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Abstract: Polyimide (PI) multilayer thin films were prepared by spin-coating from a poly(amic acid) (PAA) and
poly(amic acid) ammonium salt (PAAS). PI was prepared from pyromellitic dianhydride (PMDA) and 4,4’-oxydi-
aniline (ODA) PAA. Different compositions of PAAS were prepared by incorporating triethylamine (TEA) into
PMDA-ODA PAA in dimethylacetamide. PI multilayer thin films were spin-coated from PMDA-ODA PAA and
PAAS. The PAAS comprising cationic and anionic moieties were spherical with a particle size of 20~40 nm. Some
particles showed layers with ammonium salts, despite poor ordering. Too much salt obstructed the interaction
between the polymer chains and caused phase separation. A small amount of salt did not affect the interactions of
the interlayer structure but did interrupt the stacking between chains. Thermogravimetric analysis (TGA) showed
that the average decomposition temperature of the thin films was 611 °C. All the films showed almost single-step,
thermal decomposition behavior. The nanostructure of the multilayer thin films was confirmed by X-ray reflectivity
(XRR). The LF 43 film, which was prepared with a 4:3 molar ratio of PMDA and ODA, was comprised of uniformly
spherical PAAS particles that influenced the nanostructure of the interlayer by increasing the interaction forces. This
result was supported by the atomic force microscopy (AFM) data. It was concluded that the relationship between
the uniformity of the PAAS particle shapes and the interaction between the layers affected the optical and thermal

properties of PI layered films.
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Introduction

Multilayer thin films have attracted considerable interest
on account of their applications in a variety of areas, such as
sensors, integrated optics, friction-reducing coatings, bio-
logical surfaces, light-emitting devices (LEDs), or surface-
orientation layers.'”

Aromatic polyimides (PIs) are well known high-perfor-
mance polymeric materials owing to their excellent thermal
stability and balanced mechanical and electrical properties.**°
These materials are finding many applications as adhesives,
composites, fibers, films and electrical materials. These aro-
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matic polyimides are suitable for preparing multilayer thin
films. However, the polyimide multilayer system shows
phase separafion of each layer and a weak interaction between
the layer interfaces. Various studies have added ion-contain-
ing organic materials to a polymer, such as metal salts'""*
and organic salts, in an attempt to solve the problems. For
example, attempts have been made to increase electron
injection through the deposition of a very thin layer of a high
polar material between a conjugated polymer and a cathode,
such as inorganic salts, surface active agents and ion con-
taining polymers of ionic groups randomly distributed in the
non-polar backbone chains."”'* One important feature of
these layers is that the thickness must be thin enough to
allow carrier injection, usually tens of nanometers.

In this study, polyimide (PI) multilayer thin films with a
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strong interaction were prepared using ammonium salt. PI
was prepared from pyromellitic dianhydride (PMDA) and
4,4"-oxydianiline (ODA). Poly(amic acid) ammonium salt
(PAAS) with different compositions by incorporating tri-
ethylamine (TEA) into PMDA-ODA poly(amic acid) (PAA)
in dimethylacetamide. This paper reports the nanostructure
as well as the optical and thermal properties of PI multilayer
thin films.

Experimental

Materials and Sample Preparation. Aromatic monomers,
pyromellitic dianhydride (PMDA, 97%) and 4,4-oxydianiline
{ODA), were used to synthesize the precursor poly(amic
acid) (PAA) of the polyimide. Poly(amic acid) salts (PAAS)
was prepared by adding 3-triethylamine (TEA). All these
materials were purchased from Aldrich (St. Louis, MO) and
used as received. N, N'-dimethy! acetamide (DMAc) was
distilled over calcium hydride under reduced pressure.

Synthesis of PMDA-ODA Poly(amic acid) (PAA). PMDA-
‘ODA PAA was prepared as usual by reacting equimolar
quantities of PMDA and ODA in DMAc under a nitrogen
atmosphere at room temperature. The reaction was conti-
nued for 24 h to achieve a homogenecous mixture solution.
After terminating the reaction, the solution was poured into
an excess volume of toluene for precipitation. The precipi-
tated solid, PMDA-ODA PAA, was filtered and washed
several times with toluene to remove any remaining DMAc
molecules. The final solid was dried under vacuum at 60 °C
for 6 h. The solid was dissolved in 5 wt% DMAc.

