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Metal-Polymer Interactions in a Polymer/Metal Nanocomposite
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A poly(t-butyl acrylateygold nanocomposite sandwich was annealed to induce diffusion of the
gold particles, which was monitored using Rutherford backscattering spectrometry. Marker motion
experiments were also performed to probe particle and polymer mobilities independently. The
experiments revealed that particle mobility was decreased by 2 to 3 orders of magnitude compared
with the predictions by Stokes-Einstein theory. Diffusion of polymer molecules through a gold
particle layer is decreased by a much smaller extent. These results are attributed to bridging between
particles arising from slow exchange kinetics of polymer segments at the pgiyre&l interface.
[S0031-9007(97)03435-2]

PACS numbers: 81.05.Lg, 82.70.—y, 83.10.Nn, 83.10.Pp

Polymers and metals come into contact in many areasf the energy minimum) increases. The reduced rate of ex-
of modern technology. Automobiles are increasingly aschange allows for polymer strands bound to the particles to
sembled using adhesives rather than welds [1], metal catact as bridges between particles. For sufficiently high par-
lysts are embedded in polymer electrolytes for fuel celldicle concentrations, a network of bridges is formed, which
[2], and prosthetic devices frequently feature acrylic bonegetards particle diffusion.
cement in contact with metallic implant materials. Poly- This particular study involves the examination of gold
mers, especially polyimides, are also used as substratesmanoparticles in a poli{butyl acrylate) (PTBA) matrix.
the deposition of metallization lines for integrated circuits.Gold was chosen for its high atomic number and relative
With such widespread technological impact, it is importantinertness to chemical reaction. The acrylic polymer is eas-
to understand on a more fundamental level how the polyily spun cast into uniform films, and can also be converted
mers interact with the metals. In this Letter, we exploreto other acrylic systems, allowing for future work to probe
the area of polymer-metal interactions by examining dif-the effects of different functional groups on the polymer-
fusive processes related to these interactions. metal interactions [3]. PTBA also has a glass transition

The underlying principle in this study is that by in- temperaturg(7,) ~ 45 °C, which is conveniently acces-
troducing metal particles into a polymer matrix, we cansible. The polymer was synthesized using anionic poly-
determine the tendency of the particles to affect the momerization and its polydispersity (the ratio of weight
bility of the polymer by examining the diffusive behav- average to number average molecular weight) was less
ior of the particles themselves. A “strongly” interacting than 1.15. Previous work on poly(2-vinylpyridine) showed
system is one that shows large deviations from theoretivery strong interactions between the polymer and the gold
cal predictions, while a “weakly” interacting system ex- particles [4], while initial results from PTBA have shown
hibits near-idealized behavior. A distinguishing feature ofsurprisingly weak interactions—the particles showed ap-
the strongly interacting systems is that exchange of polypreciable diffusion into a PTBA film. The relative lack of
mer segments in intimate contact with the metal particles interaction is thought to be derived from the presence of
very slow. Our qualitative picture is that the interactionsthe bulky t-butyl group, which shields the gold particles
are directional, in that the energy is minimized for a spefrom the more interactive ester group and its delocal-
cific orientation of the polymer segment with respect to thezed 77-bonded electrons. One should keep in mind that
particle surface. In order for one segment to be replacedven relatively weak polymer-metal interactions of order
with another, the segments must achieve a configuratiokzT (0.03—0.04 eV) can significantly affect the mobility
which is energetically unfavorable. The energy of this un-of polymer segments in the vicinity of a gold particle.
favorable configuration is the activation energy, which weThese interactions are much weaker than those which can
expect to increase as the strength of the interaction (deptte probed by direct spectroscopic methods such as x-ray
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photoemission spectroscopy [5,6]. Even the “strong” in- L L L B
teractions to which we refer are much weaker than those A

