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ABSTRACT: Size dependency of nanoparticles for bire-
fringence and molecular orientation of nanocomposite films
have been studied using a prism coupler and near-edge
X-ray absorption fine structure spectroscopy (NEXAFS). We
synthesized two different sizes of magnetic nanoparticles,
Ni, ¢Zn, ,Fe,O,. The smaller ones were 6.1 = 1.3 nm-diam-
eter nanoparticles showing superparamagnetism and the
larger ones were 20.7 = 6.1 nm-diameter nanoparticles
showing ferrimagnetism. To make nanocomposites, we in-
corporated these particles into poly(N,N’-bis(phenoxyphe-
nyl)pyromellitimide) (PMDA-ODA PI). From the prism cou-
pler study, pristine PI without nanoparticles had higher
out-of-plane birefringence, which indicated high in-plane
orientation of polyimide. However, the birefringence of PI
nanocomposites decreased with the increase of particle con-

tent. The birefringence of PI nanocomposite with small
nanoparticles was smaller than that of PI nanocomposite
with large nanoparticles. The birefringence of PI nanocom-
posite with 1 wt % of small nanoparticles was reduced to
almost half of that of pristine PI due to the decreased orien-
tation of PI molecules. NEXAFS spectra of N K-edge were
the same as the birefringence results. Imide and phenyl rings
of pristine PI aligned more parallel to the in-plane direction,
but those of PI with nanoparticles aligned less parallel to the
in-plane direction. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci
99: 3433-3440, 2006
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INTRODUCTION

Nanostructure materials have been extensively stud-
ied worldwide in the past few years.! Owing to their
small size, nanoscale materials exhibit unique physical
and chemical properties that are different from their
bulk state.” Many reports on quantum size effects on
semiconductor’ and emergence of unique properties
with the particles size®~® have been published during
the past decade.

In these various nanostructure materials, magnetic
nanoparticles and magnetic nanocomposites have a
wide range of applications, for example, information
storage,” color imaging,'® magnetic refrigeration,'" fer-
rofluids,'* cell sorting,'> medical diagnosis,'* con-
trolled drug delivery,'® magneto-optical devices,'®
and so forth.
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Among the most attractive properties of magnetic
nanocomposites, magneto-optical effects are very im-
portant in such areas as integrated optical devices,
optical fiber, and sensors.'” Several authors have re-
ported on the synthesis and Kerr effect of y-Fe,O; and
Fe/SiO, magnetic nanocomposite by sol-gel meth-
ods.'®° Some magnetic properties such as saturation
magnetization, remanent, and coercivity of magnetic/
polymer nanocomposite have been measured.**

Polyimide (PI) nanocomposites are expected to offer
many advantages such as high thermal stability, su-
perior chemical resistance, and low dielectric con-
stant.** However, PI has large birefringence, which
restrict its use for a polarized beam for integrated
optical devices.”® Thus, molecular chain orientation of
Pl is very important. There have been some studies on
the content-effect of imbedded microsized (about
1-um) particles on the birefringence.**2® Chang et al.
synthesized poly(BPDA-ODA)/silica hybrid optical
thin films using the sol-gel method, and reported that
the birefringence of hybrid PI films with 15.6 wt % of
silica particles was reduced to half of that of pristine
PL** However, it needed too much incorporated nano-
particles to reduce the birefringence, and there has
been no research about the size-effect of imbedded
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nanoparticles on the birefringence and the molecular
chain orientation.

In this study, we synthesized two different PI nano-
composites having different sized nanoparticles. Also,
the effects of size and content of imbedded nanopar-
ticles on birefringence and molecular chain orientation
of Pl were investigated using a prism coupler and
near-edge X-ray absorption fine structure spectros-
copy (NEXAFS).

EXPERIMENTAL
Preparation of magnetic nanoparticles

Two different sizes of magnetic nanoparticles,
Niy ¢Zn, ,Fe,O,, were synthesized: One was about 6
nm-diameter and the other was about 20 nm-diame-
ter. Small magnetic nanoparticles (~6 nm) were syn-
thesized from functionalized surfactants.”’*° The
functionalized anionic surfactants, with metal counter
ions, were synthesized by the following method:
Aqueous solution of 0.1IM sodium dodecylsulfate
(SDS) was mixed with aqueous solution of 0.1M of
iron chloride, nickel chloride, and zinc chloride at
25°C. The mixed solution was chilled to 2°C to pre-
cipitate. This precipitate was washed several times
with iron chloride, nickel chloride, and zinc chloride
aqueous solution and recrystallized in distilled water.
The products are iron dodecylsulfate, Fe(DS),, nickel
dodecylsulfate, Ni(DS),, and zinc dodecylsulfate,
Zn(DS),.>!

