fibers.

The porous fibers were characterized by longitudi-
nal pores having ~ 100 nm long-axis widths, with
some of the larger pores seemingly formed from co-
alescence of smaller ones, and by smaller pores with
cross sections approaching circular. Pore formation
in electrospinning is generally attributed to phase
separation induced by rapid solvent evaporation.*
For polymer solutions exhibiting an upper critical
solution temperature (UCST), such as CTA, the sud-
den cooling caused by rapid solvent evaporation
may be sufficient to quench the system into the
biphasic regions of the phase diagram.***> The sol-
vent rich phase evaporates to form pores and the
concentrated phase solidifies into the fiber. The
dominant mechanism for the formation of pore
structures in electrospun fibers, particularly when
interconnected pores are observed, is generally con-
sidered to be phase separation by spinodal decom-
position.” The rapid rates of fiber formation and
solvent evaporation, characteristic of electrospinning
from volatile solvent, are compatible with the fast

Journal of Applied Polymer Science DOI 10.1002/app
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quench needed to bring the system into the unstable
spinodal region of the phase diagram.” Porous
structures have also been attributed to vapor
induced phase separation,45’46 the effects of humid-
ity**5% and solvent evaporation through a polymer
skin.® In the current system, where highly volatile
methylene chloride was used under relatively high-
ambient humidity and where polymer skins were
formed, it is difficult to conclusively pinpoint a sin-
gle pore forming process.

The fibers spun from the higher alcohol solvent
compositions [Fig. 1(b)] were smooth, with longitu-
dinal ridges. This type of feature has been previ-
ously observed by Han et al.*® for electrospinning
CTA ethanol and methylene chloride cosolvents and
by Park et al.*’ who prepared ethyl cellulose fibers
by electrospinning from mixtures of DMAc and
THF. The corrugations, particularly when they
extended in a linear fashion along the fiber lengths
or disengaged from the main fiber axis, seem to
indicate fiber bundles. A bundled morphology typi-
cally indicates that the fibers are still wet when they
hit the collector, causing individual fibers to stick to-
ge’cher.48 The addition of alcohol, from 10% to 20%
by volume of MeOH, decreased the overall volatility
of the system and, with the electrospinning condi-
tions used in the current experiments (i.e., 10 cm
between capillary and collector), resulted in wetter
fibers.

Polarized microscope images of the CTA fibers are
presented in Figure 2. Due to the nature of collec-
tion, the fibers were more or less aligned with the
direction of alignment indicated with arrows. Sam-
ples which are oriented or crystalline appear bright
when viewed between crossed polarizers, and con-
versely, amorphous materials appear dark. All the
electrospinning conditions resulted in fibers which
appeared bright between crossed polarizers, indicat-
ing birefringence and polymer chain orientation
within the fibers. Birefringent wet spun CTA fibers
were prepared by Bheda et al.*’, but in that case the
initial polymer solution was an ordered liquid crys-
talline phase. Han et al.** did not address the bire-
fringence of the CTA fibers which they prepared.
The observation of birefringence does not seem alto-
gether surprising for fibers prepared from semicrys-
talline polymer in a mesogenic solvent, subjected to
the strong elongational forces characteristic to
electrospinning.

QDs were incorporated into the fibers electrospun
from the higher alcohol content solvent mixture
because the fibers prepared from this condition were
most uniform. QDs have been previously incorpo-
rated into polymeric electrospun fibers: PLLA ands
PS fibers embedded with ZnSe quantum dots were
prepared by Schlecht et al."!, PMMA fibers embed-
ded with CdSe/ZnS quantum dots were electrospun
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Figure 2 Polarized microscopy of CTA fibers electrospun
from MC and MeOH mixed solvent: (A) 10% MeOH by
volume and (B) 20% MeOH by volume. Arrows indicate
direction of fiber alignment. [Color figure can be viewed
in the online issue, which is available at
wileyonlinelibrary.com.]

by Tomczak et al.'* and Liu et al.*' Spun fibers from
mixtures of CdSe/ZnS QDs and light guiding poly-
mer, Wang et al.** prepared fibers from cadmium
acetate and polyethylene oxide (PEO) solution and
treated the resultant fibers with H,S to generate CdS
nanoparticles in-situ and most recently Li et al.*’
made nanotubes by electrospinning mixtures of col-
loidal ZnO and polyvinylpyrrolidone (PVP) solution.
In the current approach, small volumes (~ 0.1 mL)
of CdSe/ZnS QDs in toluene (either single particle
sizes or a mixture) were added to the CTA solution
and fibers were obtained by electrospinning the mix-
ture. The fluorescence and absorbance spectra of the
QDs and a photograph of the spinning solutions
taken under UV-illumination are presented in Fig-
ures 3 and 4, respectively.

In Figure 5, SEM images are presented of two rep-
resentative fluorescent samples. The morphologies
and dimensions of the fibers were found to be gen-
erally unaffected by the relatively small addition of
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Figure 3 Absorbance (dotted lines) and fluorescence
(solid lines) of QDs used in electrospinning experiments.
(From left to right, increasing QD size series in toluene).

QDs, and there did not seem to be any measurable
correlation between the size of the QDs and the size
of the fibers. The widths of the fibers ranged from
100 nm to 2 pm.

