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ABSTRACT: The synthesis of metal nanoclusters in a polymeric environment has been shown to yield nearly
monodisperse particles, whose size is controlled by the strength of the polymer/metal interactions. Although the
phenomenon is quite general, little is known regarding the mechanism by which the polymer controls nanocluster
size. Previous studies of the kinetics of hanocluster growth in polymeric melts above the glass transition temperature
(Ty) suggest that the nanoparticle size is set by the critical cluster size (nucleation stage) rather than the rate of
metal precursor transport, namely, growth. In this paper, we examine the kinetics of iron 0xi0g) (Focluster
formation below the glass temperatufg)(in two polymer melts: polystyrene (PS) and poly(methyl methacrylate)
(PMMA). We find that the morphology of the nanoclusters formed belgvis highly sensitive to the system
temperature and differs significantly from the morphology abdyeHowever, the kinetics of cluster formation

is exponential with time in both PS and PMMA, both above and bélgwhe glass transition does not significantly

affect the rate constant in PS, thereby suggesting that the cluster formation mechanism is largely insensitive to
the polymer state (glassy or melt). However, we find a significant difference in in the kinetics of PMMA above
(where the rate constant increases exponentially Witand below (where it is nearly constant) thg

1. Introduction size and polydispersityf the nanoclusters. Unfortunately,
classical nucleation and growth processes usually yield clusters
with a wide size distribution and diverse morpholodidisereby
Himiting the use of the nanocomposites for applications such as
photonic material8.”

In recent years, it has become increasingly evident that the
use of nanoscale building blocks offers unique opportunities to
engineer novel materials whose properties can be tuned throug
control of the structure at intermediate length scales that bridge . . . . .
between the molecular and the béfkThis is due to the fact _In situ synthesis of ”!eta' hanosclusters in polymeric media
that the characteristic properties of nanoscale clusters atre(e.'ther bulk melt.or so.lutllon) has been shown to produce clgsters
significantly affected by their size, shape, and spatial dispetsion. with a narrow size distribution and uniform morphology in a

i P78, 23
For example, Cox et &lfound that clusters of 1232 atoms of wide range of polymer and metal systents.® Although
rhodium exhibit magnetic moments that are typical of ferro- cluster size was found to depend on such parameters as polymer

magnetic materials, although bulk rhodium is paramagnetic at type, polymer concentration and MW, and the temperature of

o P ot : Co
all temperatures. As a result, material properties can be set by':hebIn S_'tlél synthde3|?, ';he nztarlrow f'ze d|fstr|t;_ut|on wdas Sh?lx" n
the size of the underlying nanodomains. o be independent of metal volume fraction and synthesis

One class of nanostructured materials that holds areat rom.seconditionsf.”24 Thus, in situ synthesis of metal nanoclusters in
; uctu . : >J promi polymeric media offers a route for obtaining uniform, control-
for a variety of applications is that of metallic/polymeric

nanocomposites, where nanoscale metallic clusters are dis erseI ble nanocomposites. However, tailoring nanocomposite prop-
. pOSItes, wh _10 . P rties requires better understanding of the nanocluster synthesis
in a polymeric mediun$-1° The synthesis of such polymer

metal nanocomposites can be accomplished by several methprocess and, specifically, the parameters controlling the cluster

X . - size and size distribution.
ods: (a) evaporation of metal atoms into polymer solufibri§ . ; .
T 1o i : Previous studies clearly demonstrate that the average size of
or on polymeric films}’ (b) addition of polymers to solutions

of metal salts followed by the reduction of the salts to colloidal m_etgllic nan_oclusters synthesized in polymeric media decreases
nanoparticles and evaporation of the solVer(t) synthesis of with increasing strength of polymgr/metal bonds (the use of the

metal clusters within an SiOmatrix by sobgel processe¥ term metal nanoclusters comprises both zero valent metal

(d) reduction and aggregation of the metal complexes in the particles and metal oxide particlésj? This may be simply

. e . ; attributed to the propensity of such systems to increase the
solid state within an organometallic polymer matftikand (e) . ; .
oo - . . . interfacial area between the clusters and the favorable polymeric
in situ thermolysis of organometallic precursors in a polymeric