which have been studied by these other methods. 0.006 |- x _

The initial experiments were conducted by creating i Rx ]
sandwich samples of PTBA containing a buried layer of : N 1
gold nanoparticles. The samples were created by spin cast- - XX 1
ing 0.3-0.4 um PTBA films of various molecular weights & 0.004 |- x 7
onto highly polished single crystal silicon substrates. The [ X x |

substrates were then placed into a thermal evaporation sys-

tem, and gold was deposited on the sample. The thickness 0.002
of gold on the sample was monitored with a quartz crys-

tal thickness monitor. The equivalent thickness of gold

deposited was between 0.4—0.5 nm. This thickness is in- S .
sufficient to achieve continuous coverage, and the film that 0.000 =00 0.2 0.4 0.6
actually forms consists of islands, approximately 3 nm in Depth (um)

diameter, of roughly spherical shape [7]. - . . ,
: . FIG. 1. Characteristic gold particle volume fraction profiles.
Following the evaporation of the gold, another ponmerThe unannealed control sampl)( shows a sharp Gaussian

film was spun cast onto a glass slide, a_nd .the film wageak, while the second sample) has been annealed for 1 h
floated off the slide onto a water bath. This film was thenat 65°C. The dashed line shows a simulated diffusion profile

placed on the silicon substrate, on top of the evaporatedith D = 1.58 X 107'* e s™1.
layer, creating a sandwich. The excess water was evapo-
rated in vacuum at room temperature, producing a uniform
sample with a gold layer buried in the center of the film. A convenient way to analyze the data is by comparison
Diffusion experiments were then performed by annealingo the Stokes-Einstein equation for diffusion of isolated
the sandwich in vacuum, at temperatures between 50spherical particles in a viscous mediubh:= kzT /67 R.
165°C, depending on the polymer molecular weight.Here kg is Boltzmann’s constanfl is the absolute tem-
Higher temperatures were avoided, since PTBA will deperature,n is the viscosity of the medium, arld is the
grade at~180 °C, and partial conversion to poly(acrylic particle hydrodynamic radius [10]. This theory contains
acid) may occur at slightly lower temperatures [8]. the implicit assumption that the viscosity of the medium is
Upon annealing, the particles diffuse through the poly-ot affected by the particles themselves. It is this assump-
mer by Brownian motion. This motion was quantified tion that leads to our definition that a system which shows
by utilizing Rutherford backscattering spectrometry (RBS)particle diffusion in close accord with the Stokes-Einstein
as a depth profiling technique. The polymer sandwictprediction should be classified as “noninteracting,” a sys-
samples are well suited for RBS, as the sensitivity taem in which diffusion is present but substantially slowed
marker atoms increases as the square of atomic numbeompared to Stokes-Einstein predictions is “weakly inter-
[9]. This allows extremely small fractions of a high massacting,” and a system where diffusion is eliminated en-
element, such as gold, to be detected reliably while embedirely (as is the case for polyvinylpyridine) [11] is “strongly
ded in a low atomic mass matrix, such as the PTBA film.interacting.”
The separation in recoil energy of incident ions scattered In Fig. 2, the diffusion coefficients are plotted versus
from gold and from the lower atomic mass constituentdemperature in order to obtain an effective hydrodynamic
allows the gold concentration profile to be isolated fromradius, R, selected to force agreement with the Stokes-
the signal from the substrate to a depth~of um. The  Einstein equation. The viscosity was determined sepa-
samples showed extensive mass loss due to the ion beastely for each polymer molecular weight and temperature
striking the sample, but further experimentation revealedy oscillatory shear rheometry. Our analysis here in terms
that despite the degradation of the polymer, the distribuef the Stokes-Einstein equation is instructive. Note that
tion of particles in the sample remained unaltered, allowthe values of the effective hydrodynamic radius determined
ing quantitative analysis despite the beam damage. in this way are quite large, varying from 70 nm for PTBA
To extract a diffusion coefficient from the measuredwith a molecular weight of 7000/gnol, up to 1000 nm for
depth profile, a simulated concentration profile was fit toPTBA with a molecular weight of 100000/mol. The
the actual data. The simulated profile corresponds to thkighest of these values is nearly 3 orders of magnitude
appropriate solution to the diffusion equation, convolutedarger than the actual mean particle radius, measured by
with a Gaussian broadening function to account for theTEM to obtainR,,, = 1.5 nm after deposition. Even in
effective RBS depth resolution. Figure 1 shows the resulthe event of coarsening during the heat treatment, the ra-
of an experiment in which the polymer was PTBA with a dius would not be expected to exceed 10 nm [11]. These
molecular weight of 7000 gmol, heated for one hour at large effective hydrodynamic radii are compelling evi-
65°C. The gold particle diffusion coefficienD, in this  dence of the formation of bridging interactions between
case isl.58 X 107 cnm? s particles.
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to increase inL as the particles diffuse throughout the
film. Increases irL due to particle coarsening may also
play a role here. Other experiments using colloidal gold
suggest that reducing the concentration of particles to the
point whereL far exceeds typical polymer chain dimen-
sions leads to fewer bridging interactions and better agree-
ment with the Stokes-Einstein predictions based on actual
particle dimensions [4].

