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ow symmetry organic molecules are

of special interest in materials engi-

neering because the formation of
anisotropic structures of organic crystals
greatly expands the range of their poten-
tial applications. A special role is played by
molecules with pronounced polar proper-
ties, which display a polar structural ar-
rangement and may be used as multifunc-
tional materials.!*

Among this class of materials are those
formed by benzene derivative push—pull
chromophores, such as 4-nitroaniline (mo-
lecular dipole moment of 7.6 D), which ex-
hibit extremely large molecular first order
hyperpolarizability.® The large polarizability
in such molecules originates from a
donor—acceptor conjugated group linked
through delocalized m-bonds facilitating an
electronic charge transfer (CT) along the
molecule. This feature is widely used in the
design of new materials for applications
such as optical data storage, telecommuni-
cations, and optical signal processing. A
well-known nonlinear optical (NLO) ma-
terial of this type is 2-methyl-4-nitroaniline
(C;HgN,0,, hereafter MNA), a derivative of
4-nitroaniline in which a methyl CH; group
is substituted in the 2-position to achieve
crystalline noncentrosymmetry. Crystals of
MNA exhibit a very large phase matched
second harmonic generation (SHG) with a
figure of merit more than 2 orders of mag-
nitude greater than that of lithium niobate.®

To design efficient NLO organic devices,
it is very important to effectively control
the molecular morphology and dipole ori-
entation since the net effective dipole mo-
ment in polycrystalline materials with ran-
domly oriented molecules can be very small

Www.acsnano.org

ABSTRACT In-plane aligned nanofibers of organic 2-methyl-4-nitroaniline (MNA) were produced by the
electrospinning technique using a 1:1 weight ratio with poly(L-lactic acid). The fibers are capable of enormous
efficient optical second harmonic generation as strong as pure MNA crystals in powder form. Structural,

spectroscopic, and second harmonic generation polarimetry studies show that the MNA crystallizes within the

fibers in an orientation in which the aromatic rings of MNA are predominantly orientated edge-on with respect

to the plane of the fiber array and with their dipole moments aligned with the fiber axis. The results show that

the electrospinning technique is an effective method to fabricate all-organic molecular functional devices based

on polymer nanofibers with guest molecules possessing strong nonlinear optical and/or polar properties.
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or even negligible. One widely used ap-
proach to obtain a macroscopic molecular
orientation in polycrystalline NLO materials
is the electric field poling of polymers
doped with NLO chromophores. In this
technique, the guest—host polymer is
heated above its glass transition tempera-
ture and subsequently placed in a strong
electric field before being allowed to cool.
The initially disoriented NLO molecules
align themselves along the applied electric
field, and their orientation is locked-in by
the polymer after cooling below the glass
transition temperature.”® One drawback of
this method is that there is often a signifi-
cant chromophore relaxation after the elec-
tric field is removed, which leads to a de-
crease of the anisotropic properties.
Another factor, limiting the application of
this technique, is that practical concentra-
tions of the NLO molecules are often limited  Received for review June 22, 2010
to relatively low values due to and accepted December 06, 2010.
chromophore—chromophore interactions.

Recently, it was shown that the electro-
spinning technique is a very powerful tool
for controlling the morphology and
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Figure 1. SEM image of MNA—PLLA nanofiber arrays.

molecular orientation of the polymer chains along elec-
trospun fibers in different polymers and
complexes.'®"'? Being a relatively simple and low-cost
technique, electrospinning has been significantly devel-
oped in recent years. The method is based on the extru-
sion of a thin fiber from an electrically charged poly-
mer solution provoked by an applied strong dc electric
field." Typically, the viscous polymer solution is loaded
into a syringe with its needle connected to a high volt-
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Figure 2. Molecule of MNA (a); MNA molecular packing (b) and its
projection on the (010) plane (c).
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age source. At the threshold voltage, when the electro-
static forces overcome the surface tension of the poly-
mer, the polymer droplet at the end of the needle is
shaped into a Taylor cone and is continuously drawn
into a fiber jet. The fibers are, in general, collected as a
mesh on a grounded collector plate. The fiber diameter
can vary from several nanometers up to several mi-
crometers, depending on the parameters of the pro-
cess, while their lengths can reach several meters.

