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Abstract 

 Two novel methodologies for the surface metallization of polyimide membranes are considered herein.  In 
the first approach, we attach metal nanoparticles to a glass or polyimide substrate by means of a binder whose 
surface free energy and surface area allow for high adhesion to both the metal and the substrate—that is, through a 
ternary ‘metal-binder-substrate’ composite structure.  Sintering at low temperatures allows for high conductivity and 
facile pattern resolution as low as 300 microns.  This process is well-described for silver, with resistivities 
consistently within an order of magnitude of bulk polycrystalline silver; the only known hurdle for extension to 
copper or palladium lies in the fabrication of nanoparticles of those metals.  In the second approach, we form an 
electrically conductive and specularly reflective metal surface on a special class of fluorinated polyimides that 
possesses a dangling hydrophilic group.  This method requires the dissolution of a metal salt or complex in the 
polyimide matrix.  After drying off solvent, application of a chemical reducing agent reduces the metal ion to native 
metal, and diffusion allows the formation of a continuous surface layer.  This process is also well-described for 
silver, with resistivities within an order of magnitude of bulk polycrystalline silver and reflectivities approaching 
90%.  Attempts to extend this protocol to copper, palladium, and gold have been unsuccessful. 
 

Introduction 
Surface metallization of dielectric substrates 

encompasses a wide variety of techniques for a large 
range of applications.  In this paper, we deal 
specifically with approaches geared towards the 
metallization of high-performance polymers, most 
particularly polyimides.  Polyimides provide excellent 
thermal-oxidative stability, resistance to solvents, film-
forming properties, and dielectric constants.1 

Surface metallized films have many potential uses, 
varying somewhat from metal to metal.  A fairly 
comprehensive review, and reference to reviews, of 
potential applications of silvered films may be found at 
the beginning of our 2007 paper on thermal 
metallization of silver-doped polyimide films. 2  These 
applications include using patterned films for flexible 
circuitry for ground- and space-based applications; 
continuous metallized surfaces for EM reflection, 
concentration, and shielding, even at low 
concentrations of silver; and metallized films for 
catalysis, separation, and antibacterial effects.3  
Palladium films have similar properties, and silver’s 
superiority in the visible region of the EM spectrum is 
made up for by palladium’s significant reflectivity at 
longer wavelengths.4   

In addition to these, rapid templating or repair of 
circuitry is of intense interest.5  Silver, copper, and 
palladium all have potential for these applications, 
given their low intrinsic resistivities.  Silver and 

especially copper have significant cost advantages, and 
silver has the added appeal of having a relatively wide 
array of metallization protocols and minimal oxidation 
over time. 

Of the several techniques utilized for surface 
metallization of polymers, physical vapor deposition 
remains the most popular for active metals such as 
chromium and aluminum; however, the low adhesion 
of the metal to the polyimide when using coinage 
metals comprises a serious drawback.6   

Traditional and fluorinated polyimides may be 
surface metallized with silver or palladium using a 
thermal reduction protocol.  In this process, a metal salt 
or complex is dissolved in the matrix of a traditional or 
fluorinated poly(amic acid)—the precursor to a 
polyimide—or in the soluble imide form of a 
fluorinated polyimide.  Heating by a distinctive 
time/temperature series in a forced-air oven (that is, in 
an oxygenated environment) produces a surface-
metallized film.  Air flow rates, metal concentrations, 
metal anions or ligands, solvent, and heating 
times/temperatures can be manipulated to produce a 
reasonably large range of conductive and/or reflective 
films coated with silver or palladium.2-4 

Alternatively, several research groups have utilized 
a different protocol for metallizing polyimide films, 
primarily DuPont’s Kapton®, also known as 
PMDA/ODA.  By soaking the surface in 5.0 M KOH, 
the surface of the polyimide may be hydrolyzed back to 
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the poly(amic acid) form.  Subsequent application of a 
solution of a metal salt, via a displacement reaction, 
dopes the film with metal cations.  These may then be 
reduced to a surface layer of metal with a chemical 
reducing agent, typically sodium borohydride.  This 
process has been performed primarily with copper and 
with silver.5,7 