Fe(DS),, Ni(DS),, Zn(DS),, and dodecyltrimethyl-
ammonium chloride (DTAC) were dissolved in deion-
ized water at the mole ratio of 2:0.6:0.4:0.75 to synthe-
size Nij ¢Zn, 4Fe,O4 nanoparticles. DTAC was used as
a cationic surfactant giving an ellipsoidal micellar
morphology.** Methylamine (0.7M) was added to this
solution and mixed for 6 h at 25°C under air atmo-
sphere to form magnetic nanoparticles. The magnetic
nanoparticles were removed by centrifugation and
washed several times. To obtain dry powder, the sol-
vent was removed by freeze-drying. The particles
were dissolved ultrasonically in N-methylpyrollidone
(NMP) with a small amount of HNO; aqueous solu-
tion to prepare a magnetic fluid. A small amount of
HNO; endowed the surface charges on the particles
for homogeneous dispersion.

On the other hand, large magnetic nanoparticles
(~20 nm) were synthesized by a similar Massart
method without any surfactant.”® The large particles
were obtained by mixing metal chloride aqueous so-
lution with 0.7M aqueous solution of methylamine
without any surfactants. These reaction products were
washed five times with acetone and 1.0M nitric acid,
and then centrifuged at 3000 rpm for 30 min. These
particles also were dissolved ultrasonically in NMP to
prepare a magnetic fluid with a small amount of
HNO; aqueous solution.
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Figure1 Schematic diagram of the poly(N,N’-bis(phenoxy-
phenyl)pyromellitimide) (PMDA-ODA PI).

Preparation of poly(amic acid)

Poly(N,N’-bis(phenoxyphenyl)pyromellitimide) PMDA-
ODA PI) was synthesized from 4,4’-oxydianiline (ODA)
as diamine and pyromellitic dianhydride (PMDA) as
dianhydride (Fig. 1). ODA (Wakayama Seika Kogyo
Co., Japan) and PMDA (Daicel Co., Japan) were taken
out of bottles in a glove box under an argon atmo-
sphere and used immediately without any refining.
Anhydrous N-methylpyrrollidone (NMP, Aldrich
Chemical, US) was used as solvent without further
purification. The reaction was conducted for 8 h with
stirring at about 10°C in N, atmosphere. To control the
molecular weight of poly(amic acid), it was kept in a
convection oven at 80°C to obtain about 25,000 centi-
poise of viscosity.

Preparation of magnetic nanoparticles/polyimide
composites

To prepare magnetic nanoparticles/polymer compos-
ites, poly(amic acid) solution was mixed with an ad-
equate amount of magnetic fluid. Magnetic particle
contents were 0.1, 0.3, 0.5, 1, and 5 wt % in nanocom-
posites. Nanocomposite precursor was spin-coated on
silicon wafer (100 P-type) and prebaked at 100°C for
1 h and cured at 150°C for 30 min, 200°C for 30 min,
300°C for 1 h, and 400°C for 1 h. The heating rate was
5°C/min up to 200°C and 2°C/min up to 400°C

Nomenclature of the PI nanocomposite is PI-S/L-X.
S/L and X represent nanoparticle size (S: small, L:
large) and nanoparticle content (wt %), respectively.
For example, PI-5-0.5 represents the PI nanocomposite
with 0.5 wt % of 6 nm-diameter nanoparticles, and
PI-L-1 represents the PI nanocomposite having 1 wt %
of 20 nm-diameter nanoparticles.

Bulk characterization of magnetic nanoparticles
and magnetic nanoparticles/polymer composites

The particles floated on a 300 mesh carbon-coated
copper grid were observed with a transmission elec-
tron microscopy (TEM, Model H-7600, Hitach) oper-
ated at 110 kV. Cross-sectional views of nanocompos-
ite films were observed after cutting with microtome
(MT-7000, Research and Manufacturing Co.). X-ray
diffraction measurements were carried out with the
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TABLE 1
Critical Micelle Concentration of Anionic Surfactant
with Different Metal Counter Ions

Critical micelle concentration

(mol/L)
Surfactant 25°C 50°C
SDS 0.00080 0.00089
Fe(DS), 0.00141 0.00252
Ni(DS), 0.00137 0.00250
Zn(DS), 0.00135 0.00180