The polymer chain orientation along the electro-
spun fiber is caused by shear stress and Coloumbic
forces acting synergetically on the polymer solution as
the jet is accelerated by the electric field. This electro-
static molecular alignment provoked by the electro-
spinning process should be effective for all materials
endowed with a large dipole moment, which suggests
that the electrospinning technique can be used for pro-
ducing fiber arrays with anisotropic polar properties.™
In particular, it is an attractive technique for producing
aligned organic materials with large hyperpolarizability
since organic molecules can be easily incorporated into
a polymer matrix."”> Additionally, conventional electro-
spun nanofibers are continuous, which can be critical
for optical waveguides based on NLO materials.

In this article, we demonstrate the implementation
of this approach for producing a single-crystal-like ori-
ented system with anisotropic nonlinear optical proper-
ties, based on aligned nanofibers of MNA obtained by
the electrospinning technique.

RESULTS AND DISCUSSION

Structural Studies. Fibers of MNA—PLLA were electro-
spun from 10% polymer solution with a 1:1 weight ra-
tio of 2-methyl-4-nitroaniline (MNA) to poly(L-lactic
acid) (PLLA). To produce thin aligned nanofiber arrays,
a drum grounded collector rotated at 100 rpm was
used. The obtained well-aligned MNA—PLLA fibers are
uniformly shaped, slightly yellow tinged in color with an
average diameter of 300 nm. As shown in Figure 1, the
obtained fiber mat consists of a two-dimensional array
of continuous nearly parallel nanofibers. Hereafter we
will refer to the plane of the nanofiber array mat as the
fiber plane.

Bulk crystals of MNA crystallize in the monoclinic /,
space group (a nonstandard setting of the Cc space
group)'® witha =823 A, b=11624,c=759A, and
B = 94.1°, with four molecules per unit cell. The mol-
ecule of MNA consists of an aromatic ring with the O,N
and NH, groups in the para-position, while the methyl
group occupies the ortho-position (Figure 2a). The mo-
lecular dipole moments of each molecule are nearly
parallel to each other with the direction of the total di-
pole moment of the unit cell content lying in the (010)
plane almost parallel to the X dielectric axis (the tilt
angle is 8°), as shown in Figure 2.

X-ray diffraction data indicate that the MNA mol-
ecules have crystallized within the electrospun fibers
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Figure 3. XRD pattern of MNA—PLLA fiber arrays (A MNA, O
PLLA).

in a common orientation. By far, the most intense Bragg
reflection observed in the measured diffraction pattern
of the as-spun MNA—PLLA nanofibers corresponds to
the (020) MNA reflection (Figure 3). The second most in-
tense, although comparatively much weaker, reflection
corresponds to the (040) MNA reflection. There are two
other very weak reflections with a relative intensity ra-
tio 1 order of magnitude smaller. A broader reflection at
16.5° corresponds to the characteristic semicrystalline
PLLA diffraction peak.'? These results indicate that MNA
predominantly crystallizes inside the PLLA nanofibers
with their (010) crystallographic plane parallel to the fi-
ber array plane. Since the crystal structure of MNA be-
longs to the monoclinic point group m, the dielectric
axes do not coincide with the crystallographic axes and
vary with frequency. Here, as is usual with monoclinic
point groups, we have chosen the dielectric Y axis to
point along the two-fold crystallographic b axis, and the
dielectric X and Z axis (hereafter, high frequency princi-
pal dielectric axis) as chosen by Lipscomb et al.'” (Fig-
ure 2¢). In this respect, one can conclude that the aro-
matic rings of the MNA molecules lie “edge-on” with

respect to the plane of the MNA—PLLA nanofiber ar-
rays and the unit cell net dipole moment is approxi-
mately orientated within the plane of the fiber arrays.

