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Abstract

Electrospun fibers often exhibit enhanced properties at reduced diameters, a characteristic now widely attributed to a high

molecular orientation of the polymer chains along the fiber axis. A parameter that can affect the molecular organization is

the type of collector onto which fibers are electrospun. In this work, we use polarized confocal Raman spectromicroscopy

to determine the incidence of the three most common types of collectors on the molecular orientation and structure in

individual fibers of a broad range of diameters. Poly(ethylene terephthalate) is used as a model system for fibers of weakly

crystalline polymers. A clear correlation emerges between the choice of collector, the induced molecular orientation, the

fraction of trans conformers, and the degree of crystallinity within fibers. Quantitative structural information gathered by

Raman contributes to a general description of the mechanism of action of the collectors based on the additional strain they

exert on the forming fibers.
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Introduction

Electrospun fibers are continuous structures formed by the

solidification of a thin jet propelled from a polymer solution

subjected to a strong electric field.1�4 They exhibit appeal-

ing mechanical,5�13 electrical,14,15 and thermal16 properties

that are often greatly enhanced at sub-micrometer diam-

eters (d) compared to those of the bulk materials.

Accordingly, they are promising materials for applications

that include tissue engineering,17�20 selective filtration,21,22

sensing,23 and energy harvesting.24,25 However, our partial

understanding of the processing-structure-properties rela-

tionships in electrospun fibers still limits their optimization

and widespread application.1,2,26

Confocal Raman spectromicroscopy is a technique of

choice for investigating the structure of electrospun fibers

because it allows quantification of molecular and supra-

molecular characteristics, such as molecular orientation,

conformation, and crystallinity, at the individual fiber

level.1,26�31 This structural information can then be

correlated to fiber diameter, processing parameters, and

to the ultimate properties. For instance, our group has

shown by Raman that the molecular orientation in amorph-

ous polystyrene fibers increases exponentially with a reduc-

tion in fiber diameter,28 and that orientation follows the

same trend as the increase in modulus.6,7 Notably, the lar-

gest fibers presented bulk-like properties and negligible

orientation while both values increased for thinner fibers

below an onset diameter (do) value, in line with infrared

spectroscopy (IR) measurements on bundles of poly(tri-

methyl hexamethylene terephthalamide) fibers, another

amorphous polymer.9 These orientation and mechanical
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behaviors have been rationalized theoretically.32�34

Recently, Raman helped evidence that the degree of crys-

tallinity of the electrospun polymer affects the level of

molecular orientation and the shape of its diameter

dependence.29 In particular, polymers with a very high

degree of crystallinity, such as poly(ethylene oxide) (PEO)

and poly(oxymethylene) (POM), lead to a much higher

orientation throughout the diameter range and to non-

zero orientation even for the largest fibers.30 Orientation

trends were also observed using other nanoscale tech-

niques such as atomic force microscopy-IR spectros-

copy35,36 and selected area electron diffraction,37�39 but

the tedious sample preparation and analysis they require

prevented studying of a sufficient number of fibers to

draw definitive conclusions on diameter-dependent struc-

tural characteristics.26 In contrast to the cases of amorph-

ous and highly crystalline polymers, the behavior of

polymers of low crystallinity, such as poly(ethylene tereph-

thalate) (PET), remains an open question that we address

herein.

An important electrospinning parameter that affects the

real or apparent degree of orientation in electrospun fibers

is the type of collector onto which they are deposited.

Various collectors have been designed to prepare fiber

mats with a macroscopic organization adapted for specific

applications.2 For instance, membranes for selective filtra-

tion generally require a random nonwoven network in

which the size and density of pores must be controlled to

optimize efficiency.21,22 In this case, a simple metallic plate is

usually the preferred collector. Other applications require

highly aligned fibers to take advantage of their anisotropic

properties, for instance in energy harvesting and elec-

tronics where alignment improves electrical transport

properties,24,25,40 or to help replicate the properties and

functions of biological tissues such as promoting cell migra-

tion and growth.17�19 The most common collectors to

produce well-aligned fibers are the gap collector, which

consists of conductive rods separated by a small gap and

between which the fibers are quickly propelled back and

forth, and the rotating collector, where fibers are mechan-

ically drawn by the fast rotation of a metallic disk or drum.

