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Nanocomposite films have been prepared by the thermal decomposition of (1,1,1,5,5,5-hexafluoro-
acetylacetonato)silver(l) (AgHFA) in PMMA films containing 5, 10, and 20 wt % silver nanoparticles
(NPs). When Rutherford backscattering spectrometry is used, as-cast films display a relatively uniform
distribution of precursor in the midregion and a small excess of Ag near the suffation annealing
at 185°C, strong segregation of NPs to the surface and substrate is observed; Mbemalized by
initial film thickness increases linearly with wt % Ag. For as-cast films, transmission electron microscopy
(TEM) analysis shows that AgHFA forms small spherical domains51nm) prior to thermal
decomposition. Upon preannealing at 17, some aggregation of precursor is observed at the surface
and substrate, consistent with the incompatibility of AgHFA with PMMA. Upon annealing atC85
diffusion of the precursor to the surface and substrate occurs concurrently with NP formation. For 20 wt
% Ag films, the NP diameters are 205 nm at the surface, 6 nm in the midregion, are2@ nm at the
substrate. NP size and size distribution increase as the wt % Ag and annealing time increase. NPs near
the surface are wet by a=b nm thick polymer layer. Consistent with characterization studies;-UV
visible spectroscopy shows a plasmon resonance attributed to Ag NPs. A model of the thermodynamic
stability of submerged NPs is given and compared with experimental results. By understanding and
controlling surface segregation and NP assembly, we can precisely control the surface conductivity and
reflectivity in metal nanocomposite films.

Introduction formed NPs added to polymetdhis study focuses on the
surface and bulk composition, as well as the morphology,
of nanocomposite polymeric films prepared by the in situ
formation of NP within the polymer host.

Polymer nanocomposites can be prepared by several in
situ methods. Gamma and ultraviolet irradiation have been
used to prepare NPs of Ag in poly(vinyl alcoh&)PbS in
poly(vinyl acetate}! CdS in poly(acryl amide¥ Au in poly-
(acryl amide)? and Ag in poly(acrylonitrile}* lon implanta-
6ion, sputtering, vapor-phase co-deposition, and vacuum co-
condensation have been used to prepare NPs of Ag in
poly(methyl methacrylate)(PMMAY;2¢ Ag in silical” Ag
in Teflon}'® and Pd, Sn, and Cu in polyxylene)!® NPs
have also been formed by reducing metal salts in various

Nanocomposite polymeric films combine the attractive
functional properties of nanoparticles (NPs) with the advan-
tages of polymers, such as low cost. For example, by
dispersing noble metal NPs in a matrix, we can utilize the
third-order, nonlinear optical susceptibility of the NPs to
prepare optical devicédNanocomposite films containing Ag
NPs have potential as surface conductive polymeric fapes
and metal contacts for VLSI circuits. These films are also
candidates for integral capacitors because they are easy t
process at low temperature and exhibit a high dielectric
constan The electricaf, mechanica?, catalytic®’ and
antibacterial properti€sare also enhanced by adding NPs
to polymers. In addition to NP size, shape, and concentration,

film properties will depend on the NFpolymer interaction,  (g) Bockstaller, M. R.; Mickiewicz, R. A.; Thomas, E. lAdv. Mater.

which influences NP morphology (e.g., discrete versus 2005 17, 1331.

aggregates). Whereas most studies have investigated pre(&% g?g;g';e_‘y: Qéjgf_h'ihsu %?‘g?t‘(;gxs'fh%"a?t%?_“gé}_ 1&35' B
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types of polymers, including epoXyplock copolyme#r! and We herein report on the processing and characterization
dendrimer?? A 1963 study showed that poly(amic acid) fims of Ag—PMMA films containing Ag NPs formed by thermal
containing a silver(l) carboxylate complex exhibit electrical decomposition of the precursor AgHFA at 185 for 30—
conductivity upon curing.This finding spurred investigations 4320 min. The main result of this study is the strong
of various silver(l) salts, including nitrates and sulfates in segregation of Ag NPs to the surface and substrate. The
poly(amic acid$?324 In the mid-1990s, Taylor and co- surface excess of Ag normalized by film thickness increases
workers discovered th#@diketonate organometallic precur- linearly as the wt % Ag increases from 5 to 20 wt %. In this
sors form NPs in polyimide (PI) after curiri§?é Examples paper, we show evidence that upon annealing at’C3%he
of these complexes include (1,1,1,5,5,5-hexafluoroacetylac-precursor diffuses to the surface and substrate because of
etonato)(X)silver(l), AgHFA(X), where X is an alkerié, its incompatibility with PMMA resulting, in excess precursor
phosphiné®2°trans-bis(dimethylsilyl)ethene, bis(dimethyl)- at the both interfaces. Concurrently, the NPs form by thermal
ethylsilylacetylene, or allyltrimethylsilari.In particular, decomposition of precursor and are enriched at the surface
AgHFA(1,5-cyclooctadiene), AgHFA(COD%;%¢ is an at- and substrate. For 20 wt % Ag films, the NP diameters are
tractive complex because it is soluble in dimethylacetamide, 20—75 nm at the surface, 6 nm in the midregion, ant2@
DMAc, is a good solvent for poly(amic acid), forms a nm at the substrate. For 5, 10, and 20 wt % Ag, the Ag
uniform near-surface layer of NPs in PI films, and produces concentration at the surface becomes nearly constant after
reflective and conducting films. Thompson e€&f® inves- 30 min of annealing at 18%C. A thin polymer layer is found
tigated a simplep-diketonate (i.e., without stabilizing ligand, to wet NPs adjacent to the surface. Models created on the
such as COD), namely AgHFA, which resulted in discrete basis of the thermodynamics of an embedded particle and
NPs near the surface and highly reflective PI. interparticle interactions are used to predict the stability of
This paper will explore the surface and bulk morphology NPs near the surface. This paper brings together a range of
of poly(methyl methacrylate) (PMMA) nanocomposite films characterization techniques and models that aim to improve
containing Ag NPs prepared by the thermal decomposition our understanding and control over the formation, growth,
of AgHFA. PMMA is an attractive matrix for model studies and segregation of NPs in polymer films. Key properties such
because it is stable during NP formation, in contrast to poly- as surface conductivity and reflectivity can be tailored by
(amic acid), which transforms to PI during curing. Although precisely controlling the near surface morphology in metallic