In 2007, we first reported a novel process utilizing 
a ternary polyimide-polymer-metal system to adhere 
silver to the surface of a polyimide.8  This process 
allowed for continuous or patterned surfaces, and 
provided modest line resolution (ca. 300 microns).  The 
chief appeals of this protocol lie in its simplicity and 
rapidity.  One would draw the desired pattern with a 
Sanford Sharpie® permanent marking pen, allow it to 
dry, and then gently press a silver nanopowder (average 
diameter ca. 120 nm) onto the pattern, allowing the 
nanoparticles to adhere selectively to the ink pattern, 
and not to the glass or polyimide substrate.  Subsequent 
thermal treatment to sinter the nanoparticles allowed 
for a minimum resistivity within two orders of 
magnitude of bulk polycrystalline silver.  The protocol 
could also be used for the repair of previously 
fabricated circuits of the same type, or of commercially 
printed circuitry on epoxy circuit boards.  The primary 
drawbacks are the lower-than-preferred conductivity, 
and that this represented the limit after heating the 
surface to 300 °C.  While not a problem for the 
polyimide film, not all circuitry can handle such high 
temperatures.  Thus, one aspect of the present 
investigations is an attempt to reduce the required 
sintering temperature and increase the maximum 
conductivity.  The primary approach is to work with 
smaller (ca. 5-10 nm) particles, whose larger surface 
area to volume ratio and higher surface free energy 
should allow for greater adhesion by the same 
mechanism utilized previously.  The protocol for 
synthesizing these particles is based on one first 
reported by Li, Wu, and Ong in 2005.9  We report 
herein success in this endeavor, with sintering 
temperatures as low as 125 °C and resistivity on the 
order of that of bulk polycrystalline silver.  In addition, 
we resolve issues we had in the replicability of the 
nanoparticle synthesis, alluded to in a later 
publication.10 

Additionally, we report herein a novel process for 
the surface metallization of a specially engineered class 
of soluble polyimides.  These fluorinated polyimides 
have a carboxylic acid group pendant from the main 
chain, for the purpose of increasing the polarity, and 
thus, the hydrophilicity and water uptake of the 
polyimide.  In a similar fashion to the thermal reduction 
protocol, a silver salt or complex is dissolved in the 
soluble polyimide matrix.  In this approach, however, 
because of the increased polarity of the polymer, 
aqueous reducing agents may be used to produce a 

highly conductive, highly reflective silver surface 
within just a few minutes.  Resistivities on the order of 
magnitude of bulk polycrystalline silver have been 
obtained, along with reflectivities as high as 88% of a 
polished aluminum mirror with a reflectivity 
coefficient of 0.92.  Silver concentrations may easily be 
as low as 4 wt. %, and we had preliminary success with 
concentrations as low as 2 wt. %.  Attempted 
extensions to copper, palladium, and gold have not yet 
been successful, perhaps because of the higher valence 
of their metal ions. 

Experimental 
Direct-Contact Physical Metallization 

Materials  Fine and Extra Fine Sanford Sharpie® 
Permanent Ink Markers, 3M’s transparent poly(vinyl 
acetate) adhesive tape, and polyethylene baggies were 
purchased locally.  Silver acetate (AgOAc, 99.99%), 
dodecylamine (98%), 1-hexadecylamine (technical 
grade, 90%), and phenylhydrazine (97%) were used as 
received from Sigma-Aldrich (St. Louis, MO).  Silver 
“nanopowder” (<100nm; the particles were protected 
with a proprietary organic molecule, determined to be 
2.5 wt % by thermal gravimetric analysis) was also 
purchased through Sigma-Aldrich.  Methanol, toluene, 
and acetone, all reagent grade, were obtained from 
Fisher Scientific (Fair Lawn, NJ).  1, 1, 1, 5, 5, 5-
hexafluoroacetylacetone (HFAH) was refrigerated and 
used as received from Lancaster Synthesis Inc. (Ward 
Hill, MA).  Glass petrographic slides (27x46 mm) were 
obtained from Buehler Ldt. (Lake Bluff, IL).  
Commercial Kapton film was a gift of R. L. Kiefer.  
Poly(vinylpyrrolidone) and poly(methyl methacrylate) 
were purchased from Sigma-Aldrich (St. Louis, MO).  
Poly(butyl acrylate-co-acrylic acid) (50:50) was 
purchased from Polysciences (Warrington, PA).  Ultem 
1000 film was purchased from C.S. Hyde (Lake Villa, 
IL).   

 
Synthesis of silver nanoparticles  1, 1, 1, 5, 5, 5-

hexafluoroacetylacetonato-silver(I) complex (AgHFA) 
was prepared without isolation by stirring 0.1669g (1 
mmol) of AgOAc into 2 mL of toluene in a small vial 
to form a slurry, and then adding 0.2289g (1.1 mmol) 
of HFAH.  Once the solution was clear, with no visible 
solids, complexation was assumed to be complete.   