Less frequent implementations include movable setups and

patterned collectors that can yield fiber mats with more

complex organizations for niche applications.20,41,42

Up to now, most studies examining the effect of the col-

lector on molecular orientation have been conducted at the

mat level using methods such as IR spectroscopy and X-ray

diffraction. At this macroscopic scale, similar observations

were made for fibers spun from amorphous polymers such

as polystyrene,43 semi-crystalline polymers such as nylon-

6,44 nylon-6,6,45 poly(acrylonitrile),46 poly(caprolactone),47

and poly(vinylidene fluoride) (PVDF),48,49 as well as for

highly crystalline PEO50 and POM.51 The apparent

orientation was negligible for fibers deposited on a metallic

plate, an observation mainly attributed to the absence of

additional mechanical or electrostatic force exerted by the

collector.46,48�51 In contrast, aligned fibers showed a signifi-

cant molecular orientation proportional, to a certain extent,

to the distance between the rods for the gap collector or to

the rotation velocity for the disk or drum collectors.43�51

However, structural information obtained at the mat level

depends not only on the orientation of the polymer chains

but also on the alignment of fibers in the mat, leading to clear

discrepancies between these studies and those conducted at

the single fiber level.1,26 Although strategies were developed

to deconvolute the molecular orientation, such as maximiz-

ing the alignment or taking it into account using the Legendre

addition theorem,43,47 measurements at themat level remain

intrinsically affected by the presence of defects and by the

fiber diameter polydispersity, both inherent in the electro-

spinning process.1,26

The few published studies on the effect of collection on

the structure of individual fibers stand out by revealing a

strong impact of the nature of the electrospun polymer

that appears consistent with the above-mentioned effect of

crystallinity on the diameter-dependance of orientation.

Rabolt et al. showed by selected area electron diffraction

that individual nanofibers of semi-crystalline PVDF

and poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexano-

ate] are significantly less oriented when collected using a

metallic plate thanwith a rotating disk or gap collector.48,49,52

The extent of orientation was influenced by slight variations

of collector parameters that could be optimized to afford

fibers with highly oriented strain-induced metastable crystal

structures.52 In sharp contrast, our group studied highly crys-

talline PEO fibers by Raman53 and found that all fibers inter-

rogated were very highly oriented regardless of the collector

used (including a metallic plate). This was attributed to the

fast crystallization rate of PEO that would favor the forma-

tion of highly oriented crystals before the jet reaches the

collector.30,53 These studies strongly suggest that the collec-

tion method, degree of crystallinity, and molecular orienta-

tion are interrelated and can affect the diameter-dependent

properties of the resulting fibers.

In this work, we contribute to filling the gap in the

understanding of the diameter- and collector-dependance

of orientation for polymers of low degree of crystallinity.

Fibers of PET are electrospun using the three most popular

types of collectors (metallic plate, rotating disk, and gap

collector) and are characterized individually by polarized

Raman over a broad range of diameters. We show that

the type of collector affects the shape of the diameter

dependence of orientation for weakly crystalline polymers

and find a correlation between the strain-induced molecu-

lar orientation, the resulting crystallinity, and the fraction of

trans conformers within the fibers.
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Experimental

Electrospinning

Poly(ethylene terephthalate) (PET, Scientific Polymer

Products, catalogue no. 138) with an inherent viscosity of

0.58, dichloromethane (DCM, purchased from EMD), and

trifluoroacetic acid (TFA, 97% Fisher Scientific) were used

as received. Solutions were prepared by dissolving an

appropriate mass of PET in 5mL of a 50:50 w/w solvent

mixture of DCM and TFA and agitating for 6 h to obtain

concentrations ranging from 17 to 25% (m/v). After com-

plete dissolution, the polymer solution was placed in a 5mL

glass syringe equipped with a 0.41 mm diameter flat-end

needle to which a 15 kV positive voltage was applied

using a CZE 1000R high-voltage power supply (Spellman

High Voltage Electronics). A PHD 2000 syringe pump

(Harvard Apparatus) was used to impose a constant solu-

tion flow and was generally fixed at 0.05mL/min, with slight

adjustments to ensure optimal jet formation. Fibers with d

between approximately 500 and 2000 nm were spun in a

fume hood at temperatures between 22 and 24 �C and at a

relative humidity below 35%. They were collected using

three collectors: a static aluminum foil, a gap collector con-

sisting of two metallic rods separated by �25mm, and a

metallic disk rotating at a linear velocity of �450m/min. In

all cases, the working distance between the needle tip and

the collector was 15 cm and a negative 2 kV potential was

applied on the collector using a second power supply

(Power Designs). The spinning time was adjusted to yield

samples of well-isolated fibers for Raman characterization.