D'Urso et al3 observed the formation of Ag NPs 50 nanocomposite®:3*3

nm) in PMMA, the Ag concentration in the film decreased

significantly (>90%) and rehomogenized during thermal Experimental Procedures

treatment of AgHFA-PMMA at 200 °C. By contrast, the

Ag concentration and NP distribution was stable in-/R) Materials. To prepare polymer nanocomposite films, we used

silver acetate (CBCOOAg), 1,1,1,5,5,5-hexafluoroacetylace-
tone (HFA), and methyl-isobutylketone (MIBK) from Sigma

rlc.r:j Ie_lyerd of Aag .NPS flsli_)lattr;?urt]ed to mefl_?romofd Aldrich without further purification. The poly(methyl methacrylate)
oxidative degradation o » Which exposes Ag located at (PMMA, M,, = 82.4K, PDI= 1.07) was acquired from Polymer

the surface to the environment. By contrast, the thermal gqrces.

. . . 0
stab;l;ty of PMMA |mproves upon a‘_’d'”g 05 Wt % Ag Methods. Whereas silver acetate is not soluble in MIBK, the
NPs:’ Thus, RMMA IS a modgl matrlx.f'or stgdylng how organometallic complex AgHFA prepared from HFA and silver
Ag concentration and annealing conditions influence NP gcetate is soluble in MIBK. To ensure complete complexation of

films prepared from AgHFA 3% In Ag—PI, the surface-

formation, distribution, and segregation. silver acetate, we added HFA in slight exces40% by volume).
PMMA powder was then added to this solution (4 mL) to make a

(20) zhi, L. J.; Zhao, T.; Yu, Y. ZScr. Mater.2002 47, 875. solution of 9 wt % PMMA in MIBK. Assuming complete removal

(21) Abes, J. |.; Cohen, R. E.; Ross, C. Mater. Sci. Eng., @003 23, of the residual complex {OCCR—CH—CCFR—0—) during

22) %illégh, L.: Tomalia, D. AJ. Am. Chem. Sod.998 120, 7355. thermal decomposition, we varied the stoichiometry to produce

(23) Auerbach, AJ. Electrochem. Sod.984 131, 937. PMMA films with 5, 10, and 20 wt % Ag. Thus, the wt % reported

(24) St. Clair, A. K.; Taylor, L. TJ. Appl. Polym. Sci1983 28, 2393. in this paper corresponds to the Ag NPs in the PMMA films after

(25) Rubira, A. F.; Rancourt, J. D.; Caplan, M. L.; St. Clair, A. K.; Taylor, i i
L. T. Chem. Mater1994 6, 2351, thermal decomposition. The AgHFA, PMMA, and MIBK solution

(26) Rubira, A. F.; Rancourt, J. D.; Taylor, L. T.: Stoakley, D. M.; st. Was placed in 20 mL glass vials and mixed vigorously with a

Clair, A. K. J. Macromol. Sci., Pure Appl. Cherh998 A35 621. magnetic stirrer until a clear solution was observetl) h. Because
(27) Doyle, G; Eriksen, K. A;; Vanengen, Mrganometallics1985 4, AgHFA is light sensitive, vials were wrapped in aluminum foil.
(28) ??n?'w_ B.: Warren, T. H.: Nuzzo, R. G.: Girolami, G. 5.Am. Chem. The solution was poured through a Teflon filter with a pore size of
S0c.1993 115 11644. 0.25um to remove impurities. This solution was spin-coated at
(29) Dryden, N. H.; Vittal, J. J.; Puddephatt, RChem. Mater1993 5, 2000 rpm on precleaned and UV-treated (10 min) silicon and glass
(30) I7t2L5Jk| A.; Uchida, H.; Satou, M.; Ogi, KNucl. Instr. Methods Phys. substrates to produ_ce films from 500 to 7.00 .nm FhiCk' The films
Res., Sect. B997 121, 116. were preannealed in vacuum at 192, which is slightly above
(31) Southward, R. E.; Thompson, D. S.; Thompson, D. W.; Caplan, M. the glass transition of PMMATj = 105 °C), for 24 h to remove
32 LSouStthwcalliljr RA- é;%ﬁ%”r;-pgﬂoageggé’?;hg#gbn O Wo St Clair. . Sidual solvent. To induce NP formation, we then annealed films
K. Chem. Mater1999 11, 501. I """ at 185°C in Argon for 306-4320 min (3 days). For thermal
(33) Southward, R. E.; Thompson, D. \Wdv. Mater. 1999 11, 1043. gravimetric analysis, the precursor AgHFA was prepared by

(34) Southward, R. E.; Thompson, D. \Mater. Des.2001, 22, 565.

(35) Southward, R. E.; Thompson, D. \@hem. Mater2004 16, 1277.

(36) D’Urso, L.; Nicolosi, V.; Compagnini, G.; Puglisi, Mater. Sci. Eng., (37) Zeng, R.; Rong, M. Z.; Zhang, M. Q.; Liang, H. C.; Zeng, H. M.
C 2003 23, 307. Mater. Sci. Lett2001, 20, 1473.
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dissolving silver acetate in HFA and MIBK. The solvent was T T T T T 14
evaporated in a vacuum at room temperature and the resulting solid, 100+ (a — 12
~2 mg, was analyzed by TGA. © [ g
Characterization. Samples were characterized by a palette of — -1.0 §
techniques to evaluate thermal decomposition, the NP depth profile, ~_ g0. 08 &
and the NP characteristics beneath and at the surface. Thermal § g
gravimetric analysis (TGA, TA Instruments, 4100 Thermal Ana- g 70+ -0.6 cg_'
lyzer) was performed at 8/min as well as isothermally, 18%. < 04 =
Rutherford backscattering spectrometry (RBS, NEC Corporation 60+ a’
5 SDH Pelletron) was used to depth-profile silver in the nanocom- 50 02 &
posite film. RBS is particularly suited for depth-profiling heavy 00
elements like Ag in a matrix of light elemert®3° For this study, 2 ' . . ' : ’
a 2 MeV“He' ion beam was incident at 1@ith respect to the 0 50 100 150 200 250 300
sample surface. To minimize radiation damage of PMMA, we kept Temperature (°C)