Synthesis of PMDA-ODA PAA Salts (PAAS). As shown
in Figure 1, PAAS was prepared from PAA in DMAc by
incorporating TEA, followed by mixing to a homogeneous
state. Three samples with different compositions were pre-
pared (see Table I). In the first sample, a PMDA-ODA PAA
solution was prepared with an equimolar ratio of PMDA
and ODA in DMAc under a nitrogen atmosphere. The sec-
ond sample was prepared with a 4:3 molar ratio of PMDA
and ODA. The last sample was prepared from a 2:1 molar
ratio of PMDA and ODA. Each reaction was continued for
16 h to produce a homogeneous mixture. The solid content
of the solution was 5 wt%. After making the PAA solution,
a given amount of TEA was added into the PAA solution at
room temperature and the mixture was stirred for 45 min
under a nitrogen atmosphere. Upon the addition of TEA, a
large increase in viscosity was observed with local white
precipitation of polymer, as reported by Kreuz ef al.. * The
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Figure 1. Chemical structures of (a) PMDA, (b) ODA, and (c)
TEA with conversion from (d) PAA to (e) PAAS.

solution was poured into acetone, and the precipitated solid
was filtered, dried under vacuum and pulverized in a mortar.
Subsequent drying under vacuum at 40 °C for 24 h gave a
light yellow PAAS powder."” The powder was dissolved in
5 wt% of DMAc.

Construction of PI Multilayer Thin Films Using a Spin
Coating Method. Polyimide multilayer thin films were
spin-coated from PAA and PAAS at 3,000 rpm. Briefly, I mL
of PAA was placed onto a silicon wafer for 60 sec using a
pipette. The substrate was then heated at 40 °C for 1 h. One
milliliter of a PAAS solution was pipetted onto the sub-
strate. The substrate was then heated at 40 °C for 1 h. PI
multilayer thin films were easily fabricated by repeating the
above 2 steps. After casting, the precursor films were kept
at 40 °C for 12 h and then soft-baked at 80 °C for 6 h. The
precursor films were then thermally imidized at 300 °C for
4 h to produce the polyimide multilayer thin films.

Measurements and Characterization. The functional
groups of polyimide multilayer thin films were examined by
Fourier transform infrared (FT-IR) spectroscopy (ATR mode,
React IR™ 1000, Applied System, ASi). The materials were
also characterized by 'H nuclear magnetic resonance (NMR
300 MHz, DMSO, 293 K, Varian Unity Plus-300) spectros-
copy. The particle diameter was measured using a Particle
and Pore Size Analysis System (Korea Basic Science Insti-
tute, Particle Size Analyzer UPA-150, Microtrac). The sam-

Table L. Formulation of PAAS of Different Compositions (Molecular Weights were Measured by GPC.)