Fibers were dried under vacuum for at least 48 h prior to

analysis to minimize residual solvent and solvent-induced

orientation relaxation.

Confocal Raman Microscopy

Raman spectra were acquired in the backscattering geom-

etry using the 632.8 nm He�Ne laser of a LabRam HR800

spectrometer (Horiba Scientific) coupled with an Olympus

BX41 microscope fitted with a long working distance

100� objective (numerical aperture of 0.8). The confocal

hole and the slit of the instrument were 100 and 150 mm,

respectively. The polarization of the incident laser beam and

the Raman scattered light was set parallel (Z) or perpen-

dicular (X) to the fiber axis or film drawing direction by

using a half-wave plate and an analyzer, respectively. A 600

grooves/mm holographic grating was used in conjunction

with a scrambler to alleviate its polarization dependent dif-

fraction efficiency.

Prior to fiber characterization, a series of cold-drawn

PET films of 35� 5 mm thickness were analyzed to build a

calibration curve allowing an efficient one-spectrum orien-

tation quantification in individual fibers. The integration

time was set to 3 s and averaged five times for each spec-

trum. Complete sets of parallel- and cross-polarized

spectra were collected for films, in the order ZZ, ZX,

XX, XZ, ZZ(2), with the second ZZ spectrum acquired

to detect possible loss of focus during acquisition. Any set

of spectra was rejected if the intensity of the 1616 cm�1

band, used for orientation quantification, differed by more

than 5% between the ZZ and ZZ(2) spectra. The order

parameters hP2i were calculated using the most probable

distribution (MPD) method54,55 and were corrected for a

tilt angle of 20� between the principal axis of the Raman

tensor and the polymer main chain.56 The hP2i takes a

value of 0 for a completely isotropic system and a maximum

value of 1 for perfect orientation of the chains along the

reference direction (the fiber axis or film drawing direction).

The intensity ratio of the 1616 and 705 cm�1 bands (I1616/

I705) in the ZZ spectrum was then plotted against hP2i to

afford a linear calibration curve (R2¼ 0.99). This calibration

procedure could be subject to bias in the calculated hP2i
values if the calibration films showed a substantial degree

of biaxial orientation at their surface,57 which would not

be present in the electrospun fibers. The hP2i values

obtained at the surface and in the bulk of tested films

were similar. While a bias cannot be excluded, it would be

present under all conditions studied and should not affect

the reported trends.

Fibers were recovered from the collectors, immobilized

onto BaF2 windows with fine tweezers and adhesive tape,

and individually characterized under the ZZ polarization.

The integration time was set to 10 s and averaged seven

times. The hP2i values were obtained from the I1616/I705
band intensity ratios and the calibration curve. The diam-

eter of each fiber was estimated by acquiring a series of 10

to 15 ZZ spectra at regularly spaced positions perpendicu-

lar to the fiber axis. The spectral intensity was then plotted

as a function of position, resulting in a bell-like distribution

with an intensity maximum at the center of the fiber. The

data were fitted to a Gaussian function, using Origin soft-

ware, and the diameter was taken as double the computed

standard deviation (s) of the fitted function. The diameter

value computed using this method is reliable for larger fibers,

but it is overestimated when the fiber is thinner than the size

of the laser spot. Optical effects related to the curvature of

the fibers may also impact the reported diameter values

because of the use of a metallurgical objective.58 These

effects should apply uniformly to all data sets and are not

expected to affect the observed trends.