FTIR spectroscopy was employed with the objective
of determining the microscopic molecular orientation
of MNA within the nanofibers. The polarized infrared
spectra of MNA—PLLA nanofibers were obtained using
two mutually perpendicular polarizations of the inci-
dent beam propagating normally to the fiber plane
with the electric field vector oriented either along or
perpendicular to the fibers’ alignment direction. As
shown in Figure 4, quite different absorbance intensi-
ties were observed for the two polarizations. To avoid
misinterpretation that might arise due to the superpo-
sition of MNA bands with those of the PLLA polymer, we
consider only those peaks that do not coincide with
any of the peaks in the spectrum of pure PLLA nanofi-
bers. Consequently, only bands at 1632, 1602, 1580,
1508, 1480, 896, 825, 752, and 645 cm™', which origi-
nate from the MNA crystal, will be examined. The as-
signments of these bands to the normal mode vibra-
tions of the MNA molecule can be found in refs 18 and
20. Infrared absorbance measurements performed in
single crystals'® show that the set of bands (hereafter
called set 1) at 1632 cm™" (3 NH,), 1602 cm™" (vCC),
1508 cm ™! (v NH%®), and 645 cm™' (8CC) are more pro-
nounced when light is polarized along the crystal polar
axis (nearly parallel to the X axis), while the set of bands
(hereafter called set 2) at 896 cm™' (yCH), 825 cm™!
(yCH 4+ yC — NH,), and 752 cm™" (y NO,) are stronger
for an incident polarization perpendicular to the polar
axis.

Despite the polycrystalline character of MNA stud-
ied in the present work, we observe a strong depen-
dence of the infrared spectra on polarization. Namely,
bands of set 1 have higher intensities when the electric
vector of the infrared beam is parallel to the fibers’
alignment axis. On the other hand, the three peaks of
set 2 show higher intensity when light is polarized per-
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Figure 4. Polarized middle IR spectra of the aligned fibers oriented along (red curve) and perpendicular (blue one) to the
polarization vector. The spectra of pure PLLA fibers (light gray) are shown for comparison.
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Figure 5. Schematic presentation of the aligned array of the
electrospun fibers of MNA and their molecular orientation
within the fibers’ geometry. The X, Y, and Z axes are the prin-
cipal dielectric axis of the MNA single crystal.

pendicularly to the fiber alignment axis. As pointed
out by Okwieka et al., the strong bands of set 2 origi-
nate from —r interactions between neighboring mol-
ecules (see Figure 4). Notice that these interactions,
which lie above and under the aromatic rings, are ori-
ented along the Z direction (as shown in Figure 2b). Fi-
nally, the peak at 1480 cm™' (WNO, + vCC), which
shows up with a medium intensity for both polariza-
tions in the single crystal spectra, is clearly present only
when the incident polarization is perpendicular to the
fiber's longitudinal axis.

Together, the X-ray diffraction pattern of
MNA—PLLA fiber arrays and the observed polarized IR
absorption spectra clearly indicate that the majority of
the MNA crystals inside the MNA—PLLA nanofibers are
oriented with their high frequency principal dielectric X
axis aligned along the longitudinal axis of the nanofi-
bers, while the aromatic rings are predominantly
aligned perpendicular to the plane of the nanofiber
mat. Figure 5 schematically shows the relative orienta-
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tion of MNA molecules with respect to the aligned array
of the electrospun MNA—PLLA nanofibers. Molecules of
MNA are edge-on to the fiber array plane with the dielec-
tric X axis lying along the fiber's longitudinal axes and
the dielectric Z axis lying within the fiber array plane.

The observed orientation of the MNA dipole mo-
ment along the fiber axes is consistent with the premise
that this dipole moment can easily be oriented by the
strong electric field applied to the polymeric solution
during the electrospinning.''® Furthermore, this orien-
tation is topologically favorable since, for rod-like mol-
ecules such as MNA, the bulk elastic energy is mini-
mized when the long axis (that is, the crystal polar axis)
of the molecules is parallel to the fiber axis.? It is less
clear as to why, for different fibers, the MNA crystals
tend to assume the same observed (010) planar orien-
tation relative to the others. We speculate that the elec-
trostatic forces, present during the fiber pulling pro-
cess, acting on the high molecular polarizability lead
to an asymmetric charge distribution on the fibers
which in turn provokes a preferential orientation as
they are collected on the grounded disk. Further work
is needed to elucidate the detailed physical mecha-
nisms responsible. However, regardless of the actual
physical mechanisms involved, the MNA—PLLA nanofi-
bers produced by the electrospinning method con-
sisted of highly oriented MNA single-crystal-like struc-
ture incorporated into the polymer fiber host.