Sample Name  PMDA (molar ratio) ~ TEA (molar ratio) ODA (molar ratio) M, M, PDI
LF 11 1 2 1 5.08 x 10° 8.93 x 10° 1.75
LF 43 4 8 3 235 10° 432 x10° 1.84
LF 21 2 4 1 9.70 x 10° 1.50 x 10° 1.54
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ples for the dynamic light scattering (DLS) measurements
were prepared as follows: the PAA precursor solutions were
diluted with DMAc. The nanostructure of the polyimide
multilayer thin films was examined by X-ray reflection
(XRR). The XRR measurement was carried out at the Korea
Basic Science Institute [Model: X'pert PRO MRD, CuK,
(4=1.5418 A)]. The thermal decomposition stability of the
multilayer films was measured using a thermogravimetric
analyzer (TGA Q50 Q Series, TA Instrument). The samples
were heated to between 30 and 900 °C at a heating rate of 10
°C/min. The film thickness was measured using an Alpha-
Step(ISIO, Kla-tencor Korea) at a scan speed of 10 zm/sec.
The transparency of the PI multilayer thin films was mea-
sured by ultraviolet visible spectroscopy recorded on a HIT-
MACHI U-2010 spectrometer that was optimized with a
spectral width of 200-900 nm, a resolution of 0.5 nm, and a
scanning rate of 200 nm/min. The molecular weights of the
PAAS were measured using gel permeation chromatogra-
phy (GPC) with a Waters 515 Differential Refractometer,
Waters 410 HPLC Pump and two Styrogel HR 5E columns
in DMF (0.1 mg/L) at 42 °C. The GPC was calibrated with
polystyrene standards. The morphology of the PI multilayer
thin films was confirmed by atomic force microscopy
(AFM; Digital Instrument Nanoscope III). The cantilever
used for the AFM measurements was V-shaped (VEECO).
The bending spring constant of the cantilever was 0.022 N/m.
The AFM measurements for polyimide multilayer thin
films were prepared as follows: the precursor solutions were
spin-coated onto Si wafers, which were cut into 5 mm x 5
mm square pieces, precleaned with acetone, and finally the
dust was blown off prior to use. The subsequent soft-baking
and thermal imidization processes were the same as
described elsewhere.

Results and Discussion

Structure Analysis. Figure 2 shows the FT-IR spectra
(ATR mode) of the PI multilayer thin films before and after
imidization. The spectra of the multilayer thin films before
imidization (Figure 2(a)) show the earmark absorption
bands of the N-H and COOH groups around 3000 and
1600 cm™, respectively. After imidization (Figure 2(b)), the
spectra show absorption bands (double peak) between 1780
and 1710 em™ corresponding to both symmetric and asym-
metric C=0 stretching of the imide group, respectively. The
absorption bands around 1390-1380 and 730-710 cm™ show
the presence of the C-N stretching and an imide heterocy-
clic ring in the PAA/PAAS multilayer thin films. The band
at 1168 cm™ was assigned to the aromatic C¢H, or C¢H,. In
addition, in Figure 3(a), 'H-NMR spectra confirmed the
PAA and PAAS. The peaks at 1 and 3.5 ppm for TEA are
related to two types of protons for -CH; and -CH,- groups
(Figure 3(a)). The '"H NMR spectrum of PAA in Figure 3(b)
shows four peaks at 6-9 ppm, which was assigned to ben-
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Figure 2. FT-IR spectra (ATR mode) of poly(amic acid) multi-
layer thin films (a) before and (b) after imidization.

zene. The same peaks were confirmed for the PAAS (see
Figure 3(c)). The two new peaks at 1 and 3 ppm were
assigned to the protons for the attachment of TEA into PAA.
The proton of -CH,- of TEA were shielded by the proton of
the COOH group of PAA, and that peak was shifted to the
right. Another peak shown in Figure 3(c)-(e) indicates a COOH
proton, which was shifted to the left due to deshielding of
the N atom in TEA(see inset). The same trend was observed
in the case of LF 43 and LF 21.

In Table 1, the GPC data show that the weight average
molecular weights (M,) of LF11, LF43 and LF21 were 8.93
x 10%, 4.32 x 10° and 1.50 x 10°, respectively. The molecu-
lar weight of these PAAS can be controlled by adjusting the
degree of polymerization. The PAAS possessing cationic and
anjonic moieties were spherical (which will be shown later).
Different amounts of PAAS can influence the inner structure
of the polyimide multilayer thin films. It should be noted that
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Figure 3. 'H NMR spectra of A (LF11: (a) triethylamine (TEA), (b) poly(amic aicd)(PAA) and corresponding, (c) poly(amic acid)

ammonium salt (PAS)) and B (LF43, LF21).

the three samples have low polydispersity (ranging from
1.54 to 1.84), indicating a narrow molecular weight distri-
bution.