The fraction of trans conformers was determined on the

basis of a method first developed by Rodrı́guez-Cabello

et al.59 and adapted in our previous study27 to minimize

the effect of orientation as:

FT ¼ PT
l998

l705

� �

ZZ

þ2
l998

l705

� �

XX

� �
ð1Þ

where PT is a coefficient representative of the weight of the

998 cm�1 band relative to that of the 886 cm�1 band

Pellerin et al. 3
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(associated with trans and gauche conformations, respect-

ively) whose experimental value is 0.2908. Measurements

on films showed that a linear relation (R2¼ 0.99) exists

between the FT values determined from Eq. 1 using the

ZZ and XX intensities and those determined using the

ZZ intensities only. The FT values for fibers were thus

calculated from the ZZ spectra and converted to their iso-

tropic counterpart. The crystallinity index (Xc) was calcu-

lated from the polymer density (r), which can be estimated

in first approximation from the full width at half-maximum

(FWHM) of the 1725 cm�1 carbonyl band (FWHM1725)

under the ZZ polarization, according to:60

r ¼ �FWHM1725 þ 305

209
ð2Þ

Xc ¼ ðr� raÞ=ðrc � raÞ ð3Þ

where ra and rc are the densities of the amorphous and

crystalline phases taken as 1.335 and 1.445 g/cm3, respect-

ively.61 Although it has been shown that the FWHM1725

measured under ZZ and XX polarizations can differ for

highly oriented and/or crystalline systems,62 thus leading

to differences in Xc, our preliminary tests did not uncover

a systematic bias in our data.

Results and Discussion

Molecular Orientation

Poly(ethylene terephthalate) is a ubiquitous engineering

polymer whose structure and properties strongly depend

on its thermomechanical history. It has an excellent elec-

trospinnability which, combined with a good understanding

of its vibrational spectra and large Raman scattering cross-

section,27,56,63�67 makes it an excellent model polymer for

this study. PET can form three distinct phases: the amorph-

ous, crystalline, and mesomorphous (also called oriented

amorphous phase or mesophase) phases.27,63 The dis-

ordered amorphous phase is dominated (�80–90%) by

gauche conformers of the C–C bonds of the ethylene

glycol unit, whereas the crystalline and mesomorphous

phases are both associated with its trans conformation.

These phases are mainly differentiated by the organization

of the terephthaloyl moiety, where the carbonyls in the

crystalline phase are coplanar with the phenyl ring and in

trans conformation while conformational disorder is pre-

sent in the mesophase.63 As shown below, these three

phases can be present in electrospun PET fibers and

affect its orientation processes.

Figure 1 shows the Raman bands involved in our orien-

tation quantification procedure, for three fibers of varying

diameter and orientation collected on the gap collector.

Molecular orientation at the single fiber level was quantified

using the 1616 cm�1 band, assigned to the symmetric

C¼C stretching of the benzene ring.64 This band is of

particular interest because it is representative of the overall

orientation as established from its constant position and

bandwidth upon orientation or crystallization.57,68

Although a series of four polarized spectra (ZZ, XX, ZX,

and XZ) can be used to quantify orientation,69 the proced-

ure is cumbersome when a large number of fibers must be

analyzed. Furthermore, we have previously shown that the

hP2i values can be strongly inaccurate for smaller fibers with

a diameter close to or below the diffraction limit due to

their birefringence and surface curvature.26,29 A calibration

curve enabling faster and more reliable orientation quanti-

fication in individual fibers was thus established by relating

hP2i values for a series of cold-drawn PET films, as calcu-

lated from series of four polarized spectra, to the 1616/

705 cm�1 band intensity ratio under the ZZ polarization

(Fig. S1, Supplemental Material), where the 705 cm�1

band acts as an internal reference. This calibration curve

eliminates the risk of losing focus or signal drift when chan-

ging the polarization between spectral acquisitions and

enables the study of submicrometer fibers.1,26,27 More

than 200 PET fibers collected on either an aluminum

plate, a gap collector or a rotating disk were characterized

individually.