The AgHFA solution was then used to replace 
AgOAc in a literature method,9 along with a few minor 
modifications.  To this end, into a 100-mL round-
bottomed flask, we massed 1.853g (10 mmol) of 
dodecylamine, along with 38 mL of toluene. The 
AgHFA solution was then added to the reaction flask, 
and the flask lowered into a 60 °C silicon oil bath.  The 
dodecylamine melted and dissolved during heating. 

In a small beaker, 0.0381g (1/3 mmol) of 
phenylhydrazine was added to 10 mL of toluene. The 
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resulting mixture was added to the reaction flask 
dropwise via a syringe pump over 5 minutes. The 
solution in the flask turned light yellow, tan, brown, 
than dark brown over about two minutes. The reaction 
was allowed to proceed at 60 °C for 30 minutes after 
the completion of phenylhydrazine addition, and then 
the reaction flask was removed from the bath and 
allowed to cool to room temperature. 

 
Purification of nanoparticles  Once the reaction 

flask had cooled to room temperature, 10 mL of 
acetone was added to neutralize the phenylhydrazine.  
The acetone and toluene were then removed from the 
flask by rotary evaporation with the water bath set at 50 
°C.  The remaining solution was added to 100 mL of a 
stirring 50. vol. % solution of methanol in acetone to 
precipitate the silver nanoparticles.  The particles were 
allowed to settle out for at least two hours.  The 
optically clear supernatant was then decanted off and 
discarded.  A fresh 50 mL of acetone were added to the 
beaker containing the particles for a second wash.  The 
particles were again allowed to settle out for at least 
two hours, and the clear supernatant was again 
decanted and discarded.  The particles rapidly dried in 
air, yielding a dark powder. 

 
Preparation of substrate  Substrates intended for 

full-surface metallization or for patterned metallization 
were prepared as described previously.8  To metallize 
the entire surface of a 27x46 mm petrographic slide for 
characterization purposes, it was coated with Sanford 
Sharpie® permanent marking ink by drawing 
overlapping lines parallel with the short (27 mm) 
dimension of the slide. The slide was allowed to dry at 
room temperature. Alternatively, any desired pattern 
could be drawn on the petrographic slide or a polyimide 
film with the permanent ink, with a resolution of up to 
300 microns.  Preliminary studies indicate that 
polymers in the acrylate and acetate families exhibit 
similar properties to the Sanford permanent ink. 

 
Metallization and modification  Silver 

nanoparticles were applied to a dry inked pattern by 
sprinkling them over the substrate and wiping them 
gently across the entire surface with a piece of latex 
glove.  The nanoparticles readily adhered to the inked 
pattern with minimal pressure.  Several passes would 
leave the surface fully metallized and highly 
conductive.  Excess nanoparticles were collected for 
use on another slide to minimize waste, as scanning 
electron microscopy indicated no deformation of the 
particles during the application process.  Subsequent to 
fabrication and initial characterization, one of two 
modification steps was often taken.  In the first process, 
the surface was buffed with a non-abrasive material.  In 

the second process, the substrate and surface were 
heated in a GS Blue M oven (Series 146 with Pro-350 
controller). 

  
Characterization  Resistance measurements were 

made with a two-point FLUKE 111 digital multi-meter 
and a TENMA 72-2035 digital multi-meter.  Sheet 
resistivity measurements were taken with a Lucas 
Signatone SYS-301 four-point probe.  Scanning 
electron microscopy was performed with an Hitachi S-
4700 field emission SEM, and transmission electron 
microscopy was performed with a Zeiss CEM-920 
TEM.  Thermo-gravimetric analysis was performed 
using a TGA Q500.  Scotch-tape tests for adhesion 
were performed with a transparent adhesive from 3M; 
the classification scheme for results was the same as in 
ref. 8. 
 
Latent Surface Chemical Metallization 

Materials   The following chemicals were 
purchased from Aldrich Chemical Co. and were used 
without further purification (starred items were 
refrigerated during storage): trifluoromethane sulfonic 
acid (98%, *), hydrazine monohydrate (98%, *), 
hydroxylamine (50% aqueous solution, *), 
methylhydrazine (98%, *), silver(I) oxide (99%), 
silver(I) acetate (99%), ammonium thiosulfate (99%), 
3,5-diaminobenzoic acid (DABA, 98%), 
dimethylacetamide (DMAc, 99.8%, anhydrous).  2,2-
Bis(3,4-dicarboxyphenyl)hexafluoropropane 
dianhydride was obtained from Hoechst Celanese and 
vacuum dried for 5 h at 150 °C prior to use.  2,2-Bis[4-
(4-aminophenoxy)phenyl]hexafluoro-propane (4-
BDAF) and oxydianiline (4,4'-ODA) were obtained 
from Wakayama Seika Kogyo Co., Ltd via Chriskev 
Co., Inc. and used without further treatment. 