8C1 beam line of Pohang Accelerator Laboratory
(PAL, A = 154056 A). The magnetic properties of the
samples were measured using a home-made vibrating
sample magnetometer (VSM) at room temperature up
to an 8 kOe of magnetic field. For measuring birefrin-
gence of nanocomposite films, a home-made prism
coupler was used with a He-Ne laser source. Prism
coupling patterns were measured in transverse elec-
tric (TE: n,,, = nrg, the refractive index in a film plane)
and transverse magnetic (TM: n, = nry,, the refractive
index out of a film plane) modes by choosing the
appropriate polarization of the incident laser beam as
described elsewhere.>*® The average refractive index
(1,ye) and the out-of-plane birefringence (An) in films
were estimated from the measured refractive indices

2n,, + n,
nave = % (1)

- n, (2)

© ] @ hzsi

2| £2 ' i
= I 515 |

2 20 ‘ 27| |
= | 310: | l
g0 i ‘ gsf | 1 [
o Lol S | i p | i |
0 10 20 ] 40 2 4 ] -] 10

Diameter (nm) Diameder (nm)

Figure 2 TEM morphology and histograms of Ni, (Zn 4-
Fe,O, nanoparticles. Top panel: TEM morphology of nano-
particles synthesized (a) without surfactant and (b) with
mixed surfactants. Note the length-scale difference in (a) and
(b); Bottom panel: Histogram of nanoparticles synthesized
(c) without surfactant and (d) with mixed surfactants.
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Figure 3 X-ray diffraction pattern of Ni, (Zn, ,Fe,O, nano-
particles synthesized (a) without surfactant and (b) with
mixed surfactant: (i) as synthesized; (ii) after annealing at
400°C; and (iii) after annealing at 800°C.

All measurements were performed using a cubic zir-
conia prism of nrg = npy = 2.1677 at a wavelength of
632.8 nm (i.e., 474.08 THz). All the samples were con-
trolled to have the same thickness of about 1 um.

Surface characterization of magnetic nanoparticles/
polyimide composite films by NEXAFS

For NEXAFS studies, nanocomposite precursor solu-
tion was spin-coated on a gold-coated silicon wafer
(100 p-type, Au/Ti/SiO,/Si wafer, Au 100 nm, Ti 10
nm, and SiO, 300 nm). They were cured at 400°C for
1 h to obtain fully imidized PI nanocomposite. Total
electron yield (TEY) X-ray absorption experiments
have been carried out with the 2B1 beam line of Po-
hang Accelerator Laboratory (PAL) with a resolution
better than 0.2 eV at the nitrogen K-edge electron.*”~®
All the spectra have been normalized by dividing the
electron yield signal from a reference gold-coated grid
monitor.””® Reproducibility of the spectra has been
checked by multiple scanning. The information depth
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Figure 4 Magnetization of Ni,Zn,,Fe,O, nanoparticles as a function of applied magnetic field at room temperature
synthesized (a) without surfactant and (b) with mixed surfactants.

of the NEXAFS can be estimated to be <10 nm.*® To
investigate the orientation of PI molecules, the two
different angles of incidence of the linearly polarized
synchrotron light were used: 90° (electric field vector E
lies parallel to the in-plane direction) and 20° (E is 70°
to the in-plane direction).

RESULTS AND DISCUSSION

Synthesis of magnetic nanoparticles and
nanocomposites

Critical micelle concentration (CMC) of anionic surfac-
tants for 6-nm magnetic nanoparticles was measured
by the maximum bubble pressure method at 25 and
50°C. CMCs of SDS were 8.0 X 10~* mol/L at 25°C
and 8.9 X 10 * mol/L at 50°C, which was consistent
with other literature.?* The CMCs of Fe(DS),, Ni(DS),,
and Zn(DS), were larger than those of SDS (Table I).
The counter ions of Fe, Ni, and Zn increased the
charge density on the polar group of the surfactants,

. F L . .

S S 50nm

inducing the polar repulsion between surfactants and
the increase of CMC.** CMCs at 50°C were larger than
those at 25°C, because the increase in temperature
reduced the hydrophobic attraction of hydrophobic
groups of surfactants.*

From the study of small-angle X-ray spectroscopy
(SAXS), the micelles of functionalized anionic surfac-
tants with metal-counter ions were ~50 A-diameter
and uniform prolate ellipsoids.”” Similarly, the nano-
particles synthesized from mixed surfactants were el-
lipsoidal particles with the size of 6.1 * 1.3 nm (Figs.
2(b) and 2(d)). On the other hand, nanoparticles syn-
thesized without any surfactant were large, 20.7 = 6.1
nm diameter (Figs. 2(a) and 2(c)). The X-ray diffraction
pattern of magnetic nanoparticles with various an-
nealing times showed the inverted spinel crystalline
structure (Fig. 3).*° Higher annealing temperature
showed higher crystallinity of nanoparticles.