Figure 2 shows the molecular orientation of PET fibers

as a function of diameter for the three collectors. To

emphasize the main trends, data are represented as

median values with marks indicating the data dispersion

from the 25th to the 75th percentiles (see Fig. S2 for com-

plete data). The fibers collected with the static aluminum

plate stand out as their hP2i values remain close to 0, with a

narrow dispersion, over the entire diameter range. Even for

Figure 1. Spectral bands of PET used for orientation quantifi-

cation, as measured on three representative individual fibers

collected on the gap collector. The spectra are measured in ZZ

polarization and are normalized to the 705 cm–1 band.
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small fibers of d< 550 nm (those whose diameter, being

under the size of the focused laser spot, is not precisely

known), the median hP2i value is 0.02 and individual fibers

do not exceed a hP2i of 0.04. PET fibers collected on a

metal plate are therefore essentially isotropic and a possible

onset diameter (do) for molecular orientation has not been

reached. In contrast, fibers collected with the gap collector

and the rotating disk show a sharp increase in orientation at

reduced d. The median orientations for d< 550 nm are 0.18

and 0.24 for the gap collector and for the rotating disk,

respectively, with individual fibers reaching values as high

as 0.74 and 0.39, respectively.

The rise in orientation when d< do is similar to

previous observations for other amorphous28,43 or

semi-crystalline systems.29,45–48,51,52 It is usually attributed

to the strong elongational forces acting on the jet, where

thinner fibers would originate from jets subjected to

higher deformation.1–4,22 This chain extension process

competes with solvent-induced relaxation until the poly-

mer chains become kinetically frozen, either because of

crystallization or when the effective glass transition tem-

perature (Tg, eff) of the polymer becomes higher than

room temperature.2,28 The higher surface-to-volume

ratio of thinner fibers favors faster solvent evaporation,

further contributing to their higher orientation. However,

the results of Fig. 2 for the static aluminum plate indicate

that the threshold for significant molecular orientation is

never reached during the electrospinning process (i.e.,

before reaching the collector) even for fibers with the

lowest d reached. Furthermore, the do value is higher for

the rotating disk than for the gap collector, pointing to

the role of the collector in orienting PET chains. The

dispersion of the orientation from fiber to fiber at

small d is also narrower with the rotating disk, keeping

in mind that the electrospinning conditions were other-

wise identical. Therefore, our data confirm that the diam-

eter dependence of molecular orientation in electrospun

fibers of low crystallinity polymers can be modulated by

the collection method.

Molecular Structure

The ability of PET to form three distinct phases, depending

on the experimental conditions, provides additional infor-

mation to rationalize the effect of the collector on orien-

tation. Figure 3a highlights Raman bands sensitive to

conformation or crystallization. The 998 cm�1 band, asso-

ciated with O�CH2 and C�C stretching of the ethylene

glycol unit in the trans conformation,70 was used to quan-

tify the fraction of the trans conformers (FT) of the C–C

bond of the ethylene glycol unit. It observed in the ZZ

spectra of oriented fibers but is very weak in XX spectra,

indicating that the chain segments in trans conformation

present a high degree of orientation. The intensity of the

band, and thus FT, also increases with overall molecular

orientation (see below). Conversely, the intensity of the

886 cm�1 band, associated with gauche conformers,64

decreases for more oriented fibers.61,70 This confirms

that stress-induced gauche-to-trans conversion occurs

during electrospinning of PET fibers, as previously observed

in spin-oriented fibers and drawn films.71 Figure 3b shows

that a strong correlation exists between FT and hP2i for the
three collection methods. Unoriented or weakly oriented

fibers have FT¼ 10–15%, a low fraction typical of amorph-

ous PET.59,63 The trans fraction increases almost linearly

with orientation and reaches about 40% for fibers with the

highest hP2i values, suggesting a dominant contribution

of the trans conformers to the overall orientation.

Fibers collected using the aluminum foil are clustered

(with few exceptions) in the region of low FT and low

hP2i, while those collected on the gap collector or the

rotating disk present a wide array of FT (see also Fig. S3)

consistent with their diameter-dependent hP2i values.

Interestingly, fibers prepared with the rotating disk have a

trans content on average 3% higher than the fibers of simi-

lar hP2i value collected on the gap collector.

It must be noted that while the dispersion of hP2i and FT
values can be quite large for fibers of a given d (see Figs. S2

and S3), the scattering of FT versus hP2i in Fig. 3b is small.