 
Synthesis of co-polyimide  1. Recrystallization of 

3,5-diaminobenzoic acid (DABA).  DABA is soluble in 
hot water.  However, at temperatures greater then ca. 
50 °C the diamine solution becomes black and opaque, 
and the resulting diamine after reprecipitation is a 
questionable green-gray in color; at times only a dark 
oil results.  Heating the water only to 35 °C was 
selected as a temperature which did not cause intense 
darkening of the solution.  The diamine has limited 
solubility at this temperatue, but the recrystallized 
product was cream-colored rather than green-gray.  As 
an example, 10 g of DABA was added to 900 mL of 
deionized water.  The slurry was stirred on a hot plate 
at 32-35 °C for 10 min.  Not all the DABA dissolved.  
The mixture was filtered while hot, and the filtrate was 
kept 0 °C for 15 h.  The recrystallized DABA was 
filtered and washed with 800 mL water at 0 °C.  A 
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cream colored solid (ca. 4 g) was isolated.  The solid 
was dried under vacuum at 100 °C for 15 h.    

2.  Synthesis of the poly(amic acid).  This polymer 
was formed using a 250-mL resin kettle, the top of 
which was equipped with a nitrogen gas inlet, a stirring 
rod housing with the stirring rod attached to an 
overhead stirrer, and a stopper.  To remove water from 
the glassware, the kettle was heated for several minutes 
with a heat gun, with dry nitrogen gas flowing through 
the system.  Under a slow flow of nitrogen gas DABA 
(3.016 g, 198.2 mmol) and 4,4'-ODA (3.972 g, 198.4 
mmol) were added as solids directly to the kettle.  
DMAc (60 mL) was then added, and the mixture of 
diamines was dissolved by stirring.  6FDA (17.603 g, 
396.3 mmol) was then added as a solid directly to the 
resin kettle, with the nitrogen slowly flowing.  An 
additional 40 mL of DMAc were added.  The final 
reaction mixture was then stirred at room temperature 
for 15 h.  The flask became warm to the touch after ca. 
3 minutes, indicating that the dianhydride-diamine 
dehydration reaction was occurring.  The viscosity of 
the solution increased continually for the first one hour 
and then appeared to remain roughly constant.   

3.  Synthesis of the polyimide form by chemical 
imidization.  The poly(amic acid) prepared above was 
poured by hand over a 5 minute period into a 
magnetically stirred mixture comprising 150 mL each 
of acetic anhydride and pyridine.  The solution was 
then heated to ca. 60 ºC with stirring for 3 h.  The 
solution was allowed to cool to the ambient 
temperature.  This polyimide solution was added over 
ca. 30 min from a dropping funnel into 500 mL of 
deionized water in a rapidly stirring blender.  
Periodically, cubes of ice were added to keep the 
temperature near room temperature.  This precipitation 
of the final polyimide was done in two stages, due to 
the limitation of the blender volume.  The precipitated 
polyimide was filtered at a water aspirator using a 
Buchner funnel and washed with copious amounts of 
deionized water.  The solid polyimide fractions were 
combined and dried at 100 ºC in air and then in a 
vacuum oven at 150 ºC for 10 h. 

 
Preparation of doped resin  To make a 4.0 wt. % 

silver film, silver(I) oxide (0.0860 g, 3.7 mmol) was 
slurried in 2.0 g of DMAc, in a 12-mL jar with a 
magnetic stirring bar.  To this was added 
trifluoromethane sulfonic acid (0.1112 g, 7.5 mmol); 
the mixture was stirred until all of the silver(I) oxide 
disappeared, presumably as silver(I) trifluoromethane 
sulfonate (AgOTf).  8.0 wt. % silver films were made 
up similarly.  

To the solution of AgOTf in DMAc was then 
added 2.0 g of the 6FDA/ODA-DABA polyimide, and 
then 4.0 g of DMAc.  The mixture was stirred until the 

polyimide dissolved completely, and then for another 
half hour at minimum, to ensure a homogenously 
doped resin.  After stirring, the polymer was cast on a 
glass plate at a thickness of 0.45 to 0.6 mm using a 
doctor blade.  The as-cast film was placed in a film 
drying box, with slowly flowing dry air at 2-3% 
relative humidity. 