Second Harmonics Generation Polarimetry. To characterize
the NLO properties of the obtained fibers, second har-
monic generation polarimetry measurements were car-
ried out. This is a unique tool for detection of degree
of molecular assembly ordering.2' To perform the mea-
surements, an array of MNA—PLLA nanofibers mounted
normally to the incident laser beam and the polariza-
tion angle ¢ of the incident laser beam was varied. The
generated second harmonic light was passed through
an analyzer oriented either parallel (9—p configuration,

90

-1

Figure 6. Sketch of the SGH ellipsometry experiment and SHG polarization patterns in the in-plane aligned array of the

MNA—PLLA fibers.
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g indicates an incident polarization angle) or perpen-
dicular (g—s configuration) to the longitudinal axis of
the aligned fibers, as shown on the Figure 6.

Given that MNA belongs to the space group /, and
keeping in mind the above established molecular orien-
tation within the fibers, the SHG intensity /,, gener-
ated by the MNA—PLLA nanofibers can be expected ac-
cording to the following expressions:*

9-p
IZU) o<

[d,,cos(q) + dyssinX(@)IP
and
19.° o< [2 X d,5cos(e)sin())*

for g—p and g—s configurations, respectively. It should
be noted that PLLA does not contribute any SGH signal.

These equations can be used to analyze the ob-
served ellipsometry curves which satisfactorily fit the
expected l,,(¢) dependence. The d;; NLO coefficient
dominates in MNA crystals (dy; > di3 >> dy6,d51,d2).
From g—p and g—s curves, it is possible to estimate
the ratio of di; to d;3, which is around 4 and well consis-
tent with the study in the MNA single crystal.? It should
be noted that precise measurements of the effective
NLO susceptibility coefficients in MNA fibers are compli-
cated by the strong scattering from harmonic light
from the d;; terms which can interfere with the second
harmonic light originating from the other dj compo-
nents of the matrix (in fact, the d;; scattering adds a sig-
nificant background on the g—s curve).

To obtain an approximate value for the effective d;;
coefficient of the MNA—PLLA nanofibers, we calibrated
our experimental setup by carrying out a maker fringe
measurement on a potassium dihydrogen phosphate
(KDP) crystal. A (110) cut KDP crystal was used for which
the appropriate second order coefficient is d3s = 0.39
pm/V. Ignoring reflection losses, the peak of the enve-
lope for the KDP maker fringes is given by

K0P = A(d, L)1

where L is the KDP crystal thickness and A is a factor
that takes into account the detection efficiency of our
experimental setup. On the other hand, the g—p signal
observed for ¢ = 0 is given by
/gff“ = A(dﬂl)zlz

(0]

where [ is the effective thickness of the MNA crystals in
the fiber mat. If we take as an upper limit for / the total

METHODS

The raw material of 2-methyl-4-nitroaniline and poly(L-lactic
acid) (PLLA, M,, ~ 85 000), both purchased from Aldrich, were dis-
solved in chloroform/dimethylformamide in a 4:1 v/v ratio to con-
tain 10 wt % of each compound. The obtained solution was stirred
for several hours at ambient conditions prior to the electrospin-
ning. Since MNA is not soluble in water, an appropriate solvent for

www.acsnano.org

thickness of the fiber mat, we obtain as a minimum es-
timate for the effective nonlinear coefficient of the
MNA—PLLA fibers d;; = 148 = 31 pm/V.

Assuming the loss due to the light scattering
through the polymer matrix, the obtained value of the
dq; coefficient is in good agreement with d;; = 250
pm/V measured by Levine et al.? Additionally, the effec-
tiveness of NLO susceptibility of the randomly ori-
ented MNA—PLLA nanofibers has been found to be as
strong as the powder of MNA crystals with 100—120
pwm grain size measured by using Kurtz—Perry tech-
nique.*

CONCLUSION

The study of well-aligned nanofibers of 2-methyl-4-
nitroaniline produced from a PLLA solution by the elec-
trospinning technique reveals a high degree of orienta-
tion of the MNA molecules along the fiber alignment
axis. The relative molecular orientation of the MNA crys-
tals within the obtained nanofibers has been con-
firmed by X-ray, FTIR, and the SHG polarimetry. The
structural measurements revealed that the net transi-
tion dipole moment of MNA molecules is parallel to the
longitudinal axis of the aligned nanofibers and that
the w— intermolecular interactions lie in the plane of
the nanofiber arrays. That is, the molecules of MNA are
predominantly oriented edge-on with respect to the
plane of the fiber array. Uniaxially aligned MNA—PLLA
nanofiber arrays show a strong polarization depen-
dence of the second harmonic generation signal, fur-
ther evidence that the molecular orientation assumes
a nearly “single-crystal-like” structure. The second har-
monic signal generated by a randomly oriented mat of
MNA—PLLA fibers is as strong as that generated by a
powder of MNA crystals with a grain size of 100—120
pm. The NLO performance of the MNA—PLLA nanofi-
ber arrays is as strong as those in bulk MNA, which
makes such a system attractive for a variety of NLO
applications.