Surface Morphology and Dynamic Light Scattering, The
AFM images of each layer show the domain structures. As
shown in Figure 4 for 7 layers of LF11 multilayer thin films,
the surface morphology was not changed when the layers
were piled up. The reason for this is that the spherical shape
was barely formed due either to the small amount of PAAS
or the size of these PAAS particles being too small. A small
particle size cannot influence the multilayer inner structure.
On the other hand, spherical shape particles were observed
in the case of LF 43. As shown in Figure 5, the second layer
covered by PAAS showed the aggregation of PAAS parti-
cles. No particle aggregation was observed in the third layer
covered by PMDA-ODA PIL The next layer contains uni-
form sized particles. This means that the electrostatic inter-
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action between layers can lead to the crystallization of
PAAS particles. The particle size was 20~40 nm. In the case
of LF21 (Figure 6), some particles showed layers with
ammonium salts. However the ordering was not good. Too
much salt might obstruct the interaction between the poly-
mer chains and cause phase separation. These irregular par-
ticles disturb multilayer film formation, which results in a
poorer domain morphology. In the case of LF21, which had
low molecular weight, the chains were too short to form a
sphere, leading to the irregular growth of particles. These
irregular particles appear to become a disturbance factor for
the interactions between each polyimide layer.

The particle size was also obtained using dynamic light
scattering measurements (Figure 7). The particle size of the
three samples ranged from 11 to 27 nm (Table II). Spherical
shaped particles were formed. The particle sizes of the three
samples with different molecular weights were similar. This

Macromol. Res., Vol. 16, No. 8, 2008
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Figure 4. AFM images of LF11 polyimide multilayer thin films with different numbers of layers.
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Figure 5. AFM images of LF43 polyimide multilayer thin films with different numbers of layers.
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Figure 6. AFM images of LF21 polyimide multilayer thin films with different numbers of layers.

Table II. Particle Size of LF11, LF43, LF21 by Dynamic Light
Scattering

Sample Name  Particle Size (nm) Standard Deviation
LFi1 11 0.006
LF43 11 0.002
LF21 27 0.010

means that the particle size is not influenced by the chain
length. The data is in agreement with the AFM images. As
shown in Table I, the standard deviation of LF11, LF43,
and LF21 was 0.006, 0.002 and 0.01, respectively. These
values mean that almost uniform sized particles exist in a
solvent. This data is in accordance with the lower polydis-
persity observed in the GPC data. It should be noted from
those AFM images, however, that the spherical aggregates
between layers hint inherent immiscibility of PAA and
PAAS.

X-ray Analysis. Small-angle X-ray reflectance (XRR) was
also used to examine the film structure. Figure 8 shows the
XRR curves for the PI multilayer thin films. Samples with 7
layers were deposited on a Si-wafer. A broad oscillation
was observed after 0.3° in each XRR curve of the multilayer
thin films, which is considered to be a Kiessig fringe.'*

Table IIL. Thickness of Polyimide Multilayer Films by a-Step

Sample Name Thickness (A)
LF11 6,100
LF43 5,900
LF21 6,300

730

The film thickness can be obtained from the Kiessig fringe
using the reflectance angle & as a unit of measure. The AQ,
value was derived from the equation, Q.(A")=47 sin &4,
where A (1.541 A) is the wavelength of Cu-K,, radiation
used in the XRR experiment. AQ, was found to be approxi-
mately 0.0010 A for LF 11, which corresponds to a total
film thickness (d,—=[27/AQ,]) of 6,280 A. This value agrees
well with the overall thicknesses determined by o-step
(6,300 A) (Table III). In addition, two peaks were observed
at around 0.3° (26) and 0.4° (2 6), respectively. In the case of
LF11, the calculated values of the two peaks were 284 A
and 220 A, respectively, meaning there is a gap between the
two layers. These peaks may be formed by the difference in
height due to the centrifugal force during spin-coating. In
the case of LF 43, the values were 274 A and 213 A, respec-
tively. The d-spacing was decreased by the inserted ammo-
nium salts, because the ordered PAAS particles increased
the interaction of the interface. Since both the cationic and
anionic moieties of the PAAS increases on increasing the
amount of ammonium salt, the intermolecular interaction
between PAAS becomes stronger, so as to enhance dewet-
ting nature of PAAS onto PAA layer. However, in the case
of LF21, the value was increased due to the irregularity of
the PAAS particles. Effects of such intermolecular interac-
tion on the crystallization behavior of the multilayer sys-
tems, if any, are under investigation using X-ray diffraction
and differential scanning calorimeter, etc. and will be reported
elsewhere.

