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SYNOPSIS

A novel method to prepare polymer metallized films was found by using polymer metal
chelate films treated with wetted metal plates (or metal powders). The polymer metal
chelate films were prepared by metal salts mixed with the polymers containing a functional
group, such as poly(vinyl alcohol) (PVA), polyamide, polyacrylamide (PAAm), and poly-
urethane (PU). This novel method is called the retroplating-out method. Polymer metallized
films exhibited low surface resistivity around 10! Q/cm? by using this novel method. The
surfaces of these films were shown to be metallized by means of X-ray analysis. The con-
duction mechanism was verified reasonably well by using scanning electron microscope

(SEM) and UV-visible absorption data.

INTRODUCTION

Much attention has been given to polymer metal
chelate films that are formed by polymers containing
functional groups with dissolved metal salts that can
be chemically modified for the purpose of imparting
electrical conductivity.'?

In the first paper of this series,® a novel method
was described concerning easily processed conduc-
tive polymer film prepared from poly (vinyl alcohol )
(PVA). PVA metal chelate film exhibits very low
surface resistivity around 10° €/cm? when reduced
by certain agents, such as aqueous sodium borohy-
dride (NaBH,), sodium (Na) in ethanol, iron (Fe)
powder in dilute acetic acid, or catalytic hydrogen-
ation with palladium /charcoal (or Raney nickel) in
ethanol. Similarly, in the second paper of this series, *
polyamide metal chelate films were used. When
polyamide metal chelate films were reduced by
aqueous sodium borohydride, the films obtained
showed satisfactory electrical conductivity similar
to PVA metal chelate films. After reduction, the
surface of these films was proved to be metallized
by means of X-ray and ESCA analysis. These me-
tallized films were very stable in air.
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A new reduction system to prepare metallized film
is reported here. The polymer metal chelate films
were prepared by metal salts mixed with the poly-
mers containing functional groups such as PVA,
polyamide, polyacrylamide (PAAm), and polyure-
thane (PU). These polymer metal chelate films were
reduced by wetted metal plates or metal powders,
whose ionization tendencies were greater than those
of the metal of polymer metal chelate films. Excel-
lent conductive films with long-term stability were
obtained. In this study, the novel reaction to prepare
metallized film is named as retroplating out.

EXPERIMENTAL

Preparation of Polymer Metal Chelate Films

PVA and polyamide metal chelate films were pre-
pared by the method that was reported in the pre-
vious papers of this series.®* Polyacrylamide
(PAAm) metal chelate films were prepared by a
similar method as for the PVA metal chelate films.?

Two parameters are used to express the amount
of metal salts in the polymer metal chelate:

1. Wt % = (metal salt weight /polymer weight )
X 100%.
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2. Fvalue = molar concentration of metal salts/
molar concentration of monomeric units of
the polymers.

In this study, commercially available polyure-
thanes, which were synthesized from toluene diiso-
cyanate (TDI) and polyols, were used. Metal salts
dissolved in N,N-dimethylformamide (DMF') were
mixed with commercially available polyurethane
DMTF solution to make a viscous polyurethane metal
chelate solution. The resulting viscous solution was
cast on glass plates and dried at 135°C for 1 h.

Retroplating-out Reaction

The procedures to prepare metallized films by using
wetted metal plates or metal powders to reduce
polymer metal chelate films are described as the fol-
lowing:

Reduction of PVA and PAAm Metal Chelate Films

Various activated metal plates or commercially
available activated metal powders were used in this
reaction. The metal plates were activated by polish-
ing with emery cloth. Distilled water was spread on
the metal plates or metal powders, then a piece of
PVA or PAAm metal chelate film was put onto the
surface of the wetted metal plates or metal powders
at room temperature for about 5-10 s to induce the
retroplating out. The reduced film was washed with
water several times and dried at 100°C for 15 min.

Reduction of Polyamide and
PU Metal Chelate Films

Polyamide or polyurethane metal chelate films were
put onto the surface of wetted metal plates or metal
powders that were preheated to 100°C for about 20
s to 5 min.

Electric Measurement

The surface electrical conductivity of the reduced
film was measured according to the conventional
four-terminal method with aluminum foil electrodes,
as described elsewhere.?