The pooled data for the three collectors can be fitted to a

linear function with R2¼ 0.89, which indicates that the

observed dispersion is mostly due to a real distribution

of structural characteristics in individual fibers and not to

large quantification uncertainty. This is well illustrated by a

few individual fibers prepared on the aluminum plate that

Figure 2. Diameter dependence of molecular orientation in PET

fibers collected using an aluminum plate, a gap collector, and a

rotating disk. The symbols represent the median of data points

measured over 150 nm diameter windows and the vertical marks

represent the orientation dispersion from the 25th to 75th

percentiles for each window. The first data point includes fibers

thinner than the laser spot so that the reported diameter may be

overestimated. The full dataset is available in Fig. S2.
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contain an unusually large FTwith 30% of trans conformers

(highlighted in red in Fig. S3). While they are clear outliers

in terms of their molecular structure, they are very well

aligned with the FT versus hP2i correlation in Fig. 3b.

The increase in FT for oriented fibers can be due to

crystallization or to formation of the mesophase.63 To

determine their relative contribution, we evaluated the

degree of crystallinity (Xc) in each fiber using a standard

approach based on the width of the carbonyl stretching

band, which is narrower for the crystalline phase than for

the mesomorphous or amorphous phases.60 The inset of

Fig. 3b highlights the low Xc for the vast majority of fibers,

with values centered around 4–5% and never exceeding

14%. These low Xc values, compared to FT, indicate that

the stress-induced trans conformers are primarily found in

the mesophase. The mesophase fraction, FM, can be esti-

mated as FM¼ FT – Xc. Figure S4 shows that the correlation

between FM and hP2i is closer to linearity (R2¼ 0.93) than for

FT, emphasizing the link between the stress-induced meso-

phase and the development of molecular orientation. It can

be noted in the inset of Fig. 3b that fibers collected with the

rotating disk tend to present a higher crystallinity than fibers

prepared using the aluminum plate or the gap collector.

Their average Xc value is around 7% and directly accounts

for their�3% higher FT noted above.

Discussion

The single-fiber level Raman analyzes allow drawing a pre-

cise portrait where PET fibers can show three main internal

structures:

(i) Fibers of essentially isotropic and amorphous struc-

ture, as observed for the largest fibers on either col-

lector or for most fibers collected with the aluminum

plate;

(ii) Fibers with an oriented structure, a significant meso-

phase fraction and a low crystallinity, as observed for

most fibers of small d collected with the gap or rotat-

ing disk collectors;

(iii) Fibers with an oriented structure, a significant meso-

phase fraction and an intermediate crystallinity, as

observed mainly for several fibers collected with the

rotating disk.

The main observations can be rationalized by consider-

ing the effective Tg (Tg, eff) of the polymer jet when

reaching the region where it is influenced by the collector.

The electrospinning solvent acts as a plasticizer that lowers

Tg, eff compared to the Tg of the pure polymer (�80 �C for

PET) to an extent that depends on its volume fraction.

Once Tg, eff exceeds room temperature (RT), due to gradual

solvent evaporation, the chain mobility is strongly reduced

so that the orientation or structural changes that were

induced by the electrostatic stretching of the jet become

frozen-in. The collector can nevertheless affect the molecu-

lar structure if it imposes sufficiently high mechanical or

electrostatic forces to compensate the high viscosity of

the solidified jet. The observation that fibers collected on

the static aluminum plate are mainly isotropic and amorph-

ous, irrespective of d, implies that the electrostatic forces

were insufficient to prevent the relaxation of orientation

and/or strain-induced conformational changes. Only few of

these fibers (highlighted in Figs. S2 and S3) show orienta-

tion, mesophase formation and partial crystallization, pre-

sumably resulting from exceptional conditions made

possible by the inherent variability in the electrospinning

process.1�4,72

(a)

(b)

Figure 3. (a) Spectral bands of PET sensitive to crystallinity

(1725 cm–1), trans fraction (998 cm–1), and gauche fraction

(886 cm–1), measured for individual fibers collected on the rotat-

ing disk (top), the gap collector (middle), and the aluminum plate

(bottom). Each fiber had a diameter of �550 nm and a hP2i of 0.33,
0.49, and 0.01, respectively. (b) Evolution of the fraction of trans

conformers as a function of hP2i. The inset shows the corres-

ponding variation in the degree of crystallinity.
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In contrast, additional electrostatic or mechanical

stretching forces act on the jet when using the gap collector

or the rotating disk. For the gap collector, stretching occurs

when the jet undergoes a rapid back and forth motion

between the rods under the action of a local electric

field.50,52,73 For fibers of low d, this enables the formation

of a highly oriented mesophase which cannot relax back to

the amorphous state because Tg, eff is high enough when

reaching the collector (keeping in mind that the low d is

partially a consequence of this collector-induced stretch-

ing). This condition of Tg, eff>RT also prevents rearrange-

ment of the mesophase into the stable crystalline phase. In

comparison, the rotating disk imposes tensile drawing if its

linear velocity is larger than the velocity of the incoming jet.