the total charge low, 4C, and accumulated it in 048C increments

on fresh areas. RUMP software was used to simulate RBS spectra T
and convert energy to depth. By fitting experimental spectra with 1004 (b) - 400
simulations, we found the full width half-maximum (fwhm) depth
resolution to be 55 nm. Simulations were performed by dividing
the film into 3—6 sublayers of different atomic compositions and 80
thickness values. The number of atoms per unit volume, or atomic
density, isN = pNaNy/M,, where p is mass densityNa is
Avogadro’s numberN, is number of atoms per monomeric unit,
and M, is molecular weight of the monomeric unit. For each
sublayer, the volume fractions of AY{y) and PMMA (Vpyma) —
are chosen andNag-pwma is calculated fromNagVag + New- .
MAVpPMMA, WhereNAg = 5.85 x 10?2 and Npmma= 1.075 x 1023 40 . . r r ~0

atoms/cr, respectively. The bulk densities of PMMA and Ag are 0 50 100 150 200 250

1.19 and 10.5 g/chrespectively. By adjusting the thickness and Time (min)

volume fractions of each sublayer, we compared the simulation to Figure 1. (a) Weight loss and derivative of weight loss of AgHFA precursor
the experimental data until a good fit was achieved. This simulation heated at 3C/min from 31 to 300°C and (b) TGA of AgHFA upon rapid
was used to calculate the total film thickness as well as the Ag heating from 34 to 188C at 20°C/min, followed by isothermal annealing

f d substrat defined at 185°C for 4 h. To ensure complete conversion, we finally heated AgHFA
surface and substrate excesses definead as from 185 to 300°C at 20°C/min.

% Weight
3
8
(9,) aamesadway

o Results
zr= [7(¢@ ~ ¢.)dz @) _ _
Thermal analysis of AgHFA was performed to determine
whereg(2) and¢. are the atomic compositions at degtand far the optimum temperat_ure for thg thermal decomposition of
from the interface, respectively. The detf 0 denotes the aiy "€ AGHFA precursor in PMMA films. Figure 1a shows the
polymer or polymer/substrate interface. The atomic composition Weight loss and the derivative of weight loss of AgHFA
of Ag is defined relative to the monomer stoichiometry, namely between 31 and 30T at 5°C/min. The first weight loss at
(CsHgO2)1Ag,. 68 °C is attributed to the evolution of excess HFR,{ =
The shape and size distribution of NPs were determined by 70°C). The second loss near 110 results from the removal
transmission electron microscopy (TEM, Phillips 2010). Images of acetic acid Ty, = 118°C) and trapped MIBK Ty, = 116
were taken at 80 kV to minimize electron beam reduction of the °C). The thermal decomposition of the precursor occurs
precursor as well as degradation of PMMA. The cross-sections between 140 and 25%C with a maximum rate of weight
(~50-70 nm) for TEM were prepared by ultra-microtomy (Rich-  |oss corresponding to derivative weight loss peaks near 194
theart Jung Ultramicrotome) on films spln-coated_on polyetherimide gnd 242°C. Whereas the ideal weight loss due to the
(F_’EI) sgbstrates. The PEI substrates are attractlvg because t_hey argyolution of the complexing agent is 65.7%, the measured
dimensionally stable at 188 and easily cut by a diamond knife. weight loss is 52%. This lower measured weight loss value

Atomic force microscopy (Multimode AFM, Digital Instruments) ould be attributed to residual organic precursor. Isothermal
was used to characterize NPs near the sample surface. The tip sprin g P ) ST
GA was performed to determine the time required for

constant, resonance frequency, and diameter were 40 NADO he ] )
kHz, and<10 nm, respectively. Scan areas of 100 Rn100 nm complete decomposition at 188. Figure 1b shows a weight
and 2um x 2 um were collected in tapping mode at scan speeds 0Ss of 15% as the temperature increases &CZtin from
of 0.25-0.75 Hz. The diameter, number density, and area fraction 34 to 185°C over 7.55 min. After reaching isothermal
of NPs were determined using the Nanoscope Ill (Digital Instru- conditions, the weight loss remains rapid up to 12 min before
ments) and SPIP (Image Metrology) software. The optical properties slowing down between 12 and 50 min. Consistent with the
of the Ag-PMMA nanocomposite were studied by B¥isible dynamic study in Figure la, the isothermal weight loss
spectroscopy (Perkin-Elmer, Lambda Bio 40). approaches a constant value of 52% after 60 min at’C85
To determine if complete decomposition was achieved, we
(38) Feltfman LC.; MayeIrI_J.NFundamenltals of Surface and Thin Film  subsequently heated the sample to 3DQvith no measurable
(39) Acgﬁﬁ')sstz’r?tf?V';',gltérg’pgfamaggnezsmtréyéciggfé_’ R002 weight loss, as shown in Figure 1b. Guided by these thermal
38, 107. analysis studies, we selected annealing conditions. Namely,
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AgHFA—PMMA films were preannealed at 107C to
remove residual solvent and then annealed at 4850
thermally decompose AgHFA and drive NP formation.

The depth profiles of silver in AgPMMA films were
quantified by RBS. Figures 2a& show backscattered counts
as a function of depth for AgPMMA films containing 5,
10, and 20 wt % Ag. The counts are proportional to the
atomic concentration of Ag in the film. For as-cast films

(square symbols), the Ag concentration shows a small surface

excess followed by a uniform distribution belowl00 nm.