The fluorescence of the fibers was visualized using
UV-illumination (Fig. 6), fluorescence spectroscopy
(Fig. 7) and confocal microscopy (Fig. 8). Figure 6
illustrates the macroscopic fluorescence of a mat of
unaligned fluorescent fibers collected on a sheet of
foil and Figure 7 looks at that same mat using fluo-
rescence spectroscopy. The peak wavelength was
found to be 611 nm, slightly blue-shifted compared
to the fluorescence of the initial colloidal QDs. The
shift to higher energy emissions has been previously
observed in CTA films embedded with commercial
CdSe/ZnS QDs and may be reflective of improved
surface passivation of the nanoparticles.”® Figure 8
shows confocal microscopy of the fibers, which
allowed direct visualization of the fluorescence of
single fibers. The fibers in Figure 8(a) contained QDs

Figure 4 Fluorescent electrospinning solutions containing
QDs with fluorescence peaks at (A) 525 nm QDs, (B) 550
nm, (C) 590 nm, (D) 615 nm and (E) 525 and 615 nm.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 5 SEM of CTA fibers containing quantum dots
with fluorescence peaks at (A) 550 nm and (B) 590 nm.

with 525 nm peak fluorescence and in Figure 8(b)
two types of fibers, containing QDs which fluoresced
at either 525 or 615 nm were collected onto a single
substrate.

Polarized microscopy images of CTA fibers which
contain QDs are shown in Figure 9. The fibers are
birefringent and the addition of QDs does not seem
to significantly alter the ordering of polymer chains
which occurs during the electrospinning process.

Differential scanning calorimetry (DSC) was used
to probe the thermal signature of the electrospun
fibers, and to determine if crystalline order played a
role in the observed birefringence. In Figure 10, the
DSC curves for first heating are presented for com-
mercial CTA melt-processed pellets, CTA fibers elec-
trospun from 20% by volume alcohol content and a
CTA film cast from the same solvent mixture. The
thermograms for fibers containing QDs are not
shown since they were very similar to those of the
blank CTA fibers. The endothermic hump observed
between 50 and 100°C in the CTA fiber and film
thermograms is attributed to the evaporation of sol-
vent.*” The thermal properties of CTA have been
studied extensively, and the absence of a

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Macroscopic fluorescence of a mat of CTA fibers
containing QDs with fluorescence at 615 nm. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

crystallization temperature (T,) and of a well-defined
glass transition (T) in the commercial sample is typ-
ical.* In contrast, the film and fiber samples exhib-
ited glass transition regions at ~ 190°C and exother-
mic peaks at around 218°C, indicative of some
crystallization upon heating. All samples finally
melted at around 290°C. The transition of amor-
phous regions to crystalline domains, observed upon
heating the film and fiber samples, is related to the
processing of the samples. For the CTA film, the
slow timescale of evaporation (about 24 h) may have
allowed the chains to achieve some degree of orien-
tation before being frozen into the film structure.
The electrospun fibers were subjected to extremely
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Figure 7 Fluorescence of CTA fiber mat containing QDs.
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Figure 8 Confocal microscopy of fluorescent fibers: (A)
fibers containing QDs with 525 nm fluorescence and (B)
fibers containing QDs with either 525 or 615 nm fluores-
cence. (Scale bars = 20 mm). [Color figure can be viewed
in the online issue, which is available at
wileyonlinelibrary.com.]

rapid solvent evaporation, but also to strong stretch-
ing forces that may be sufficient to produce signifi-
cant polymer chain alignment. The chain alignment
induced during processing likely facilitates the crys-
talline transition observed upon heating.

The DSC data can be used to determine the degree
of crystallinity by evaluating the heats of fusion of
the samples (AH);) and comparing those values to
the heat of fusion for a 100% crystalline CTA sample
(AH34). In these calculations the heat of fusion of
100% crystalline CTA was taken to be 58.8 J/g.”
The data is summarized in Table I. The percent
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Figure 9 Polarized optical microscopy of CTA fibers con-
taining quantum dots with fluorescence peaks at (A) 525
nm and (B) 615 nm. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 10 DSC thermograms of commercial CTA pellets,
CTA film, and electrospun fibers from 8 : 2 v/v MC :
MeOH solvent.
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TABLE I
DSC Data for CTA Film, Fiber, and Commercial Pellets
Te (°C) Tm (°C) AHc(/g) AHm(/g) C(%)°
Pellets n/a 289.4 0 15.2 25.8
Film 2189 289.8 3.5 19.2 26.6
Fiber 217.7 288.6 3.2 19.8 28.2

2 C (%) = (AHy — AHe)/AH,

crystallinity of all three samples was quite similar
(2628 %) but was greatest for the fiber sample and
least for the commercial pellets.

CONCLUSIONS

CTA fibers of micron and submicron widths were
successfully electrospun from CTA dissolved in mix-
tures of methanol and methylene chloride. The fibers
were macroscopically aligned by the use of a parallel
electrode collector. By varying the alcohol compo-
nent of the solvent it was possible to obtain fibers
with either porous morphologies (lower alcohol con-
tent) or smoother morphologies (higher alcohol con-
tent). Fluorescent fibers were prepared by incorpo-
rating QDs into the CTA spinning solution and the
fibers possessed morphologies similar to fibers spun
from the initial polymer solution. The fibers were all
found to be birefringent due to the alignment of the
polymer chains which occurs during the electrospin-
ning process.
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