The magnetization curves of these nanoparticles an-
nealed at 400°C were obtained at room temperature

(b)

Figure 5 TEM morphology of cross-sectional view of PI nanocomposite film having Ni, Zn, ,Fe,O, synthesized (a) without

surfactants (PI-L-1) and (b) with mixed surfactants (PI-S-1).



EFFECT OF SIZE AND CONTENT OF IMBEDDED NANOPARTICLES

TABLE 11
Refractive Index of Ni, (Zn, ,Fe,O,/PI
Nanocomposites Films

Particles

PI-L series PI-S series

contents

Wt %) g Ny Maye  An Npg oy Maye AN

0 1.735 1.626 1.699 0.109 1.735 1.626 1.699 0.109
0.1 1.750 1.647 1.716 0.103 1.737 1.661 1.711 0.076
0.3 1.752 1.656 1.720 0.096 1.739 1.665 1.714 0.074
0.5 1.759 1.666 1.728 0.093 1.740 1.664 1.715 0.076
1 1.761 1.675 1.732 0.086 1.742 1.676 1.720 0.066
5 1.780 1.712 1.757 0.068 1.755 1.713 1.741 0.042

(Fig. 4). The saturation magnetization, Ms was not
reached even with 8 kOe magnetic field in the both
case of samples. The maximum magnetization of 20
and 6 nm nanoparticles were 21.5 and 12.3 emu/g, for
8 kOe, respectively.

Coercivity of 20 nm nanoparticles was 61 Oe but
that of small nanoparticles was zero. Six nanometer
nanoparticles were superparamagnetic particles.
When particles are smaller than single magnetic do-
main (~10 nm), they show superparamagnetic behav-
ior with no reduced remanence and coercivity.* How-
ever, large nanoparticles, which were larger than mag-
netic domain, showed ferrimagnetic behavior. The
cross-sectional TEM morphology of PI nanocomposite
films showed the homogeneously dispersed nanopar-
ticles (Fig. 5).

Refractive indices of magnetic
nanoparticles/polyimide composite films

Pristine PI without nanoparticles had the in-plane re-
fractive index (ng) of 1.735, the out-of-plane refractive

index (1) of 1.626, the average refractive index (11,,)

0.12
—#— PI-L series
'\ |—e— PI-S series
0.104 \
l\-
3 S
0.08
c
a®
S S \
5 ° -
| ey
@ 0.06
0.04 - ¢
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Figure 6 Birefringence of Ni, ,Zn, ,Fe,O,/PI nanocompos-
ites films.
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Figure 7 Nitrogen K-edge total electron yield spectrum of
homo PI (a) and a schematic diagram of PI film showing ¢*
and 7* bond orbital directions (b).

of 1.699, and the out-of-plane birefringence (An) of
0.109. PI films, which were spin-coated on silicon wa-
fer and imidized, had generally higher refractive in-
dex in the film plane than out-of-plane, and the in-
plane refractive index (nrg) was isotropic within the
film plane (n, = n, = n,, = ng).>* Therefore, the
out-of-plane birefringence (An = nig—nry,) of films
was used to estimate the degree of molecular in-plane
orientation.>*3°

TABLE III
Assignments of Resonance Peaks in the N K-edge
NEXAFS Spectra for Nanocomposite Films

Peak Photon energy (eV) Final orbital state
N1 402.0 7* (imide ring)

N2 404.6 7* (imide ring)

N3 407.8 7 (C—N), o* (C—N)
N4 409.8 o* (C—N)

N5 413.8 o (C—0O)
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Figure 8 Nitrogen K-edge total electron yield spectrum of (a) PI-L-0.5, (b) PI-L-1, and (c) PI-L-5.

The refractive index of Ni,¢(Zn,,Fe,O, nanopar-
ticles was estimated to be very high because of its
high relative permittivity and permeability (e, >
100, w, > 2000 at 1 MHz, and n* = su).*"*? Thus, the
refractive indices (nrg, nry, and n,,.) of PI-L and
PI-S series increased with the increase of particle
content.