This is again sufficient to create the highly oriented meso-

phase for fibers of low d. However, we also observe an

increase in crystallinity for some fibers, not necessarily

for the thinnest ones, which can be linked to a perturbation

of the jet at an earlier stage than with the gap collector. If

stretching is imposed when Tg, eff is still below RT, the chain

mobility can be high enough to enable reorganization into

the crystalline phase. These partially crystalline fibers tend

to present a higher mesophase content and a substantially

higher orientation than fibers of similar diameter that did

not crystallize. This implies that crystallites contribute to

prevent the solvent-induced orientation relaxation and

conformation relaxation. We note that the few fibers pre-

pared on the aluminum plate that show an increased degree

of crystallinity also present a much higher orientation than

comparable fibers that did not crystallize.

Our results on electrospun fibers are in good agreement

with studies by Griffiths et al. on the step deformation of

amorphous PET films, below and above Tg, using polariza-

tion modulation IR linear dichroism and ultrarapid-scanning

Fourier transform IR spectroscopy.65,66 Cold drawing

below Tg, a condition comparable to the stretching of the

jet with Tg, eff>RT, resulted in the formation of up to 60%

of a highly oriented mesophase during the neck propagation

without significant crystallization.66 In contrast, drawing at

temperatures just above Tg only resulted in reversible

gauche-to-trans conversion and orientation due to higher

chain mobility.65 This condition is reminiscent of the elec-

trospinning on the aluminum plate where stretching occurs

mainly at Tg, eff<RT and low FT and hP2i values are

obtained. Cole et al. reported that the formation of the

crystalline phase is possible when drawing films at higher

temperatures with respect to Tg (or, in our case, at lower

Tg, eff) and higher draw rates, so that the rearrangement of

the terephthaloyl moiety into the crystalline structure is

facilitated.63 This occurs sporadically for electrospun PET

fibers, and most frequently when using the rotating disk

because it affects the jet at longer distance (where Tg, eff
is lower) than the other collectors.

The distinct stretching processes associated with the

collectors also provide a plausible explanation for the

dispersions in hP2i values observed in Figs. 2 and S2. The

back and forth stretching process characteristic of the gap

collector is prone to fluctuations in the strength and local

distribution of the electric field, which depend on the

amount and location of residual charges on the

fibers.50,52,73 This may cause some fibers to experience a

stronger or weaker electric field and a longer or shorter

path between the rods. In comparison, the continuous rota-

tion of the disk collector ensures that the fibers are depos-

ited around the entire circumference (32 cm) with a more

uniform charge distribution.2,43,47,50,52 A more consistent

final stretching step enables a more uniform level of orien-

tation. From a scaling-up perspective, rotating disk or drum

collectors can help produce fibers with more consistent

properties and repeatable performance.

Recent theoretical studies show that the ability of an

electrospun fiber to develop and maintain a significant

orientation depends not only on the drawing ratio imposed

on the jet but also on its strain rate.32,74 To obtain oriented

fibers, the strain rate must reach a critical value where the

chains undergo a transition between the coil state and the

stretch state.32,75 According to this model, do depends on

the critical strain rate and can be estimated from an array of

electrospinning parameters mainly associated with solution

properties and jet initiation (which were kept constant in

our study), under conditions where the system is solvated

and chain mobility is significant (Tg, eff<RT).32 The absence

of orientation for fibers collected on the aluminum plate

suggests that do is below the range of d covered and there-

fore that the critical strain rate is not reached under our

electrospinning conditions. In contrast, the observable do
and the higher fiber crystallinity associated with the rotating

disk suggest that this collector can act through two mech-

anisms: (i) it induces the formation of the oriented meso-

phase by tensile drawing at the latest stage of

electrospinning when Tg, eff>RT, and (ii) it sometimes

increases the strain rate above the critical value at an ear-

lier stage when Tg, eff<RT, which in turn facilitates the

strain-induced crystallization by generating an appropriate

molecular environment.63,75 In this context, the gap collec-

tor, which leads to an intermediate do but does not increase

crystallinity, would essentially act by the first of these two

mechanisms.