 
Metallization of Surface  After drying overnight 

(12-16h.) in the film drying box, the films was ready 
for metallization.  To metallize the surface of the film, 
the film was treated (generally until optical opacity, 
tested by placing an index card with a permanent 
marker line drawn on it underneath the glass plate; 
when the line was no longer visible, even on moving 
the card, the surface was approximately optically 
opaque) with one of several aqueous reducing agents, 
selected from hydrazine, hydroxylamine, and 
methylhydrazine.  These reducing agents were 
generally made up fresh for each use, from the stock 
solution and deionized water.  They were made at 
varying volume percentages, ranging from 0.1% to 
1.0% reducing agent. 

 
Patterning  The metallized surface may be 

patterned in one of several fashions, as described in our 
recent patent application.11  These techniques include 
masking the unmetallized surface with a masking 
agent, such as a permanent marking ink, and reducing 
the exposed surface.  The exposed surface could be 
retained, with the mask being washed off and excess 
silver chemically leached or thermally fixed.  
Alternatively, the metal layer may be etched away, and 
then the silver ions—from beneath the mask—reduced 
with the reducing agent.  Other alternatives include 
masking a continuous, already-metallized surface, and 
then etching the unmasked silver away, or printing the 
reducing agent only on the areas one would like 
metallized, then fixing the remaining silver ions, either 
thermally or by chemical leaching. 

 
Characterization  Resistance measurements were 

made with a two-point FLUKE 111 digital multi-meter 
and a TENMA 72-2035 digital multi-meter.  Sheet 
resistivity measurements were taken with a Lucas 
Signatone SYS-301 four-point probe.  Scanning 
electron microscopy was performed with an Hitachi S-
4700 field emission SEM, and transmission electron 
microscopy was performed with a Zeiss CEM-920 
TEM.  Thermo-gravimetric analysis was performed 
using a TGA Q500.  Scotch-tape tests for adhesion 
were performed with a transparent adhesive from 3M; 
the classification scheme for results was the same as in 
ref. 8.  Specular reflectivity measurements were 
obtained relative to a polished aluminum mirror, 
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reflectivity coefficient 0.92, on a Perkin-Elmer Lambda 
35 UV–vis spectrophotometer equipped with a 
variable-angle specular reflectance accessory using a 
wavelength of 531 nm, which is near the solar 
maximum. 

 
Results and Discussion 

Direct-Contact Physical Metallization 
Synthesis of silver nanoparticles  In our hands, 

attempts to replicate the synthesis described by Li, Wu, 
and Ong yielded mixed results.9  Li, Wu, and Ong 
provide some indication that this may not be a localized 
result.10  In any case, we found several modifications to 
the procedure very helpful; the following allowed us to 
readily synthesize monodisperse nearly-spherical 
particles in the 5-10 nm regime (determined by 
scanning electron microscopy), with a 1.5 % alkyl 
amine monolayer (determined by thermal gravimetric 
analysis, not shown).  Instead of beginning with 
insoluble silver acetate, we began with the stable and 
highly soluble hexafluoroacetylacetonato-silver(I) 
complex (AgHFA).  We also reduced the concentration 
of reducing agent by a factor of three, to slow the 
reduction rate, and halved the reaction time, to prevent 
excessive Ostwald-like ripening.  In addition, we 
eliminated centrifugation at 2500 rpm from the  
purification steps, as we found it caused our particles to 
aggregate irreversibly.  The size distribution was: 22% 
� 5 nm, 72% 6-10 m, 6% 11-20 nm, and 1% 21-30 nm. 
 

Metallization and modification of substrate  As 
previously observed,8 application of amine-protected 
silver nanoparticles was facile and selective.  The 
particles adhered only to the dry ink pattern, with no 
deformation resulting from the application process (see 
Figure 1). 

Modification by buffing was readily accomplished.  
It is reasonable to believe that the slight increase in 
sheet resistivity (Table 1; symbol � s

 below) resultant 

from this process actually represents a decrease—or at 
least no change—in bulk resistivity, � b: 

 
        � b = � s � t                             (1) 

 
as the buffing likely decreases the thickness, t, of the 
silver layer.   

Modification by heating also presented no 
problems.  Samples were removed from the oven once 
the temperature reached the indicted value. 