Although npy; of the PI-L series were almost the
same as that of the PI-S series, ny and n,,, of the PI-L
series were larger than those of the PI-S series, as
shown in Table II. This indicates that the smaller nano-
particles hindered the in-plane orientation of PI more

than the larger nanoparticles due to the larger number
of particles: at the same particle content, there were
about 37 (~(20/6 nm)’) times more particles in the
nanocomposite with the smaller particles.

As shown in Figure 6, the out-of-plane birefrin-
gences of the PI-L series decreased monotonously as a
function of the particle content, and were larger than
those of PI-S series. The out-of-plane birefringences of
the PI-5-0.1, having just 0.1 wt % of nanoparticles,
were much smaller than those of pristine PI. Further-
more, the birefringence of PI-S-1 reduced to almost
half of that of pristine PL
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Figure 9 Nitrogen K-edge total electron yield spectrum of (a) PI-5-0.5, (b) PI-S-1, and (c) PI-S-5.

Molecular orientation of magnetic/polyimide
nanocomposite films

Figure 7 shows nitrogen K-edge NEXAFS spectra of
pristine PI. The first sharp peaks, labeled N1 and N2 at
402.0 and 404.6 eV, respectively, correspond to the exci-
tation of N ¢ core electrons into empty 7* bond orbitals
of imide ring and phenyl ring, respectively, as assigned
in Table IIL.* The intensities of these resonance peaks for
90° of incident angle of X-ray beam were smaller than

those for 20° of incident angle, which meant that the 7*
bond orbital was approximately perpendicular to the
in-plane direction. The N4, ¢* bond orbital resonance
peaks for 90° of incident angle were larger than those for
20° of incident angle, which meant that the ¢* bond
orbital was parallel to the in-plane direction. These ¢*
and 7* bond orbital resonance spectra indicate that im-
ide and phenyl rings of PI aligned approximately paral-
lel to the in-plane direction (Fig. 7(b)).
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The nitrogen K-edge NEXAFS spectra of PI-L-0.5
was almost the same as that of pristine PI (Fig. 8(a)).
The differences of the peaks between 90° of incident
angle and 20° of incident angle for N1, N2, N3, N4,
and N5 decreased with the increase of particle content
in the case of PI-L series (Fig. 8). These changes of
peaks were more pronounced in the case of PI-S series
compared to pristine PI (Figs. 7 and 9). This indicates
that imide and phenyl ring planes of PI nanocompos-
ites with smaller particles were more randomly ori-
ented. The peaks for o* bond orbitals, N3, N4, and N5
showed much more pronounced changes rather than
those for 7* bond orbitals.

CONCLUSIONS

To examine the effect of size and content of imbedded
nanoparticles on the birefringence and the molecular
orientation of PI nanocomposite films, we synthesized
two different sizes of Nij¢Zn,4Fe,O, nanoparticles.
One was 6.1 = 1.3 nm-diameter and the other was 20.7
*+ 6.1 nm-diameter. Small nanoparticles were synthe-
sized from functionalized anionic surfactants, with
metal counter ions, and large magnetic nanoparticles
were synthesized without any surfactant. Coercivity
of large nanoparticles was 61 Oe, showing ferrimag-
netism, but that of small nanoparticles was zero,
showing superparamagnetism. To make PI nanocom-
posites, these particles were incorporated into
poly(N,N'-bis(phenoxyphenyl)pyromellimide) (PMDA-
ODA PI).

From the prism-coupler study, pristine PI had high
out-of-plane birefringence (An) of 0.109, which indi-
cated higher in-plane orientation of PI. The birefrin-
gence of PI nanocomposite films decreased with the
increase of particle content, and the birefringences of
PI-S series were smaller than those of PI-L series.
Furthermore, the birefringence of PI-S-1 reduced to
almost half of that of pristine PI. This indicates that
in-plane orientation of PI was disturbed with the in-
corporation of particles, and the disturbance was more
pronounced with small particles.

From NEXAFS spectrum of N K-edge, pristine PI
appeared to have a large difference between 20° of
incident angle and 90° of incident angle for the o*
bond orbital resonance of C—N, representing the par-
allel orientation of imide rings to the in-plane direc-
tion. With the increase of particle content, the differ-
ence between 90 and 20° decreased, representing the
decreasing of orientation of imide rings. The differ-
ence between 90 and 20° of the PI-S series was much
smaller than those of PI-L series, which was consistent
with the results of the birefringences of PI nanocom-
posites.
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