Furthermore, the present study indicates that the
electrospinning technique can be a powerful and effi-
cient method for producing nanofibers with a high de-
gree of guest molecular orientation within the polymer
fiber host. This route for obtaining organic molecules
with pronounced polar properties can be used for fab-
rication of functional nanofibers with quasi-crystalline
structure and thus opens the way for the design of a
wide class of all-organic devices.

both the polymer and MNA should be found. Among several poly-
mer choices (e.g., poly(ethylene oxide) or poly(vinyl alcohol)), PLLA
was found to be the most appropriate because a PLLA/chloroform
solution allows a 1:1 weight ratio of MNA and polymer precursors
to be achieved. Additionally, the use of nonvolatile dimethylforma-
mide permits us to effectively control the solution viscosity and
consequently the diameter of the electrospun fibers.

VOL.5 = NO. 1

« 73278 = 2011 a@@%{/

)

Nt

77



The precursor solution was loaded into the syringe with its
needle connected to the anode of a high voltage power supply
(Spellmann CZE2000). To produce the in-plane aligned fiber ar-
rays, 10—12 kV was applied to the needle when the grounded
drum-rotating collector was rotating at 100 rpm. The distance
between anode and collector was 12 ¢cm, and precursor solution
flow rate of 0.3 mL/h was controlled by a syringe pump. The
alignment and fiber morphology were verified using a Leica
Cambridge S360 scanning electron microscope at an accelerat-
ing voltage of 5—15 kV.

The electrospun MNA—PLLA fibers were studied by X-ray dif-
fraction to characterize the MNA crystallization and crystallo-
graphic orientation in the fibers. The X-ray diffraction pattern of
the aligned fibers was measured from classical ® —20 scans re-
corded on Bruker D8 Discover X-ray diffractometer using Cu Ka
radiation of wavelength 1.5406 A between 10 and 60°. The lattice
planes parallel to the substrate surface were determined from
the g vector perpendicular to the fiber mat plane and corre-
spondingly perpendicular to the longitudinal fiber axis (as the fi-
ber mat is formed by an array of nearly parallel fibers).

Infrared absorption spectra were obtained using a Fourier
transform infrared (FTIR) spectrometer (Bruker IFS 66 V) working
in transmission mode in the frequency range of 380—7000 cm ™’
with 4 cm™! resolution. The polarized transmission spectra were
recorded in vacuum using an incident beam light normal to the
free-standing fiber mat with electric field either parallel or per-
pendicular to the fibers’ alignment. We used a globar source, a
KBr beam splitter, a KRS-5 polarizer and a DTGS:KBr detector.

The second harmonic generation response of the
MNA—PLLA fibers was determined from transmission measure-
ments through the fiber array, using a Q-switched Nd:YAG laser
with 10 Hz, 20 ns pulses of 1064 nm light and the pulse energy of
around 20 mJ. The fundamental beam passing through the
sample was rejected by an appropriate filter, and an extremely
bright SHG response was detected using an Hamamatsu photo-
multiplier tube, integrated with a boxcar (Standford Research
245).

To perform the SHG ellipsometry measurements, the aligned
fiber arrays mounted on a glass plate were held by a goniome-
ter stage in order to adjust the normal of the fiber mat to be
along the direction of the incident laser beam. A half-wave plate
(CVI part number QWPM-1064-05-2-R10) mounted in a stepper
motor controlled rotation stage was used to rotate the polariza-
tion of the incident laser beam, while a Glan Taylor polarizer was
used to analyze polarization of the second harmonic light gener-
ated by the fibers. The analyzer was fixed to be either parallel
(g—p configuration) or perpendicular (g—s configuration) to the
fibers’ longitudinal axis (Figure 6). Care was taken to filter out the
small amount of second harmonic light that can be generated
by the quartz wave plate for certain angles before allowing the
light to strike the fiber mat.
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