  
Conductivity  As shown in Table 1, the samples 

are generally rather conductive upon application of the 
nanopowder to the ink pattern.  Subsequent 
modification by heating results in a general decrease in 
resistivity, converging on 0.03 ohms/square (the 
approximate limit of detection of the instrument being 
used).  Exploration of this phenomenon by SEM 
indicates that this is due to sintering of the 
nanoparticles into larger particles, and ultimately, a 
continuous network of silver (see Figure 2).  It is 
important to note that the sintering begins at lower 
temperatures, and proceeds more quickly, than reported 
previously for larger particles.  Sintering commences at 
or before 50 °C, and is effectively complete by 125 °C 
(sintering still occurs after this temperature, as shown 
in Figure 2, but it does not enhance the electrical 
conductivity in any measurable way).  Previously, 
sintering did not begin before ca. 150 °C, and was not 
complete before ca. 300 °C. 

As described in equation (1), multiplying the sheet 
resistivity by the thickness yields the bulk resistivity of 
the surface.  By two different microscopy experiments, 
we were able to determine the approximate thickness of 
the silver layer adhered to the ink pattern.   

In the first, SEM on a boron-doped silicon wafer 
with ink and nanoparticles applied (not shown), broken 
and turned such that the beam was incident parallel to 
the silver layer, indicates that the layer is 

Table 1:  Sheet resistivities for direct-contact physical metallization samples.

As applied After buffing
295 K 295 K 323 K 348 K 373 K 398 K 423 K 448 K 473 K 523 K 5 73 K
22 °C 22 °C 50 °C 75 °C 100 °C 125 °C 150 °C 175 °C 200 °C 2 50 °C 300 °C

DCPM 1 0.14 0.17 - - - - - - - - -
DCPM 2 0.07 0.10 - - - - - - - - -
DCPM 3 0.06 - - - 0.03 - 0.03 - 0.03 0.03 0.03
DCPM 4 0.09 - - - 0.03 - 0.03 - 0.03 0.03 0.03
DCPM 5 0.03 - - - 0.03 - 0.03 - 0.03 0.03 0.03
DCPM 6 0.25 - - - 0.06 - 0.03 - 0.03 0.03 0.03
DCPM 7 0.40 - - - 0.06 - 0.03 - 0.03 0.03 0.03
DCPM 8 0.62 - - - 0.09 - 0.03 - 0.03 0.03 0.03
DCPM 9 0.03 - 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
DCPM 10 0.03 - 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
DCPM 11 9.36 - 11.74 1.01 0.31 0.03 0.03 0.03 0.03 0.03 0.03
DCPM 12 77.26 - 82.81 0.82 8.86 0.03 0.03 0.03 0.03 0.03 0.03

Sample

Sheet resistivity for silver-coated petrographic sl ides (ohms/square)
After heating
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approximately 1-2 microns in thickness.  In the second, 
TEM on a cross-section of a Kapton sample using the 
Sigma-Aldrich nanopowder (as used in ref. 8; NOT the 
smaller, amine-coated particles whose data are 
tabulated above) heated to 225 °C indicates the silver 
layer is ca. 500-1000 nm in thickness (not shown).  
Taking an average value of about 1 micron in thickness, 
the bulk resistivity would be 3x10-8 �� m.  Thus, it is 
very reasonable to believe that this process provides 
resistivities within one order of magnitude of that of 
bulk polycrystalline silver, at 1.6x10-8 �� m.  This 
represents an improvement by at least a factor of 10 
over the results reported previously. 

 
Adhesion  The adhesion of the silver layer to the 

ink pattern was measured using the Scotch Tape® Test, 
with a transparent adhesive from 3M.  The standards 
used are described in ref. 8, and can be summarized as 
follows:  3M Scotch TapeÒ is applied to the silvered 
surface, pressed down firmly, and then peeled off.  
“Zero” adhesion is demonstrated when all of the metal 
comes off with the tape.  “Poor” adhesion is 
demonstrated when a large amount of the silver comes 
off with the tape, interrupting the conductivity of the 
surface.  “Fair” adhesion is demonstrated when a 
moderate amount of silver comes off with the tape, 
visually disturbing the surface, but not interrupting 
conductivity.  “Good” adhesion is demonstrated when 
only a superficial amount silver comes off with the 
tape.  “Excellent” adhesion is demonstrated when no 
silver comes off.  Tape can be applied in the primary 
direction of brushing (with the grain), or perpendicular 
to that direction (against the grain).  Adhesion was 
generally superior to that of the larger particles 
previously reported.  Adhesion data are tabulated below 
in Table 2.  As shown, heating provides generally 
superior adhesion.  However, the process has enough 
variability that perfect replication from sample to 
sample does not exist. 