As shown later, TEM is used to characterize the lateral
distribution and morphology of Ag. After preannealing at
107°C for 24 h (circles), the surface excess of Ag increases
for films with 10 and 20 wt % Ag. The concentration of Ag
remains relatively uniform across the middle of the film.
After annealing for 30 min at 18%C (triangles), the surface
segregation of Ag strongly increases for all concentrations
of Ag. Note that although the Ag counts are very small in
the midregiorf® TEM studies will reveal the existence of
small NPs uniformly dispersed throughout the midregion of
the film. For all samples at 18%C, a small excess of Ag is
observed at the polymessilicon interface. This observation
will also be supported by TEM studies. Films annealed for
30, 120 (downward triangle), and 4320 min (diamond) show
similar depth profiles. As discussed later, annealing for 120
and 4320 min results in the coarsening of the NPs, which is
consistent with the broadening of the surface layer shown
in panels b and c of Figure 2. For films annealed at 485

the integrated areas under the surface peaks are similar,

indicating that Ag does not diffuse back into the film.
Moreover, Ag is not lost after thermal treatment in contrast
to prior studies®

For each processing condition, the RBS spectra (e.g.,
Figure 2) were simulated to determine the concentration

profile of Ag that has segregated to the surface and substrate.

Figure 3a shows the surface excegd) (@s a function of
processing condition. Although a small valu&, is mea-
surable in the as-cast film, indicating that some segregation
of AgHFA occurs during spin-casting. Upon preannealing,
Z: increases strongly as the wt % of Ag increases. After 30
min at 185°C, Z; increases to its maximum value for 10
and 20 wt % Ag and very close to its maximum for 5 wt %.
Longer annealing times result in a small decreasg:ifor
films with 10 and 20 wt % Ag. As shown in Figure 2, Ag
also segregates to the substrate, which, for example, corre
sponds to the 366500 nm region in Figure 2a. For annealed
films, interfacial segregatiorZ® is much weaker than
surface segregation angaches values of only 4, 3, and 3
nm (&= 1 nm) at 5, 10, and 20 wt % Ag, respectively. For
the 5, 10, and 20 wt % AgPMMA films, the initial
thicknessh,, values are 513, 558, and 701 nm, respectively.
Upon annealing at 18%C, thickness values decrease to 500,

Deshmukh and Composto
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Figure 2. Rutherford backscattering (RBS) spectra for nanocomposite films
containing (a) 5, (b) 10, and (c) 20 wt % Ag. Counts correspond to
backscattering events from Ag. Films correspond to as-cast, preannealed
to remove solvent and annealed at T&to form nanoparticles. The as-

cast films show uniform Ag distribution in the mid-region and a small
surface excess of Ag. Preannealing increases the surface excess at 10 and
20 wt % Ag. Upon annealing, strong segregation to the surface and weak
segregation to the substrate is observed at all concentrations. Although the
surface peak broadens with time, the integrated area remains relatively fixed
after 30 min.

excessZ:i/h,, increases linearly as the wt % Ag increases.
Thus, the surface concentration of Ag is found to scale with
the bulk concentration added to the film.

Whereas RBS provides a quantitative analysis of the Ag

550, and 570 nm, respectively, independent of time. Becausedepth profile, TEM and AFM provide the lateral imaging
the RBS depth resolution is 55 nm, the decrease in thicknesscapabilities for following the morphology evolution of

is readily observed only for films with the highest Ag

AgHFA—PMMA films. Figure 4 shows cross-sections of 20

concentration. Figure 3b shows that the normalized surfacewt % Ag films (a, b) as-cast, (c, d) preannealed, and (e, f)

(40) The substrate excess is only apparent in Figure 2a because the

maximum on they-axis is only 300 counts.

annealed for 120 min. The arrow identifies the film/PEI
interface. Figure 4a shows that the AgHFA precursor is
uniformly distributed in the film, and the slight segregation
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Figure 3. (a) Surface excesg]) as a function of processing conditions i Fow

for 5, 10, and 20 wt % Ag. (b) Surface excess normalized by the initial 100 e Sade ,&

film thickness Zi/ho) as a function of wt % of Ag. HereZZ is the average ) T . i i

value determined at 30, 120, and 4320 min in (a). The solid line is a linear r'g;‘_:e 4. Tran_sr_nlsszlc())n el?];:t;c\)n ?lcgc))scopy U?M)dngSS'SECUOIn? |maagzes
e _ 0 _ or films containing 20 wt % Ag (a, b) as-cast, (c, d) preannealed, and (e,
fit using Z/ho = 0.0105x (Wt % Ag) andR® = 0.99. f) annealed for 120 min at 18%. Arrows denote the polymer/PEl interface.

found by RBS is not observed. For the first time, AgHFA is
observed to assemble into spherical domains from 1 to 5
nm (Figure 4b) prior to NP formation (i.e., thermal decom-
position of AgHFA). Upon preannealing, Figure 4c shows
that aggregates from 2 to 15 nm are located near the surface
consistent with the surface segregation of Ag observed in } g } T )
RBS specta shown in Figure 2. Figure 4d provides direct TEM is an excellent technique for high-resolution imaging
evidence that the aggregates segregate to the PEI substrat@f individual NP. Figure 4f shows that NPs adjacent to the
After annealing, three populations of NPs are observed, Surface are covered by a polymer layer a few monomers thick
namely those at the surface, substrate, and midregion, ad1~> nm). The realization of an insulating layer between
shown in Figure 4e. The largest NPs form near the surface_NPS and the surface, _unreporte_d in prior studies, is practically
and exhibit diameters from 20 to 75 nm. By inspection of Important because this layer will reduce the surface conduc-
Figure 4e, we find that these NPs are responsible for g tivity _of metalllzgd _f||_ms. Figure 5 shoyvs h|gh-.resolut|on
surface-rich Ag layer60 nm thick. The smallest NPs are TEM images of |_nd|V|duaI NPs located in the m_|ddle of an
uniformly dispersed across the midregion and have diametersa"nealed film. Figure 5a shows (111) fringes with a 2.36 A
of 5.7+ 1.9 nm. The low density of NPs in the midregion lattice spacing, consistent with the formation of crystalline
is consistent with the low counts in the midregion of the Ag-*'Inaddition, a few large NPs(30 nm) near the surface
RBS spectra (Figure 2). At the film/PEI interface (arrow), e?(hlblt_crystalllne face_ts as sh0\_/vn in Figure 5b. Electron
moderate (20 nm) to small (2 nm) NPs are observed, althoughd'ffracu_on _patterns (Figure 5b, inset) further support the
at a much lower density than the surface. This observation cyStallization of the NPs.

