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Introduction. Electrospinning is a technique that allows
production of polymeric fibers with diameters ranging from Figure 1. Crosssed-polarized optical micrograph of electrospun fibers
nanometers to a few microns and thus with an inherent high of the PEG-urea inclusion complex.
surface-to-volume ratié® These fibers are finding potential
applications in drug delivery, tissue engineering, membranes, o= T
nanocomposites, etc. While electrospinning was initially used T )
to prepare disordered mats, it is now possible to produce aligned 3\;,'
fibers using various collectofs4 However, it is important to Y
control not only the macroscopic alignment of fibers but also

Endothermic

their molecular orientation because it strongly influences most - - PEO

mechanical, optical, and electrical properties of polyniers. =--= PEO fibers

Conventional spinning methods allow the production of fibers T g:ﬁ: c

with a very large molecular orientation, leading to ultrahigh [ ICfibers

modulus, but these are typically several microns or tens of [

microns in diametet.In contrast, the molecular orientation is 20 60 80 100 130 140 160

genera_llly modest in electrospun nano- or mic_rofilﬁér@. Temperature (°C)

AN -md?pendent method for breparing hlghl_y structured Figure 2. DSC thermograms of the bulk PEO, urea, and inclusion
materials is the ;elf-assemblgd formation of inclusion complexes complex (IC) as well as those of the pure PEO and PE®a IC
(IC) of polymeric guests inside a small molecule host matrix. electrospun fibers.
For instance, poly(ethylene oxide) (PEO) has been complexed
with urea?~1* mercuric chloridé? cyclodextrins'® etc. In their light when observed under crossed polarizers, indicating that
urea inclusion complexes, polymers are packed in one- they possess a significant level of molecular orientation.
dimensional channels constructed from an essentially infinite  For comparison, control PEO fibers electrospun under similar
three-dimensional network of hydrogen-bonded urea mol- conditions had a diameter in the 40000 nm range. This
eculest* The polymer chains are thus highly extended at the significant difference can be explained by the large concentration
molecular scale, but they are not aligned at the macroscopicdifference necessary to reach a similar viscosity, 5% for pure
level. PEO vs 20% for the inclusion complex. It is well accepted that

In this work, we have used electrospinning to prepare highly higher concentrations lead to fibers with larger diameters.
oriented and well-aligned fibers of the self-assembled inclusion Interestingly, thermogravimetric analysis (see Supporting In-
complex between urea and high molecular weight (400 000 formation) revealed a 3:1 urea:PEO mass ratio, thus suggesting
g/mol) PEO. The IC was prepared by a cocrystallization method, a similar PEO concentration in both solutions. This corresponds
and the resulting 20% w/v suspension was electrospun, underto a~9:4 urea:PEO molar ratio, in agreement with the reported
a 17 kV potential difference, onto a target composed of two value for this complex.
metallic counter electrodes separatgdatb cmgap. The details Figure 1 shows that fibers can be electrospun, but it does
of the sample preparation, electrospinning conditions, and not establish that they are composed of the inclusion complex.
sample characterization are provided in the Supporting Informa- Figure 2 compares the DSC thermograms of the bulk PEO, urea,
tion. To our knowledge, it is the first time that such IC fibers and IC as well as those of the pure PEO and IC electrospun
were prepared and characterized. fibers. A single endothermic peak, attributed to the melting of

Results and DiscussionFigure 1 shows a crossed-polarized the crystalline phase, can be observed for all samples. The
optical micrograph of a sample obtained by electrospinning the melting temperature of the bulk inclusion complex is found at
PEO-urea IC suspension. Cylindrical fibers having-a2lum 146°C, clearly above those of pure PEO (88) and pure urea
diameter are observed, clearly demonstrating that the-PEO (136 °C) and in agreement with the literature valdeThe
urea inclusion complex can form fibers in spite of its rather melting peak is observed at144°C for the fibers electrospun
poor film-forming properties. The fibers do not show any from the IC suspension, very close to that of the bulk sample.
beading and are mostly continuous over the 5 cm gap betweenlt is thus a good indication that the fibers are truly composed
the counter electrodes. A few breakage points can nevertheles®f the inclusion complex. The melting temperature difference
be observed, most likely because of a high level of crystallinity between the fibers and bulk IC is similar to that3 deg)
(vide infra) that makes the material brittle. The fibers transmit observed between the fibers and bulk of pure PEO.