Polymer substitutions  One might expect that 
acrylate or acetate polymers would exhibit similar 
properties to the permanent marking ink, as they can 
comprise the polymeric component of a permanent 
marking ink,12 and we argued previously that the 
polymeric component must be the binding agent for the 
metal nanoparticles.  Preliminary studies using that the 
ca. 100 nm nanopowder purchased from Sigma-Aldrich 
indicate that this is indeed the case—the silver 
nanoparticles do adhere to polymers with low glass 
transition temperatures and pendant polar groups.  We 
have had high success with poly(vinyl acetate) and 
poly(butyl acrylate-co-acrylic acid) (50:50), and 
modest success with poly(methyl methacrylate).  
Poly(vinylpyrrolidone) showed a very slight adhesion.  
Polymers with greater rigidity or no polar groups, 
including polyethylene, Kapton, and Ultem, did not 
allow any adhesion at all. 

In an intuitive sense, this is not all that surprising.  
Pastoriza-Santos and Liz-Marzán indicate that silver(I) 
ions adsorb onto the surface of nanoparticles formed in 
N,N-dimethylformamide.13  This would provide a very 
slight positive charge to the nanoparticles; polymers 
with heteroatoms with lone pairs would then be subject 
to dipole-charge interactions.  In addition, the “sea” of 
electrons in the conduction band of the metal 
nanoparticle would provide a rather polarizable surface, 
allowing for dipole-induced dipole effects, and such 
like.  Presumably, though, these would require the 
ability of the polar groups to align their dipoles in a 
favorable fashion, rather than being randomly oriented 
and providing little net attraction.  A polymer above its 
glass transition temperature would certainly meet this 
requirement; other possible methods of satisfaction 
include short-chain motions.  While segmental motions 
cease below Tg, side chains—e.g., an acrylate group—
can still rotate freely.14  The result, then, is that we 
might expect the acrylic/acrylate and acetate families, 
so long as the polymer backbones do not get too rigid, 
to perform well as binders.  We might also very well 
expect that the rigidity that characterizes high-
performance polymers would inhibit high adhesive 
affinities, in spite of their large numbers of polar 
groups. 

 
Extensions to other metals  This protocol has not 

yet been extended to any other metal.  There is no 
theoretical barrier to its application to, for example, 
copper, whose similar bulk resistivity and significantly 
lower cost make it an attractive alternative.  The 
relative difficulty of synthesizing copper nanoparticles, 
combined with the low interest in this method 
compared to the latent surface method, has prevented 
any actual trials from being run to date. 
 

DCPM 1 buffed good fair

DCPM 2 buffed poor fair

DCPM 3 heated excellent excellent

DCPM 4 heated good excellent

DCPM 5 heated poor excellent

DCPM 6 heated excellent excellent

DCPM 7 heated excellent excellent

DCPM 8 heated poor poor

Sample
Post-

fabrication 
modification

Adhesion 
with the 

grain

Adhesion 
against the 

grain

Table 2:  Adhesion data for direct-contact 
physical metallization samples
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Latent Surface Chemical Metallization 

The surface-silvered films developed by this 
process seem to retain the properties of the parent 
polyimide (e.g., the films can be creased without 
damage).  They are also highly reflective and/or highly 
conductive, depending on the reducing agent, reducing 
agent concentration, and silver concentration.  SEM 
indicates that the reduction likely proceeds via an 
island-growth mechanism (see Figure 3). 

 
Conductivity  Resistivity data are presented in 

Table 3 for various silver concentrations and reducing 
agent concentrations.  As can be seen, at 4.0 wt. % 
silver, hydrazine provides slightly more conductive 
film surfaces when compared to hydroxylamine, and 
much more conductive ones than methylhydrazine.  
The hydrazine-hydroxylamine trend is reversed at 
higher weight percent, though, for reasons which are 
not clear at present.   

TEM data (see Figure 4) indicate that the thickness 
of the surface silver layer in 8.0 wt. % silver, reduced 
with 1.0 vol. % NH2OH, is approximately 420 nm.  
Using equation (1), this indicates that the bulk 
resistivity the metal layer is ca. 5.4 x 10-8 � ·m.  