is again consistent with RBS results. Unfortunately, TEM  AFM was used to characterize precursor aggregation and
and RBS results cannot be quantitatively compared becausé\P formation near the surface of as-cast and preannealed
each technique requires different substrates for characterizafilms. Figure 6 shows AFM images of the as-cast (left
tion. However, TEM cross-sections on PEI and RBS spectra column) and preannealed (right column) films containing 5,
on silicon both show strong surface and weak substrate
segregation of NPs. This agreement suggests that substratei1) Daly, C.; Krim, J.Phys. Re. Lett. 199§ 76, 803.

type (i.e., silicon versus PEI) has a minor effect on surface
segregation of NPs. However, because Ag is likely to interact
differently with silicon oxide (on Si) and PElI, future studies
are necessary to determine if the concentration and morphol-
0gy in the near-substrate region is modified by substrate type.
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Figure 5. (a) High-resolution TEM image of a NP~6 nm) from the
midregion of a Ag-PMMA film showing (111) lattice fringes. (b) Faceted
NP (~30 nm) located near the polymer surface. The inset shows the electron
diffraction pattern from this NP.

Figure 6. AFM images of as-cast films (left column) showing islandlike
features for (a) 5, (b) 10, and (c) 20 wt % Ag. AFM images of preannealed
films (right column) for (d) 5, (e) 10, and (f) 20 wt % Ag. The height scale
is 100 nm. All images are plotted on a 100 nm100 nm scale.

10, and 20 wt % Ag (top to bottom). For the as-cast films,
small, hemispherical features protrude out of the surface (i.
islands). As shown in Figure 6&, the island diameter
increases from 2 to 3.5 to 4.0 nm as the wt % Ag increases.
Concurrently, the island density increases as the wt % Ag
increases. After preannealing (Figure-Gjl island size and
density increase relative to the as-cast films at each wt %.
This behavior is consistent with the segregation of Ag as
observed by RBS (Figure 2) and TEM (Figure 4c).

AFM was also used to characterize the surface morphology

of films annealed at 185C. Figure 7a-i shows the effect
of annealing time on (&ac) 5, (d-f) 10, and (g-i) 20 wt %
Ag—PMMA films. A histogram of the island size distribution

e.,
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is superimposed over each figure. Note that the diameter
measured by AFM is larger than the real NP diameter
measured by TEM (e.g., Figure 4e) because of the finite tip
size and the PMMA wetting layer covering the NPs (Figure
4f). At each time, the island size and area fraction increase,
and the number density decreases as the concentration of
Ag increases from 5 to 20 wt %. At fixed Ag concentration,
the island size increases and the number density and area
fraction decrease as annealing time increases from 30 to 4320
min. Note that the island size distribution broadens as the
Ag concentration increases. These trends in the island
diameter, number density, and area fraction are quantified
in Figure 8a-c, respectively, and are discussed in the next
section.

Discussion

The specular reflectivity and surface conductivity of
metallic nanocomposite films depend on the surface con-
centration of metal and the surface morphology of the NPs.
Why the concentration of NPs at the surface surpasses the
bulk value after thermal treatment is not yet understood. For
as-cast films of AgHFA-PMMA, nanophase-separated,
precursor-rich regions are observed (images a and b of Figure
4), suggesting that AgHFA is incompatible with PMMA.
These precursor-rich regions are sphericatglnm) and
weakly attracted to the surface (Figures 2 and-Gaand
distribute uniformly in the midregion of the film (Figure 4a).
Upon preannealing, the surface excess of Ag increases for
10 and 20 wt % Ag relative to the as-cast films (Figure 3a).
This increase inZ; is attributed to the diffusion of the
precursor to the surface. A main finding of this paper is that
precursor diffusion prior to thermal treatment is partly
responsible for the high density of NPs located near the
surface. Direct evidence for precursor aggregation near the
surface is given in Figure 4c. Precursor diffusion to the
substrate as well as aggregation near the substrate is also
observed as shown in Figure 4d. The driving force for
diffusion to the surface and substrate is likely the incompat-
ibility of AgHFA with PMMA.

In AgHFA—PMMA films, the reduction of Ag* can occur
during preannealing. To ensure complete reduction of'Ag
to Ag® as well as NP formation, we subsequently annealed
films at 185 °C. However, some unneutralized Agan
remain after thermal decomposition. Using X-ray photoelec-
tron and Auger electron spectroscopies, Rubira &t lahve
shown that silver ions in AgHFA-doped polyimide films may
not be completely converted to silver metal. These fms
are expected to be reduced by the polymer and either remain
bound to PMMA or attach to a NP. Thus, we expect a low
concentration of unneutralized Agn PMMA films although
it is difficult to estimate the exact amount. This annealing
induces the decomposition of organometallic precursors by
loss of ligand, ligand dissociation, and the formation of
reactive, unsaturated organometallic spetie¥. The re-
maining unsaturated metal fragments or metallomers then

(42) Heck, R. F.; Breslow, D. SI. Am. Chem. Sod.961 83, 1097.

(43) Ungvary, F.; Marko, LJ. Organometallic Cheml969 20, 205.