UV-Visible Absorption Spectra Analyses

UV-Visible absorption spectral data of PVA-Ag*
chelate films were obtained by using Jasco model
7800 spectrophotometer. PVA-Ag™ chelate films
(0.1 wt %-25 wt %; F = 0.00026-F = 0.065) were

prepared by the method that was reported in the
first paper of this series.® These films were controlled
to 30 um in thickness and cut into test pieces of size
1 X 3 cm. These test pieces were dipped into 10 mL
water at room temperature for 20 s to 12 h, followed
by the AgNO; diffusion from the polymeric metal
chelate film into the aqueous solution. Absorption
spectral data of these aqueous solutions was also
obtained by UV-visible spectrophotometry.

SEM Observation

The surfaces of various weight percents of unreduced
and reduced polymer metal chelate films, coated with
gold film of 150 A thickness, were measured under
a Hitachi model S570 scanning electron micro-
scope (SEM).

RESULTS AND DISCUSSION

Effect of Various Wetted Metal Plates (or Metal
Powders) and Net Electromotive Force Values
on the Surface Resistivity of Various

Polymer Metal Chelate Films

In this study, polymer metal chelate films were re-
duced by various wetted metal plates (or metal pow-
ders) in order to obtain excellent conductive polymer
films. This novel method to prepare metallized film
was derived from the well-known plating-out
method.® A piece of zinc is put into an aqueous so-
lution containing Cu?' ions, some of the zinc will
be converted to Zn?* ions and dissolved in the water,
and the Cu®' ions will be reduced to metallic copper
on the surface of zinc.

This reaction can take place spontaneously due
to the positive net electromotive force value
(E?%.).® For example,

In+ Cu** - Zn"?+ Cu EY% = +1.100V

This reaction is called plating out.

Actually, it also means that the polymer metal
chelate films can be reduced to metallized films when
the metal plates or metal powders show greater ion-
ization tendencies than does the metal of a polymer
metal chelate used as reducing agent under the wet-
ted condition. But the phenomenon of this novel
reaction is quite different from plating out. In the
plating-out reaction, Cu?* ions are reduced to me-
tallic copper on the surface of zinc bar. On the con-
trary, in this novel reaction, Cu?* is reduced to me-
tallic copper and adhered firmly on the surface of
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Table I Effect of Various Wetted Metal Plates (or Powders) and Net Electromotive Force Value on the
Surface Resistivity of Various Polymer Metal Chelate Film

Surface
Metal Plates Resistivity
Run Film F Wt % (or Metal Powders) Efe (2/cm?
1 PVA/AgNO; 0.039 15.0 Cu +0.462 1.0 X 107
2 Sn +0.935 1.0 X 107!
3 Fe +1.239 1.0 X 107!
4 Zn +1.562 1.0 X 107!
5 0.065 25.0 Al +2.461 1.0 X 1071
6 PVA/CuCl, - 2H,0 0.078 30.1 Sn +0.473 1.0 X 107}
7 Fe +0.777 1.0 X 107!
8 Zn +1.100 1.0 X 107}
9 PVA/NiCl,-6H,0 0.075 40.5 Zn +0.513 3.1 X 10°
10 PVA/CoCl,-6H,0 0.075 40.5 Zn +0.486 4.3 X 10!
11 PVA/NiCl,-6H,0 0.075 40.5 Fe +0.190 > 2 X 107
12 PVA/CoCl,-6H,0 0.075 40.5 Fe +0.163 >2 X 107
13 PVA/NiCl, - 6H,0 0.075 40.5 Sn ~0.114 > 2 X 107
14 PVA/CoCl,- 6H,0 0.075 40.5 Sn —0.141 > 2 X 107
15 PVA/NiCl, - 6H,0 0.075 40.5 Cu —0.587 > 2 X 107
16 PVA/CoCl,-6H,0 0.075 40.5 Cu ~0.614 >2 X 107
17 Nylon 6/CuCl, - 2H,0 0.150 22.6 Fe +0.777 1.1 X 10°
18 0.20 30.9 Fe +0.777 0.6 X 10°
19 PAAmM/AgNO, 0.100 24.0 Cu +0.462 6.0 X 10°
20 Fe +1.239 1.0 X 107!
21 PU/AgNO, — 25.0 Cu +0.462 1.0 X 107!
22 — 25.0 Fe +1.239 1.4 X 10°

polymer film; therefore, we name this novel reaction

system as retroplating out.