Our results suggest that the ability of a polymer to form

crystalline or organized phases during electrospinning influ-

ences the critical strain rate and do, and therefore the degree

of orientation for fibers of a given diameter. This is most

clearly seen from the unusually large orientation found for

fibers exhibiting a strain-induced crystallization, even though

the degree of crystallinity reached remains low. A similar

behavior was witnessed in a Raman study by Papkov et al.

on low crystallinity poly(acrylonitrile) fibers, where orienta-

tion remained substantial over a wide range of diameters

while still showing the typical increase when d< do. In our

recent studies of highly crystalline POM and PEO,30,53 we
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found that the inherent jet strain rate was sufficient to yield

high orientation over a wide d range, regardless of the col-

lector used or other parameters such as the electrospinning

solvent. This was explained by the propensity of POM and

especially of PEO to rapidly crystallize in the jet when Tg,

eff<RT before reaching the collector. We therefore con-

clude that the influence of the collectors on the fiber internal

structure depends on the ability of the polymer to form

stable stress-induced oriented phases in the solvent-laden

jet. Amorphous or weakly crystalline polymers are therefore

strongly influenced by the collector and the Tg, eff at which jet

deformation occurs, as observed for PET in the present

study, while highly crystalline polymers are the least

influenced.

Conclusion

Confocal Raman spectromicroscopy helped to unravel the

effect of the collector on the molecular orientation and the

internal structure in individual electrospun fibers of weakly

crystalline polymers through the analysis of PET fibers col-

lected on a metallic plate, a gap collector, and a rotating

disk. The ability of PET to form three distinct (amorphous,

mesomorphous, and crystalline) phases allowed a more

detailed description of the mechanism of action of these

broadly used collectors. Quantitative diameter-dependent

measurements of orientation and phase composition at the

single fiber level indicate that the gap collector and the

rotating disk induce significant chain alignment through jet

stretching, but that the latter exerts a more efficient and

more consistent strain than the former. In contrast, a

simple metallic plate collector did not induce a large

enough strain rate in the electrospinning jet to induce a

stable orientation in the fibers. Based on these results

and our previous Raman studies of submicrometer fibers,

we conclude that the influence of the collector on molecu-

lar orientation and structure depends on the intrinsic pro-

pensity of the electrospun polymer to form stable oriented

phases (crystalline or mesomorphous) under strain and on

the effective glass transition temperature at which the col-

lector-induced stretching occurs. This work shows how

detailed spectroscopic studies can ultimately assist the

choice of collector to develop materials with targeted

structure and properties.

Acknowledgments

A.W.L. and C.L. thank the Natural Science and Engineering

Research Council of Canada (NSERC) and Fonds de Recherche
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‘‘Conformational Structure of Poly(ethylene terephthalate). Infra-

Red, Raman, and NMR Spectra’’. Polymer. 1982. 23(5): 714–721.

65. C. Pellerin, R.E. Prud’homme, M. Pézolet, B.A. Weinstock,
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66. C. Pellerin, M. Pézolet, P.R. Griffiths. ‘‘Time-Resolved Infrared

Spectroscopic Studies of Poly(ethylene terephthalate) Deformation’’.

Macromolecules. 2006. 39(19): 6546–6551.

67. N.J. Everall. ‘‘Measurement of Orientation and Crystallinity in Uniaxially

Drawn Poly(ethylene terephthalate) Using Polarized Confocal Raman

Microscopy’’. Appl. Spectrosc. 1998. 52(12): 1498–1504.

68. C.C.C. Lesko, J.F. Rabolt, R.M. Ikeda, B. Chase, A. Kennedy.

‘‘Experimental Determination of the Fiber Orientation Parameters

and the Raman Tensor of the 1614 cm�1 Band of Poly(ethylene ter-

ephthalate)’’. J. Mol. Struct. 2000. 521(1): 127–136.
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