(44) Werner, H.; Ault, B. S.; Orchin, MJ. Organometallic Chenil978
162 189.
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Figure 7. Nanopatrticle size and size distribution (superimposed) determined by AFM as a function of annealing time (top to bottom) and wt % of Ag (left
to right). Images of (ac) 5, (d—f) 10, and (g-i) 20 wt % Ag—PMMA films. The films were annealed at 18& for (a, d, g) 30, (b, e, h) 120, (c, f, i) and

4320 min. All images are 2Zm x 2 um. Frequency represents the number of particles at a particular diameter. Diameter corresponds to the size of the
protruding NP covered by the PMMA wetting layer.

initiate the nucleation and growth of NFsConcurrent with PMMA chains can sterically stabilize precursor aggregates
thermal decomposition, the precursor or intermediate specieshat form during casting and preannealing. We note that
diffuse to the polymer surface and substrate. As a result, theprecursor aggregate formation indicates that the AgHFA
precursor concentration increases at both interfaces, whichcomplex has limited solubility in PMMA. However, after
leads to the surface and substrate enrichment of NPs agemoval of HFA and formation of neutral NPs of Ag, a
observed in Figure 2. Because the precursor contains fluorinefavorable interaction between the NP and PMMA promotes
(i.e., CR), surface segregation may also be driven by the miscibility. Namely, Zeng et &’ showed that Ag has a
low surface energy of the complexing agent, namely HFA. favorable interaction with the O (mainly from the=©

For example, nanocomposites prepared by thermal decom-group) in PMMA. In AgNQ—poly(vinyl alcohol) mixtures,
position of AgHFA(COD) in polyimide exhibit a fluorine-  favorable interactions between Ag and O have also been
rich surface and interfadé.To test this hypothesis in our ~ reported®’Thus, once NPs have formed, the stabilization
study, we prepared nanocomposites of PMMA with a Of Ag is enhanced by adsorbed PMMA chains. Overall, the
nonfluorinated precursor, silver nitrate, AghlGor AgNO;— formation of large NPs that appear at the surface is a
PMMA films containing 5 wt % Ag, RBS studies show an complicated process that depends on miscibility of precursor
enrichment of Ag at the surface, indicating that a F-rich With PMMA, thermal decomposition of precursor, NP
complexing agent is not required to drive surface segregation.formation, and the coarsening of aggregates/NPs that occur
However, we have found that anion type influences the during annealing. Further studies are needed to evaluate the
kinetics of surface enrichment; namely, segregation of Ag thermodynamic and dynamic contributions leading to the
is much slower for the AgQN@-PMMA films compared to final mor_phology. The precursor concentration near mt_erfa(_:es
the AgHFA—PMMA films at 5 wt % Ag. Detailed studies ~ €an be mc_reased_by either the before r_nent|oned dlffus!on
of AgNOs—PMMA films are required for understanding the ~ProCess or increasing the bulk concentration. Upon annealing,
role of anion type on the kinetics of surface segregation. the large precursor aggregates near the surface and substrate

(46) Zidan, H. M.Polym. Test1999 18, 449.
(45) King, S.; Hyunh, K.; Tannenbaum, R. Phys. Chem. BR003 107, (47) Yen, C. C.; Chang, T. C.; Kakinoki, H. Appl. Polym. Sci199Q 40,
12097. 53.
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grow at the expense of smaller ones. Coarsening has been
observed for Ag particles embedded in a glass méatrir.
this study, the growth kinetics of silver obeyed Oswald
ripening where the particle diameter grewts This growth
is diffusion controlled and its rate is determined by atomic
diffusion and the reaction of Ag at the glagsarticle
interface®® In our study, the limited data in Figure 8a
prevents a rigorous test of the Oswald mechanism.

The growth of NPs can also occur by particle coalescence.
If neighboring particles approach, they can coalesce by
diffusion of metal atoms along the particle surface even if
the annealing temperature is below the bulk melting tem-
perature Ty For gold NPs (diameter 5 nm) in polymer
films, coalescence was estimated to occur very rapidly, 1
106 s, at 180°C.*° Because the present study uses much
longer annealing times and a slightly higher temperature,
coalescence of Ag NPs at 18%& is worth consideration.
Particles can melt and coalesce at relatively low temperatures
because the melting point of NP is lower th@g,.>° The
depression in the melting temperature is a direct consequence
of the large internal stress acting on a particle due its
surface®! For embedded particles, the magnitude of melting
point depression depends on the surface enepyyafd
interfacial energy().5! The literature values for Ag NPs,
which are free and embedded in different matrices,yare
6.42 and 7.2% J/n? and y; = 5.9-1.3 J/m2525455respec-
tively. For bulk Ag, y = 1.065-1.54 J/ni.>® We have

0 r T y calculated the melting temperature of Ag NP embedded in
%0 Annealingﬁ)ime (min) 4320 a PMMA matrix as a function of NP size using the model
by Castro et at! For selecteg; values of 3.5, 2.5, 1.4 JAn
06 Ag NPs with diameters of 8, 5.2, and 2.1 nm have a melting
(C) ::: ?Om:ﬁ’ﬁg temperature of 185C. Upon annealing, the NPs at the
9 0.5 —a—20 wt°/: Ag surface that form directly from the precusor aggregates are
S greater than 10 nm and thus solid at & Thus, melting
“g: 0.4 a point suppression is unlikely to contribute significantly to
o .\A particle coarsening at the surface.
S 03] -\ TT——a Catalytic degradation of the matrix has been used to
,§ \: explain Ag NP growth near the surface of Pl filthi these
g 0.2 %. studies, a temperature of 30C was needed to complete
o - the conversion of poly(amic acid) to PI. After annealing for
© 014 2—3 h, the growth of Ag NPs near the surface was attributed
< to the degradation of PI chains, which was catalyzed by small
0.0 p s prm Ag NPs. Because of Pl degradation near the surface, small

Annealing time (min)

metal particles were able to contact each and form larger
NPs at the surface. The degradation of Pl also exposes the

Figure 8. (a) Diameter, (b) number density, and (c) area fraction of NP as NPs at the surface, presumably resulting in the observed con-
a function of annealing time at 18&. This data is taken from AFM images ducting and reflective surfaceln contrast to the AgPI
such as those shown in Figure 7. . .

studies, Ag-PMMA nanocomposite has been reported to be

transform into large NPs. This behavior explains why (a) thermally more stable than the PMMA matfiin our study,

NPs near the surface and substrate are larger than those in
; ; 0 ; ; (48) Yata, K.; Yamaguchi, TJ. Mater. Sci.1992 27, 101.

the mldreg|on,_at cgnstant wt %, as shown in Figure 4e, and 49) Kay E.Z. Phys. D1986 3, 251.