As shown in Table I (runs 1-10), when the

E?, values are positive, these PVA metal chelate
films exhibited definite metallic luster and excellent
conductivity (surface resistivity around 1.0 X 107!
Q/cm?). The minimum value of surface resistivity
measured by the four-terminal method is 1.0 X 107!
Q/cm?. As shown in Table I (runs 11 and 12), the
films show high surface resistivity (> 2 X 107 Q/
cm?) because the reduction cannot take place easily
at small positive E2,, values. The surface conduction
of the reduction for the treated films was the same

as that of the untreated ones in appearance. In runs
13-16 in Table I, when the E?,, values were negative,
the reduction cannot occur spontaneously. The films
also have high surface resistivity (> 2 X 107 Q/cm?).
Again, there were no observed differences between
treated and untreated films in appearance.

Similarly, polyamide, PAAm, and PU metal che-
late films were reduced by wetted metal plates or
metal powders. These films show excellent conduc-
tivity due to the higher positive E2 values, as shown
in Table I (runs 17-22).

In the first paper of this series,® it was shown
that PVA can be coordinated with Ag* or Cu®" ions

Table II Effect of Sodium Borohydride Solution on the Surface
Resistivity of PVA Metal Chelate Film

Surface Resistivity

Film F Wt % (Q/cm?)
PVA/AgNO; 0.039 15.0 1.0 X 107!
PVA/CuCl, - 2H,0 0.078 30.1 1.0 X 107!
PVA/NiCl, - 6H,0 0.075 40.5 1.0 X 107!
PVA/CoCl,-6H,0O 0.075 40.5 1.0 X 107!
PVA/FeCl;- 6H,O 0.150 92.2 1.0 X 1071
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and a PVA metal chelate is formed. The PVA-Ag*
and PVA-Cu?* chelate films reduced by NaBH,
aqueous solution exhibits excellent electrical con-
ductivity. PVA can also be coordinated with Ni%*,
Co?*, and Fe®* ions. These PVA metal chelate films
can be reduced by NaBH, aqueous solution to ex-
hibit excellent conductivity as well, as shown in Ta-
ble II. From Table II, it is noted that the minimum
amount of CuCl,, NiCl,, and CoCl, needed in the
PVA metal chelate to prepare metallized films was
higher than the amount of AgNO; required. Fur-
thermore, the minimum amount of FeCl; needed in
the PVA metal chelate to prepare metallized films
was higher than that required of CuCl,, NiCl,, and
CoCl,. It is shown that the minimum amount of
metal salts needed in the PVA metal chelate in-
creases with the increasing valence of metal salts.

Effects of the Amount of Silver Nitrate in PVA
Metal Chelate Films on the Conductivity
of Metallized Films

In Table III, for the 5 wt % (F = 0.013) and 10 wt
% (F = 0.026) of AgNO; in the PVA-Ag* chelate
films treated with the wetted metal plates or metal
powders, respectively, the surface resistivities are
still greater than 2 X 10”7 Q/cm?. When the amount
of silver nitrate in the PVA-Ag™ chelate film is more
than 10 wt % (F > 0.026), the film shows excellent
conductivity (surface resistivity around 10! ©/cm?)
after being reduced by wetted metal plates or metal
powders. These results are similar to those of the
PVA-Ag"* chelate film reduced by NaBH, aqueous
solution as mentioned in the first paper of this se-
ries.?

X-Ray Analysis

X-ray diffraction is adopted to examine the metal-
lization of the surface of treated films. From the

Table III Effect of the Amount of Silver Nitrate
in PVA Metal Chelate Film on the Surface
Resistivity of Metallized Films

Surface Resistivity

F Wt % (Q/cm?)
0.013 5.0 >2 X 107
0.026 10.0 > 2 X 107
0.039 15.0 1.0 X 107}
0.052 20.0 1.0 X 107!
0.065 25.0 1.0 X 107!
0.078 30.0 1.0 X 107!