: media, but it cannot explain the apparent cluster monodispersity.
melt/solution® . . T
) . The universality of the narrow nanocluster size distribution when
Due to the strong depelndence of thg metallic cIuster.proper.tlessymhesized imny polymeric medium (solution or bulk) suggests
on cluster size, obtaining polymeric nanocomposites With {hat the mechanism controlling cluster size is not polymer
specific material properties requires the ability to control the gpaific Rather, it arises from the macromolecular nature of

the medium.
*To whom correspondence should be addressed. E-mail: rinatan@ “Polymeric capping” has been suggested as a possible
technion.gatech.edu; dan@coe.drexel.edu. mechanism for the control of cluster growth, where polymer
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size set by the polymemetal interactiond! However, while
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Iron pentacarbonyl (Fe(CQ)d = 1.45 g/cni, bp= 103°C, Alfa

this mechanism can explain the absence of particles that areProducts, Thiokol/Ventron Division) was filtered through filter

larger than the optimal size set by the “cap,” it cannot address
the lack ofsmallerparticles in finite systems where the volume
fraction of metal is fixedt

Most studies of metal or metal oxide cluster synthesis in
polymeric media tend to focus on equilibrium properties (i.e.,
cluster size and morphologi¥?°> and thus offer little insight
into the process of cluster formation. On the other hand, kinetic

paper circles (Whatman 7.0 cm, qualitative 4) into a foil-covered

8 mL vial. One mL of the filtered Fe(C@vas then added dropwise
into the polymer solution. After mixing vigorously for ap-
proximately 30 min, the Fe(C@polymer solution was film cast
onto a glass surface and the solvent was allowed to evaporate under
inert conditions. Film thickness average was 0-2100.50+0.002

mm.

Thermal decomposition was carried out in a temperature-

studies can reveal essential information on the mechanism ofcontrolled oven under an ambient (oxidative) room atmosphere.

cluster nucleation and growth. We have previously reported on
the decomposition kinetics of iron pentacarbonyl to iron oxide
nanoclustersy-Fe03) above the glass transition temperature
(Tg) in two types of polymeric melts: polystyrene (PS) and poly-
(methyl methacrylate) (PMMA3* In all temperatures studied,
clusters synthesized in PS were found to be roughly spherical
while those synthesized in PMMA were more triangular in
shape. Since PS interacts weakly with the iron oxide cluster,
the particles formed were larger, on the order of 70 nm. Particles
formed in PMMA, which interacts strongly with the metal, were
found to be smaller, on the order of 11 @&fn.

Following the time-dependent precursor concentration (which
is negatively proportional to the fraction of metal in clusters)
showed an exponential decay with time for all temperatures
studied?* Analysis using a simple nucleation and growth model
suggests that this type of kinetics is the signature of a system
dominated by the nucleation stage, where growth is largely
suppressed! The characteristic decay time scale was found to
be higher (slower reaction) in PMMA than in PS and was found
to decrease, in both polymers, with increasing decomposition
temperature. The decay time was found to vary-a&T, where
A ~ 9000°K for PS and 8100K for PMMA.

The mobility of molecular species in polymeric media
decreases sharply beldly, the glass transition temperati#fes°
Thus, the synthesis of metallic nanoclusters in polymeric media
below Ty should be dominated by nucleation rather than growth.
If, indeed, nucleation dominates cluster formation belgwas
it does abovel,?4), then the kinetic signatures of the decom-

Films were covered with aluminum foil to prevent photodecom-
position. Fe(CQ) has a relatively high vapor pressure at room
temperature, so some of the original carbonyl was lost due to
evaporation prior to decomposition. Thermal treatment was done
below the polymeiTy at temperatures ranging from 50 to 9G.

The kinetic behavior was analyzed based on the actual Fg(CO)
concentration, as measured by the intensity of its analytically
relevant infrared absorption bands. The rate of Fe¢Qu@jcursor
decomposition was determined by monitoring the variations in the
intensity of the two strong infrared absorption bands at 2019 and
1996 cntl, corresponding to the asymmetric and symmetric
stretching vibrations of the carbonyl groups, respectively. Infrared
measurements were conducted on a Nicolet Nexus 870 Fourier
transform infrared spectrophotometer. Further details regarding the
decomposition reaction may be found in the pertinent referéiées.

2.2. Particle Characterization. Particle size and morphology
were examined by transmission electron microscopy (TEM) using
both Philips CM-120 and FEI Tecnai2Gl2 instruments. The
operating voltage was 120 kV for both microscopes. Samples were
ultramicrotomed to a thickness of 500 nm using a Reichert
Jung FCAE knife under a constant temperature-80 °C and
subsequently placed on 400-mesh carbon-coated copper grids (Ted
Pella, Inc).