(b) the NP size increases on increasing the precursor(so) Jiang, Q.; Zhang, S.; Zhao, Mater. Chem. Phy<2003 82, 225.

concentration, as shown in Figure 8a. (51) Castro, T.; Reifenberger, R.; Choi, E.; Andres, RPRys. Re. B
i . 199Q 42, 8548.

Upon annealing at 18%C, the Ag NP size increases and (52) Hofmeister, H.; Thiel, S.; Dubiel, M.; Schurig, Bppl. Phys. Lett.
number densi r with increasing annealing tim 1997 70, 1694.

umbe de.s ty decreases wit ¢ ?as g annea g. t e’(53) Nanda, K. K.; Maisels, A.; Kruis, F. E.; Fissan, H.; StapperBI8/s.
as shown in panels a and b of Figure 8, respectively. Rev. Lett. 2003 91, 106102.
Moreover, the Ag surface peak broadens in the RBS spectra(54) #ﬂ?ntgﬁo, PR. A'E 81%%”4{256 Vg.7;2Tesche, B.; Shenoy, G. K.; Morrison,

. . . |. Phys. Re. , .

shown in Figure 2. Th_ese reSU|tS_ suggest that NP growth (55) Dubiel, M.; Hofmeister, H.; Schurig, Phys. Status Solidi B997,
can occur by a coarsening mechanism whereby large particles ~ 203 R5.




Segregation and Formation of Ag Nanoparticles Created in PMMA Chem. Mater., Vol. 19, No. 4, 2687

Ag—PMMA films were nonconducting because, even at 20 change of entropy of polymer adjacent to a particle located
wt % Ag, the NPs were well-separated (cf., Figure 7). Fur- at depth z relative to polymer near a particle far from the
thermore, a thin £5 nm wetting layer of PMMA covers  surface

Ag NPs near the surface (cf., Figure 4f) resulting in a non-

conducting surface. Taken together, these results suggest that NpN p? _ = exp[-(n+ ,)B,]
PMMA is stable and that coarsening of Ag NPs in-AgM- AS= kT'EMaG 1 - sinhg, :
MA films is not attributed to the degradation of the matrix. =0 cosh[f+ 7,5

To reduce the surface free energy, a wetting layer of
PMMA covers the Ag NPs, which has important consequenc-
es for surface properties. Although expected upon compatri-
son of the surface energies of PMMA and Ag, direct evidence
for this thin wetting layer in metallic nhanocomposites has
not been presented in previous studies. Thus, if NP happen
to be exposed at the surface, a polymer wetting layer will

spread over the NP and engulf the particle. Note that the X), B approaches infinity, the bracketed term in eq 4

wetting layer in Figure 4f is not flat but rather has a curvature hes 0. antiS ’ Y th ticl
that produces a pressure directed toward submerging the Npgpproaches tﬁ a fgoes 0 zero.h owoeveré ?;’ ; pakr 'f Z
Kovacs et aP® expressed the condition for complete sinking approaches the surfach, approaches 0 and the brackete

of an individual particle on a soft substrate as term goes to a finite value, % In 2. A.‘SX varies frpm far
below the surface to the surfag, varies monotonically?
y1> Vot v 2) and thus eq 4 captures the gain in chain entropy that
originates from the conformational freedom near the surface
wherey; andy; are the surface tensions of particle and the (i.e., relaxation of chain compression adjacent to a particle).
polymer andy; is the interfacial tension. If this condition is  An alternative explanation for interpreting the increase in
not met, NP can partially sink into the substrate. For Ag ASfor chains near the surface is that free chains intersperse
NPS,yag = 6.4 JIN? > ypyma + Yag—pvma, Whereypuma is the region around the particle and increase the configurational
0.028 J/m at 185°C%" and yag-pmma is in the range 1.3 entropy of adsorbed chains. Experimental studies using
5.9 J/n%. Thus, complete sinking is expected for Ag NPs in isotopic blends of PMMA would be required to test this
PMMA. This driving force may be responsible for the hypothesis. The particle position is determined by balancing
decrease in the area fraction of NPs ad{l at long enthalpy gain (particle attraction) against entropy cost (chain
annealing times as shown in Figure 8c and Figure 3a, conformation). In eq 3a= 25 x 10°°m (TEM) andA; =
respectively. The sinking of the NPs may also explain the 16.67 x 10720 J. A, is calculated fromA;; = /A,A,,,%°
decrease in reflectivity observed in Agolyimide films at usingAs; = 39.10x 1020 F0andAx, = 7.11x 107208
long times®® for Ag and PMMA, respectively. For eq #,= 6.6 x 10719
Although surface energy arguments support NP sinking, m.%2 NeN/V was calculated to be 6.9 10°” m™3, ande =
Ag NPs appear stable near the surface even after annealing.03% Using these values, we find that the particle is at an
for 4320 min at 185°C. In an attempt to understand this equilibrium position forz = 60 nm. Figure 4f shows that
behavior, a thermodynamic model from Kovacs ef&is the top of the Ag NPs are located at a depth~df—5 nm,
used to predict the equilibrium location of a sphere of radius which is at least an order of magnitude closer to the surface
a where the top of the sphere is located a distanbelow than predicted by the model. The depth of the 1D potential
the polymer surface. The free-energy change for a particle well, AFminimum, IS 2.76 x 1072* J. Because the thermal
near the surface iAF = AUypw — TAS The van der Waals  fluctuation energy ikT/2 = 3.16 x 102 J, this model is
(dispersion) interaction is responsible for attracting the unable to capture the observed stability of Ag NPs near the
particle toward the bulk of the polymer (i.e., away from the surface of Ag-PMMA films.