Table IV Diffraction Angles (20) and Plane
Distances (d) Corresponding to Peaks Observed in
X-ray Analysis for Polymer Chelate Film
Reduced with Wetted Metal Plates (or Powders)

Film A® Pure Cu
Experiment Reference
Peaks 26 d 26 d
1 43.3 2.088 43.30 2.088
2 50.4 1.809 50.43 1.808
3 74.1 1.279 74.13 1.278

Film A prepared from PVA/CuCl; and polyamide/CuCl,
chelate film reduced by wetted zinc plates (or powders).

results of X-ray diffraction analyses, shown in Table
IV, the metallized film clearly demonstrates that the
main products on the film surface are metallic copper
for PVA /CuCl,; and polyamide / CuCl, films, which
are reduced by wetted zinc plates or zinc powders.
The results of PVA/AgNQO;, PAAm/AgNO;, and
PU/AgNO; films reduced by the wetted metal plates
or metal powders show that the surface of these films
were reduced to metallic silver, as shown in Table
V. The formation of these metallic copper and silver
surface layers were responsible for the conductivity.

In retroplating out, it is noted that chelate holds
the metallic substance on the surface of film and it
acts as an “anchor.” Therefore, the metallic sub-
stance layer adhered to the film very firmly and was
stable for over 1 year.

Visible and UV Spectra Observations

The UV-visible spectrophotometries of various wt
% PVA-Ag” films were studied in order to identify

Table V Diffraction Angles (20) and Plane
Distances (d) Corresponding to Peaks Observed
in X-ray Analysis for Polymer Chelate Film
Reduced with Wetted Metal Plates (or Powders)

Film B? Pure Ag
Experiment Reference
Peaks 20 d 26 d
1 38.1 2.360 38.14 2.359
2 44.3 2.043 44.33 2.043
3 64.4 1.446 64.50 1.445
4 71.5 1.231 77.61 1.230

® Film B prepared from PVA/AgNO;, PAAm/AgNQ;, and PU/
AgNOj chelate film reduced by wetted copper (or powders).
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Figure 1 Proposed structure for the PVA-Ag™ chelate
responsible for conductivity.

the proposed structure responsible for the conduc-
tivity (Fig. 1).% As shown in Figure 2, the UV-visible
spectral band of the 0.1 wt % (F = 0.00026) PVA-
Ag™ film appears at 433 nm and has a dark-brown
color, which are two characteristics of chelate for-
mation for Ag* coordinated with hydroxy group of
PVA. This chelate structure of PVA-Ag* was pro-
posed in Figure 3. When the AgNO; wt % of the
PVA-Ag* film is greater than 0.1 wt % (F
> 0.00026), the UV-visible absorption spectral
bands appear at 433 and 208 nm.

The spectral band at 208 nm was attributed to
the UV absorption of AgNO; aqua complex. It ap-
pears that when the amount of AgNO; in the PVA-
Ag? chelate film is greater than 0.1 wt %, some of
the Ag* ions were first coordinated with the hydroxy
group of PVA; then, the surplus Ag* ions are not
chelated by PVA but coordinated by the NOj ion.
Therefore, the absorbance of 433 nm was not in-
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Figure 2 Visible and UV absorption spectra: (a) (—)
0.1 wt % PVA-Ag* film; (b) (- --) 0.2 wt % PVA-Ag™
film; (¢) (---) 0.5 wt % PVA-Ag™ film.
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Figure 3 Proposed structure for the PVA-Ag™* chelate.

creased by increasing the amount of AgNQ; in the
PVA-Ag* chelate, but the absorbance of 208 nm
was increased by increasing the amount of AgNO;
in the PVA-Ag™ chelate.

The results are in good agreement with that of
the PVA-Ag™ chelate structure (Fig. 1) provided in
the first paper of this series.’ The NOj3 ion is con-
sidered to be the bridging atom to form the activated
complex. Therefore, the surplus AgNO; in the ac-
tivated complex can be easily reduced to metallic
Ag on the film surface by various reducing agents
or the retroplating-out reaction. The metallic Ag was
held by the chelate like an “anchor,” and the metallic
Ag adhered to the film rather firmly; thus, the me-
tallized film was very stable in the air for a long
time. Therefore, chelate plays a very important role
on the conductivity.