These conclusions are supported by infrared spectroscopy

* Corresponding author: Tel (514) 340-5762; Fax (514) 340-5290; e-mail Measurements (see Supporting Information). Indeed, the infrared
c.pellerin@umontreal.ca. spectra of the bulk IC and the electrospun IC fibers are very
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Table 1. WAXD Characterization of the Degree of Orientation for
PEO-Urea Inclusion Complex Electrospun Fibers

26 peak (deg) 21.6 25.5 27.2

fwhh? (deg) 13 13 13
Px(cosg)d 0.90 0.91 0.85
plane attributioh  102; 201; 012; 021  210;120  211;121

a Full width at half-height of the diffraction peaks in the azimuthal scan.
b Calculated based on the unit cell data reported in ref 9.
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In addition to providing structural information, X-ray dif-
fraction can be used to probe the molecular orientation in
polymers. While a uniform azimuthal intensity distribution is
observed for the bulk IC (left inset of Figure 3a), the electrospun
fibers present a highly inhomogeneous diffraction intensity
distribution (right inset). The azimuthal scan for thg=2 21.6°
diffraction plane of the electrospun fibers is shown in Figure
. A ] 3b. A narrow peak with a full width at half-height (fwhh) of
‘% ~13° can be observed because of the strongly anisotropic
: . distribution of the crystals in the fibers. Similar values are
\ obtained for the other intens@ 2iffraction peaks, as shown in

i 1 Table 1.

i ] The second-order moment of the orientation distribution
‘g function of thec-axis, P,(cos¢){, was calculated to quantify
the molecular orientation in the fibers. Because the (00l)
reflection plane is not available, the orientation function was
calculated from other reflection planes, assuming uniaxial
symmetry, as

]
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Figure 3. (a) Wide-angle X-ray diffraction @ diagrams for the bulk 3coso—1

and electrospun fibers of the PE@rea inclusion complex (IC) and )

two-dimensional diffraction patterns of bulk IC (left inset) and Whereo is the angle between the normal to tilf plane and

electrospun fibers (right inset). (b) Azimuthal profile of the WAXD  the c-axis. Because the assignment of thé&l) is not unique

pattern for electrospun PEQirea IC at 2 = 21.6. for most diffraction peaks, the azimuthal angle of the peak
o ) maximum was taken as The averagétos ¢lwas calculated

similar but are markedly different from those of pure PEO and py integrating the intensity of specifi@2iiffraction peaks along

urea. Tonelli et al. studied the infrared spectra of bulk PEO  the azimuthal anglep, as

urea IC and suggested that the urea bands are modified by the

new hydrogen-bonding network and that PEO chains adopt a (@) cof @ sine d
more extended conformation than the usual trageiche-trans |]:o§q>|]= fo (@) ponete )
(TGT) conformation found in pure crystalline PEO around the f”| (¢) sing dg

0

O—C—C—O0 linkages!!

It can be observed in Figure 2 that the thermograms of the  Table 1 shows that an averaf®y(cos¢)[d value of 0.89 is
bulk IC and of the fibers do not present any significant transition obtained for the electrospun fibers of the inclusion complex.
at the melting temperatures of either pure PEO or urea. This Thijs unusually large molecular orientation is very close to the
indicates that the sample preparation procedure removed mosinaximum theoretical value of 1 that would be obtained for a
if not all free urea and PEO from the inclusion Complex. In Samp|e perfecﬂy oriented a|0ng the reference direciom.
addition, thermogravimetric analysis (see Supporting Informa- contrast, aP,(cos ¢)d value of~0 would be obtained for an
tion) of the fibers shows that the electrospinning process doesijsotropic sample, as for the bulk IC.
not alter the composition of the inclusion complex. The  To the best of our knowledge, it is the first time that such
crystallinity level could not be determined quantitatively because high orientation level is reported not only for self-assembled
the melting enthalpy of the 100% crystalline IC is not known. inclusion complexes but also for polymers in electrospun fibers.
However, the absence of a glass transition temperature and ofThe largest quantitative values we have found in the literature
a crystallization exotherm suggests that the degree of crystal-yere obtained by Reneker and Cheng et al. for nanocomposite
linity is large for both IC samples. fibers of poly(acrylonitrile) (PAN) and multiwalled carbon

The two-dimensional WAXD patterns andd 2diagrams nanotubes (MWCNT}S [P,(cos ¢)[values of 0.62 and 0.90
obtained for the bulk and electrospun IC are shown in Figure were obtained for the PAN and MWCNT, respectively. It should
3a. Very similar 2 diagrams can be observed, indicating that be noted that a rotating collector was used in these experiments
the crystalline structure remains essentially the same afterand imposed an-8.4 m/s linear velocity on the fibers. It was
electrospinning. Both samples show intense and narrow dif- shown for pure PAN fibers that increasing the take-up speed
fraction peaks and no significant amorphous halo, further from 0 to 9.84 m/s increases the orientation function from 0 to
suggesting a high crystallinity level. It is noteworthy that the 0.23/ partly because of better macroscopic alignment but also
most intense diffraction peaks of pure PEO (23.&nd urea because of drawing. In contrast, the PE@ea IC fibers
(22.5’) are not observed in the X-ray diagrams, confirming that prepared in this work were collected between two static metallic
no residual pure (crystalline) products are present. rods, ensuring that no force acted on the fibers apart fronstQ/
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