where 8, = sinirY{[x(x + 2)]°%, k is the Boltzmann
constantNp is the total number of polymer chain,is the
degree of polymerizationy is the volume occupied by
polymer, b is the statistical length, and is a parameter
related to the increase in polymer density adjacent to the
particle. Results are relatively insensitive to the value.of
Thus, as the particle moves far from the surface (i.e., large

surface) and is given by To improve upon this model, Kovacs et°8Isuggested
that interparticle interactions can stabilize a monolayer of
AU :A_12 2+ 2x 4 In( X ) 3) particles in the near-surface region. The van der Waals
VEW 6 [ ox 4+ %2 2+ X binding energy was calculated assuming six symmetrical,

_ equidistant, and equiplanar nearest neighbors for each
whereA,. is the Hamaker constant between Ag and PMMA particle. If the central particle is displaced a distahdelow
andx = z/a. The polymer chains adjacent to the particle the plane, the interaction potential energy due to the six
have lower entropy (fewer conformations) relative to a free nearest neighbors is
chain. This entropic cost is reduced as the particle moves
closer to the surface because chains adjacent to the particle 252 282

: Fvow = —A + +
can access more conformations at the surface. Thus, the-vbw 1212 Roz_ 42 e+ R02
entropic term drives the particle toward the surface. The ) ) 5
W +R, —4a)l ©

h* + R?

In

(56) Kovacs, G. J.; Vincett, P. Shin Solid Films1984 111, 65.

(57) Bandrup, J.; Immergut, E. H.; Grulke, E. Rolymer Handbook4th
ed.; Wiley-Interscience: New York, 1999. . .

(58) Kovacs, G. J.; Vincett, P. S. Colloid Interface Sci1982 90, 335. where R, is the center-to-center distance between two
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15 also increases as the Ag concentration increases and is
—— As cast (5 Wt%) 0
—— As cast (10 Wt%) strongest at 20 wt % Ag.
—— As cast (20 wt%) The size and shape of the NPs determines the character-
—gg min E?gfv%@}) istics of the plasmon resonan®e%® As the diameter of

1.0 —— 120 min (20m€:) spherical particle increases, the plasmon resonance shifts

toward longer wavelengths (i.e., red shift). However, the
plasmon resonance peak can also shift to longer wavelengths
if the NP shape changes from a sphere to cube (or pentagon
or triangle)®® The peak at 422 is consistent with spherical
NPs (46-50 nm¥$® and is characterized by TEM. At 10 and

20 wt % Ag, the resonance peak broadens because the NP
size distribution broadens, as shown in Figure 7. Although

0.0 i T
200 50 00 700 300 qot obgerved at 5 wt % Ag, spectra for the_ 10 and 20 wt %
films display a high wavelength shoulder in the resonance
Wavelength (nm) peak. This shoulder may correspond to plasmon absorption

Figure 9. UV-—visible spectroscopy for as-cast and annealed films ; RM
containing 5, 10, and 20 wt % Ag. The as-cast films exhibit low absorbance. f.rom faceted NPs (e'%" cubic, pentagon). For MA
However, upon annealing at 188 for 120 min, a strong plasmon  fIIms at 10 and 20 wt % Ag, faceted_NPS were O_bserved by
absorbance peak near 422 nm is observed because of the Ag NP. The pea®FM (not shown) and high-resolution TEM (Figure 5b).
absorbance increases, but does not shift position, as the Ag content increase ; ;
from 5 to 20 wt %. However, a shoulder appears for the 10 and 20 wt % Eomparlng abs_orbance at .422 hm t_O the shoulder, we find
Ag. that the population of spherical NPs is much larger than that
of the faceted NPs, which is consistent with experimental

. . : . Observations.
neighborsAs,; is the Hamaker constant due to the interaction

between two spheres embedded in the PMMA matrix. Conclusion

Assuming hexagonal packing, = 3a, and usinghz; =

( /A11 — /Azz)z = 12.86 x 10720 J59 eq 6 givesEvpw = We have used complementary characterization techniques
4.43 x 10721 J. Although larger than the other model, this like RBS, TEM, and AFM to understand and control the

energy is also the same magnitude as the thermal fluctuationformation, growth, and stratification of NPs in PMMA. In
energy and thus may not be sufficient to stabilize the NPs this study, Ag NPs were synthesized in situ in PMMA films

near the surface. For a more rigorous test, the model should®y thermal decomposition of AgHFA. Although surface
be modified to account for a distribution of particle size, €nrichment of Ag NPs was previously observed, the reason
particle-polymer interaction, and stronger interactions be- fOr Ségregation was not entirely clear. In this paper, we
tween particles. Nevertheless, this model provides a goodProPose @ mechanism for the segregation and formation of
starting point for understanding why NPs locate at the NP at the surface and substrate. Prior to thermal decom_p_o_sp
surface. tion, precursor aggregates form because of the incompatibility
Optical Properties. The optical properties of AgPMMA of precursor with PMMA. Upon annealing at 18%,
films containing 5, 10, and 20 wt % Ag were measured by diffusion of the.precursor to t_he surfa}ce and supstrate occurs
UV—visible spectroscopy, as shown in Figure 9. For all concurrgntly with NP formation, which results in I\_IPs that
concentrations, as-cast films absorb very weakly over the &€ enriched at the surface and substrate relative to the
UV —visible range. However, upon annealing for 120 min midregion. Models cr.eated on the bas_ls of thermc_)dynamlcs
at 185°C, films exhibit a plasmon absorption peak at 422 of an embedded particle and interparticle interactions failed
nm, which is consistent with the formation of nanometer 0 account for the stability of the surface.-segregated NPs.
metal particles. Plasmon resonance results from the collective! "erefore, a new model, which takes into account the
oscillation of free electrons in NPs in response to an external POlymer particle interaction and other factors mentioned in
electric fields3 The resonance position and shape dependsth's paper, is required for explaining the stability of the NPs
on the particle type, size, and shape as well as the dielectricn€@r the surface.
constant of the matri& Although the peak position remains
fixed, the plasmon peak broadens appreciably as the AgS
concentration increases from 5 to 20 wt %. The peak intensity 5
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