Further research was carried out by dipping the
test pieces into water to detect the amount of AgNO;g
diffuse out from the PVA-Ag™ chelate film by using
a UV-visible spectrophotometer. As shown in Table
VI, the 0.1 wt % PVA-Ag™ chelate film was dipped
into water over 12 h; the absorbance of AgNO; was
still zero, this being ascribed to Ag* ions with PVA
forming strong coordinate covalent bond. When the
amount of AgNO; was greater than 0.1 wt %, the
absorbance of AgNO; in the PVA-Ag™ chelate film
dipped into water was increased by increasing the

Table VI The Absorbance of PVA-Ag" Chelate
Film Dipped into Water for 20 s

F Wt % Absorbance
0.065 25.0 2.1998
0.052 20.0 1.7486
0.039 15.0 1.2335
0.026 10.0 0.3777
0.013 5.0 0.0570 (0.079%)
0.0013 0.5 0.0000 (0.048%)
0.00026 0.1 0.0000 (0.000%)

= Absorbance of PVA-Ag" chelate films soaked into water for
12 h.
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(a) 5 wt¥ PVA-Ag" film
before Cu treatment

(b) 10 wt% PVA-Ag't film
before Cu treatment

(c) 5 wt¥ PVA-Ag* film

after Cu treatment

(d) 10 wt% PVA-Ag' film

after Cu treatment

Figure4 Scanning electron microscope photographs of the PVA-Ag™ chelate film before

and after wetted metal treatment.

amount of AgNQO; in the PVA-Ag™ chelate film, as
shown in Table VI. These results indicated that the
surplus AgNQj; in the PVA-Ag™ chelate film can be
diffused into aqueous solution and simultaneously
be reduced by aqueous solution of reducing agents
into a metallic state that adheres to the surface of

the film. In the 0.1 wt % PVA-Ag" chelate film, no
AgNO; diffuses into aqueous solution as mentioned
above; therefore, it is suggested that the Ag* ion is
by itself enough to coordinate with PVA and there
are no surplus Ag* ions to form an activated complex
in the 0.1 wt % PVA-Ag™ chelate film. Besides, the



(e) 5 wt$ PVA-Ag* film
after Na/CoHgOH treatment

(g) 15 wt% PVA-Ag* film
after Cu treatment
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(f) 10 wt3 PVA-Ag*t film
after Na/CoHgOH treatment
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(h) 15 wt% PVA-Ag* film
after Fe treatment

Figure 4 (Continued from the previous page)

color of this film does not fade after dipping it into
aqueous solution, which indicates that Ag* ions with
PVA formed a strong coordinate covalent bond due
to chelate formation. Therefore, the structure of 0.1
wt % PVA-Ag* chelate was in good agreement with
Figure 3, as mentioned above.

It should be noted that the solvents of reducing
agents played another important role in the con-
ductivity. In the first paper of this series,® PVA metal

chelate film was reduced by various reducing agents,
such as aqueous sodium borohydride (NaBH,), so-
dium (Na) in ethanol, iron (Fe) powder in dilute
aqueous acetic acid, and catalytic hydrogenation
with palladium charcoal (Pd/C) (or Raney nickel)
as a catalyst in ethanol solution. Because the metal
ions in the PV A metal chelate can easily diffuse into
these solvents, it can be reduced to the metallic state
by these reducing agents. Therefore, PVA metal
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(i) 24 wt% PAAm-Ag* film
after Fe treatment

(j) 25 wt% PU-Ag* film
after Fe treatment

Figure 4(Continued from the previous page)

chelate film can be converted into metallized film
by various reducing agents. In the second paper
of this series,? polyamide metal chelate film can
be reduced only by aqueous sodium borohydride
(NaBH,). This is ascribed to metal ions in the poly-
amide metal chelate diffusing only into aqueous so-
lution but not into any other organic solvent, mean-
ing that polyamide metal chelate can be reduced to
the metallic state only by aqueous sodium borohy-
dride. In the retroplating out, PVA metal chelate
films can be reduced to the metallic state by spread-
ing water, ethanol, and methanol on the metal plates
(or metal powders). This is due to the metal ions
in the PVA metal chelate films diffusing into water,
ethanol, and methanol. When PAAm, polyamide,
and PU metal chelate films are reduced by spreading
ethanol or methanol on the metal plates (or metal
powders) whose ionization tendencies are greater
than that of the metal of these polymers, metal che-
late films could not be reduced to the metallic state
because no metal ions can diffuse into ethanol or
methanol from the films. Therefore, it is suggested
that only using water as a solvent for the reducing
agents can reduce PAAm, polyamide, and PU metal
chelate films to metallized films.