In order to relate the mobility of the gold particles to
the mobility of the polymer molecules themselves, marker
motion experiments similar to those performed by Green
et al. with polystyrene were performed [13]. Two samples
similar to the earlier sandwiches were prepared, but with
two different molecular weights for the polymer top and
bottom layers. For one sample, the higher molecular
weight (~420000 g/mol) was spun cast on the silicon
FIG. 2. Gold particle diffusion coefficient vs temperature substrate. Gold was then evaporated on this sample, and
for three polymer molecular weightsM = 7000 g/mol (©), g Jow molecular weight~7000 g/mol) film was floated

M = 77000 g/mol (A), and M = 100000 g/mol (+). The : .
Stokes-Einstein predictions are indicated for each polymerOn top of the higheM film.  The second sample had the

The effective hydrodynamic radii are 70 nm—(—), 400 nm  reverse of this geometry, with the lower molecular weight
(~—--), and 1000 nm & -—). film directly against the substrate. Both samples were

annealed for 30 min at 8&. In both cases, the interface
moved toward the low molecular weight layer, as would be
A comparison of the length scales of a polymer mole-expected from the different self-diffusion coefficients that

cule to the interparticle spacing shows that even for relatwo polymers of such disparate molecular weights possess.
tively short chains such as the 7000ngpl PTBA, bridging Analysis of the marker motion experiments was straight-
interactions are likely. The statistical segment length, forward, and followed precisely that of Greehal. The
defined as the effective length of a monomer in a randistanceAx,,, traversed by the marker layer is equal to
dom walk model of polymer chain dimensions, is roughlyC(D*1)!/2, whereC is a constant related to the ratio of
0.7 nm for PTBA [12]. The root-mean-square end-to-endliffusion coefficients of the two polymer laye®;" is the
distance,R,, for a polymer molecule with a molecular tracer-diffusion coefficient of the lower molecular weight
weight of M is Ry = a(M/M,)"/?, where M, is the re- polymer, and is the annealing time. In our case, the dif-
peat unit molecular weight. For PTBAd, = 128 g/mol,  fusion constants of the two polymers are very different,
from which we obtainRy = 5.2 nm for PTBA withM =  andC can be assumed to be equal to the limiting value of
7000 g/mol, as compared withRy = 17 nm for M =  0.48 for a divergent ratio of diffusion coefficients. In this
77000 g/mol, andR, = 20 nm forM = 100000 g/mol.  manner we obtai®* = 8 X 10~!2 cm? s™! for sample 1,
The average particle separatidn, will depend on the andD* =9 X 1072 cn?s™! for sample 2. This com-
size and distribution of the particles. For particles whichparison indicates that there is no preference for the mark-
reside in a two-dimensional layer, simple geometric arers to move toward the substrate or toward the free
guments yieldL = (47r/3)"/2r32p=1/2 wherer is the surface. Evaluating the marker motion as a function of
particle radius anch is the equivalent thickness of the time reveals that the marker displacement scales/as
metal particle layer. For our samples~ 1.5 nm and Figure 3 shows the data from a series of marker motion
h ~ 0.4 nm, yieldingL = 5.9 nm. Ifthe particles are dis- experiments carried out at 8C. A best fit to the data
tributed through the thickness of a polymer film of thick- producesD* = 2.52 X 10~'* cn?s™.
nessH, the scaling changes fo = r(47H/3h)'/3. Fora The central quantity relating diffusive and rheological
100 nm filmL = 15.2 nm, which exceeds the end-to-end behavior of polymer melts is the monomeric friction