 
Reflectivity  Reflectivity data are shown in Table 3 

for various silver concentrations and reducing agent 
concentrations.  As can be seen, hydroxylamine is the 
reducing agent of choice for high reflectivity, as—
despite its comparatively rapid reduction times—it 
consistently produces films with reflectivity 10-15% 
higher than comparable films reduced with hydrazine.  
SEM (Figure 3) sheds some light on this, 
morphologically but not mechanistically.  There seems 
to be no significant difference between volume 
percentages, though lower volume percents do seem to 
give slightly more reflective films at 4.0 wt. % silver.  
The 8.0 wt. % silver films are nowhere near as 
reflective as their lower concentration counterparts.  
Presumably, the surfaces formed are microscopically 
rougher as a result of the rather rapid reduction to 
native metal.  

 
Adhesion  Adhesion of the metal surface to the 

polymer substrate always qualifies as “excellent” on 
the Scotch Tape® Test.  The metal layer is intimately 
adhered to the polyimide film. 

 
Extensions to other metals  We have tried various 

different copper(II) complexes and salts, along with 
Cu(OTf)2, Pd(OTf)2, and HAuCl4·3H2O (auric acid), all 
at approximately 8.0 wt. %.  In many cases we are able 
to form a metallic interlayer (much like those reported 
by Mazur and coworkers),15 despite our inability to 
form a metallized surface.  It is this result that 
encourages us to postulate that the higher valence of 
those ions inhibits the formation of surface layers of 
those metals, presumably due to greater interactions 
with the polymer, and thus, slower diffusion towards 
the surface of the film. 
 

Conclusions 
Direct-Contact Physical Metallization  

We set out to explore further the adhesion of silver 
nanoparticles to glass and polyimide substrates via a 
polymeric ink binding layer.  In so doing, we utilized 
nanoparticles narrowly dispersed around 5-10 nm in 
diameter, postulating that this would lead to higher 
adhesion and lower sintering temperatures, because of 
the very high surface area to volume ratio and high 
surface free energy of such small nanoparticles.  Both 
predictions were experimentally realized, with 
excellent adhesion in many systems, and resistivities 
consistently on the order of—or at worst, an order of 
magnitude greater than—that of bulk polycrystalline 
silver.  In addition, several possible polymer substitutes 
for the permanent ink were identified, from the acrylate 
and acetate polymer families. 
 
Latent Surface Chemical Metallization 

We have reported a novel protocol for the chemical 
surface metallization of a soluble, fluorinated 
polyimide.  This approach is wholly unique in that the 
final imide form of the polymer is metallized, not the 
amic acid form, which must then be converted to the 

Reducing Agent R. A. Concentration Ag+ Concentration Metallization time (minutes) % Reflectivity Resistivi ty (ohms/sq.)
N2H4 1.0% 4.0% 9.0 71.30% 0.3464

N2H4 0.5% 4.0% 13.5 69.54% 1.5666

N2H4 0.1% 4.0% 17.0 74.61% 0.5375

NH2OH 1.0% 4.0% 7.0 87.62% 3.8906

NH2OH 0.5% 4.0% 8.0 83.68% 5.8509

NH2OH 0.1% 4.0% 9.5 88.32% 2.6576

NH2OH 1.0% 8.0% 1.5 43.87% 0.1277

N2H4 1.0% 8.0% 3.0 13.11% 1.7935

CH3NHNH2 1.0% 8.0% 15.5 22.53% (in the kilo-ohm region)

Table 3:  Data for latent surface chemical metallization samples.
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imide form (usually by thermal treatment).  In addition, 
no heating or strong bases are required, making this a 
synthetically very attractive process.  The resultant 
surfaces are well-adhered, have a resistivity on the 
order of the magnitude of bulk polycrystalline silver, 
and have reflectivities approaching 90%.  This appears 
to be a new protocol with significant promise for future 
surface metallization applications. 
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Figure 1 (left): Scale bars represent 10 nm.  Top 
image is silver nanoparticles prior to application 
(500k magnification); bottom image is after 
application (200k magnification).   

Figure 2 (below): Effects of thermal treatment on 
silver nanoparticles.  Sintering begins around 50 °C. 

10 nm 
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Figure 3 (below): Various SEM views 4.0 wt. % silver 
in the 6FDA/ODA-DABA polyimide.  The top three 
images are various magnifications of the same sample; 
the bottom three images are the corresponding 
magnifications of a different sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 (left and below): left—TEM image of surface 
of an 8.0 wt. % silver 6FDA/ODA-DABA film, 
reduced with 1.0 vol. % NH2OH.  The surface layer is 
approximately 420 nm. 
 
Bottom—TEM image of the bulk of the same film.   
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