SEM Observations

As mentioned above, PVA-Ag* chelate film after
being reduced by the wetted metal plates (or metal
powders) shows excellent conductivity, because the
AgNO; wt % of the PVA-Ag™* chelate film is equal
to or more than 15 wt % (F = 0.039), but for the
films with less than 15 wt % (F < 0.039), high sur-
face resistivity is shown. These results can be sup-
ported by SEM photographs. The 5 wt % (F = 0.013)
and 10 wt % (F = 0.026) PVA-Ag" chelate films
show highly flat surfaces, as shown in Figure 4(a)
and (b). When these PVA-Ag™ chelate films were
reduced by the wetted Cu plates, only some of Ag™
ions were reduced to metallic silver. In Figure 4(c)
and (d), the metallic silver was distributed over the
surface of PVA-Ag™* chelate film like “island” fea-
tures. Therefore, these reduced films show high sur-
face resistivity (> 2 X 107 Q/cm?). The surfaces of
5wt % (F =0.013) and 10 wt % (F = 0.026) PVA-
Ag?* chelate films that were reduced by sodium in
ethanol also show “island” features [Fig. 4 (e) and
(f)]. The 15 wt % or more (F = 0.039) PVA-Ag*
chelate films were reduced by the wetted Cu or Fe
plate (or powders), respectively. These metallic Ag



particle aggregates on the surfaces of the reduced
film formed a continuous distribution, shown in
Figure 4(g) and (h). Therefore, these reduced films
possess excellent conductivity. Similarly, PAAm-
Ag* and PU-Ag™ chelate films are also reduced by
the wetted Fe plate (or powders). The AgNO; wt %
of the PAAm-Ag™ chelate film and PU-Ag™ chelate
film were 24 and 25, respectively. These films’ sur-
faces exhibited good conductivity because of the ag-
gregation of continuous metallic Ag, as shown in
Figure 4(i) and (j).

These results also can be proved by the fact that
when the PVA-Ag™ chelate film was dipped into
water for 20 s, the absorbances of 10 wt % (F
= 0.026) or less were much less than were the ab-
sorbances of 15 wt % (F = 0.039) or more, as shown
in Table VI. Therefore, only some of Ag™ ions in
the PVA-Ag* chelate film can diffuse into water.
The surface of the PVA-Ag™ chelate film showed a
high surface resistivity, indicating that only a small
amount of metallic Ag was reduced.

CONCLUSION

To obtain excellent electrically conducting metal-
lized polymer films by the retroplating-out method,
the following steps should be noted:

1. Adopt polymers containing functional groups
such as poly(vinyl alcohol) (PVA), poly-
amide, polyacrylamide (PAAm), and poly-
urethane (PU).

2. Introduce enough metal salt solution into the
polymer solution to form the polymer metal
chelate film.

3. Reduce by wetted metal plates (or metal
powders) that have ionization tendencies
greater than those of the metal of polymer
metal chelate films, and reduce metal ions to
metallic states on the surfaces of polymer
films.
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4. Form metallized polymer films with excellent
electrical conductivity.

These processes are very simple and fast, and the
conductivity of metallized polymer films were very
stable in the air for a long time. Furthermore, these
metallized polymer films maintained satisfactory
mechanical properties.

This research is being extended by using a series
of polyamide—imide metal chelate films prepared by
the transition-metal salts (AgNO;, CuCl,, CoCl,,
and NiCly) mixed with the polyamide-imide solu-
tion. These polyamide-imide metal chelate films are
reduced by various reducing agents and show ex-
cellent conductivities. These precise studies are now
in progress and will be reported in the near future.
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