distance for only the lowest molecular weight polymer infactor, ;. The tracer diffusion coefficient of a rela-
our experiments. Clearly, at a fixed valuelgfthe im-  tively low molecular weight polymer molecule is given
portance of bridging interactions will increase as the polyby D* = kgTMy/M ¢y, provided that it does not form
mer molecular weight increases. This effect is evident irentanglements with the surrounding molecules in the
our experiments, where the effective hydrodynamic radipolymer matrix. The monomeric friction factor can also
of the gold particles increase dramatically as the polymebe related to the viscosity of an unentangled polymer
molecular weight increases. Also, we have found in remelt through the Rouse theory of polymer dynamics
cent experiments that the effective hydrodynamic radiu§l4]. In this context, ¢y = 369M3/MNaypa?, where
decreases as the particles diffuse, and does not necessalyis the bulk density of PTBA an@dv,, is Avogadro’s
remain constant throughout a given diffusion experimentnumber. Previous comparisons of polymer diffusion
The decrease in effective particle radius can be attributedoefficients and melt viscosities in the unentangled
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1.0x107° T —— that osmotic stresses in the high molecular weight poly-
mer, associated with the swelling of the polymer by the
smaller polymer molecules, are quickly relaxed. Those
stresses oppose further penetration of the short polymer
molecules, reducing the marker motion. In fact, our esti-
mation of the relaxation time for the polymer witd =
420000 g/mol at 60°C is slightly longer than the longest
annealing time used in our marker motion experiments.
Given these complications, our conclusion from the marker
motion experiments is that the polymer molecules are rela-
tively free to diffuse through the gold particle network.
The results obtained from both the gold diffusion and
: marker motion experiments are consistent with our picture
0.0 Aot ' of a system dominated by bridging interactions between
0 50 100 150 Yy Yy ging
Time (SecondsVZ) particles. The transient network formed by the bridges
, , ) slows down particle diffusion dramatically, while allow-
f'G' 3. DisplacementAx,, of solid gold particles as a 4 mglecules not in contact with the particles to diffuse
unction of annealing time at 6@, for a gold particle .
layer between polymer with molecular weight 600 g/ relatively freely through the system. One must remer_nber
mol and 420000 g/mol. The dashed line represents;,, =  that the goldPTBA system is a more weakly interacting
0.48(D*1)"/2, with D* = 2.52 X 10~“ cn?s~!. Here D* is  system than any other system we have examined, in that
the tracer diffusion coefficient of the lower molecular weight measurable diffusion coefficients for the gold particles are
polymer. still obtained. Our experiments show that the dynamics
in concentrated metal particle dispersions in polymeric
matrices can be reduced dramatically, even in situations
regime have confirmed that friction factors determinedwhere the polymer metal interactions are comparatively
from these two types of experiments are quite consistenweak.
with each other [13,15,16]. The friction factor obtained
from rheological data between 80 and 160C is
given by log, ¢y = A + B/(T — Twt). The reference
temperature depends on the glass transition temperar

f th | hich found by diff al [1] J. M. Brandon, Chemtec®4, 42 (1994).
ture of the polymer, which was foun y diiferentia [2] G. Kumar, M. Sasi-Raja, and S. Parthasarathy, Elec-
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