Optical Properties. A 7 layers film was deposited on a
silicon wafer to allow UV-Vis spectroscopy. Figures 9, 10
and 11 show the UV-Vis spectra of the LF11, LF43 and

Macromol. Res., Vol. 16, No. §, 2008
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Figure 7. The particle size distribution of LF 11, LF 43 and LF21
by dynamic light scattering.

LF21 multilayers, respectively. A larger number of mole-
cules can absorb light of a given wavelength, which means
more light can be absorbed. Furthermore, the extent of light
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Figure 9. UV-Vis spectra of LF11 polyimide multilayer thin
films with different numbers of layers.
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Figure 10. UV-Vis spectra of LF43 polyimide multilayer thin
films with different numbers of layers.

absorption increases as the molecules absorb light of a
given wavelength more effectively. From this, the following
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Figure 11, UV-Vis gpectra of LF21 polyimide multilayer thin
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empirical expression, known as the Beer-Lambert law,
was formulated.

A =log 10 (Iy/D)

where 4 is the absorbance, 7, is the intensity of light incident
upon a sample cell, and [ is the intensity of light leaving
sample cell. The absorbance, 4, has a linear relationship
with the length of a sample cell, i.e. the number of layers
deposited. Therefore, a linear increase in the maximum
absorption intensity in the UV-Vis spectra of multilayer thin
films shows that the deposition of a layer on a substrate is
well controlled. Figure 9 shows the UV-Vis spectra of a
LF11 film with 7 layers on a silicon wafer. Here, the edge of
the absorbance wavelength was shifted to a longer wave-
length with increasing the number of layers. However, there
was no change between layers 3 and 5. This means that
small amount of salt does not affect on the optical properties
in the case of LF11. However, in the case of LF 43 (Figure
10), the absorption followed the Beer-Lambert law. LF21
(Figure 11) showed a somewhat different trend. For the sec-
ond layer, the absorption edge was shifted to the right and
the absorbance was higher than with the first layer. This
means increased aggregation of salts between the chains.
For the third layer, the absorption edge was shifted to the left
and the absorbance intensity was lower than that of the second
layer. These trends are repeated as another layer was added.

Thermal Stability. Figure 12 shows the TGA and differ-
ential thermogravimetric (DTG) curves of the PT multilayer
thin films. The average decomposition temperature was 611 °C.
All the films show an almost single step thermal decompo-
sition behavior. As the AFM images showed the existence
of particles, the TGA curves provided evidence that the
PAAS particles did not decompose until the imide chains
had decomposed. This means that the PAAS layers pro-
tected the polyimide layers because it exists between two
polyimide layers.
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Figure 12, TGA and DTG curves of polyimide multilayer thin films.

Conclusions

PI multilayer thin films were prepared by spin coating.
Pyromellitic dianhydride (PMDA)-4,4-oxydianiline (ODA)
polyimide was prepared, and PAAS was obtained by incor-
porating triethylamine (TEA) into PMDA-ODA poly(amic
acid) (PAA) in dimethylacetamide. Different PAAS were
prepared with different compositions. The FT-IR and '"H NMR
spectra of the polyimide multilayer thin films confirmed the
imidization of PAA. The nanostructure of the multilayer
thin films was confirmed by XRR. LF 43, which is in an oli-
gomer state, has a uniform spherical shape of PAAS parti-
cles. The uniform particles influenced the nanostructure of
the interlayer by increasing the interaction forces, which is
supported by AFM results. UV-Vis spectroscopy showed
that the LF 43 multilayer followed the Beer-Lambert law. It
was found that the relationship between the uniformity of
the PAAS particle shapes and the interaction between layers
affects the optical and thermal properties of P1 layered films.
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