2.3. Polymer Thermal Properties.The glass transition tem-
perature {g) of the composite films was determined by differential
scanning calorimetry (DSC) using a Mettler Toledo DSC822e
instrument for the PS films and Perkin-Elmer DSC 7 instrument
for the PMMA film with air as the reference. The measurements
were performed upon heating from 60 to ZXDand then cooling
back to 60°C. Heating rate was set to°&/min for the PS and 20
°C/min for the PMMA. The heating/cooling cycle was repeated

position process should be insensitive to whether the system istwice to allow the sample to arrange itself in the crucible, which

above or belowy (although the time constants would still vary
with the temperature, as shown for the systems afig¥d.

In this work, we examine the decomposition kinetics and
particle morphology of iron oxidey¢Fe,Os) nanocluster forma-
tion in PS and PMMA below the polymer glass transitidg)(

The reduction in polymer mobility may affect the cluster
properties and the synthesis kinetics in several ways. First,

ensured a better heat conductance during the actual test. Nitrogen
was used as the purge gas at 40 mL/min. Idedl}yis measured
during the cooling perio but in this case the films were analyzed
both during cooling and heating, and both directions showed no
significant difference.

3. Results and Discussion

regardless of the cluster growth mechanism, the suppressed The goal of this paper was to examine the synthesis of iron

polymer mobility should hinder the growth of the cluster (since
the polymer cannot “move out of the way” of the growing
cluster). As a result, we expect clusters formed belguo be
smaller than those formed aboVg Also, the clusters may be
more anisotropic, since growth is likely to follow structural
heterogeneities (e.g., craze lines) of the polymer matrix. Also,
belowTg, the polymer cannot adjust to form an adsorbed “cap”
on the growing clustet:32 Thus, if capping is indeed a
dominant mechanism, it should be suppressed bé&lpveading

to a higher cluster polydispersity and to a reduced sensitivity
of the cluster size to the polymemetal interactions.

2. Experimental Methods

2.1. Preparation of Composite Films.Pellets of poly(methyl
methacrylate) NI, = 350 000 g/mold = 1.170 g/cnd, Aldrich) or
polystyrene ,= 350 000 g/mold = 1.047 g/cmi, Aldrich) were
initially dissolved in methylene chloride (GBI, d = 1.325 g/cm,
bp = 40 °C, Aldrich, 99.6%) to form 3 wt % polymer solutions.

oxide nanoclusters in polymeric media below the glass transition
temperature. However, it is well known that the presence of
small molecule “impurities,” even in very low concentrations,
can reduce thdy of the polymer matrices in which they are
embedded’-38 The main concern here was that a decrease in
the glass transition temperature of the precursor-containing
polymer samples below the decomposition temperatures would
have resulted in a kinetic behavior that was not representative
of the glassy state. Since the resulting composites were
investigated also for their optical properties, it was desirable to
examine relatively thin films rather than bulk material. Hence,
the thickness of our films{100xm) was in the range at which
the glass transition may deviate from the bulk value and depend
on the film thicknes$? Therefore, to ensure that the temperature
range at which we conducted the decomposition process was
indeed below the glass transition of the polymer system, we
first examined the glass transitions of our composite films using
DSC. The thermolysis process of the organometallic precursors
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Figure 1. Transmission electron micrographs (TEM) of iron oxide particles formed after the decomposition of F&(@)'S matrix at two
extreme temperatures below the glass transition of the polymers: (@) iron oxide nanoparticles formed in RS @b)5idon oxide nanoparticles
formed in PS at 95C, and (c) detailed image of iron oxide nanoparticles formed in PS 4€95

. . . . Table 1. Onset Value for the Glass Transition Temperatures of
dispersed in the polymer matrix involves the formation of PMMA and PS Thin Films before and after Thermal Treatment in

reactive metallic fragments capable of interaction with the the presence of Iron Carbonyl Precursor Determined by Differential

polymer, resulting in the formation of local physical cross-links Scanning Calorimetry

between chains that, in turn, could generate an increase in the decomposition T, 0f PMMA T,0fPS
material Tq.4° However, given the concurrent presence of the temperature°C) film (°C) film (°C)
two effects, the possible plasticizing effect of th_e small precursor literaturé® 115 100
molecules may have been offset by the possible local increase 50 110.40 97.11
in Ty due to the crosslinking effect of the reactive fragments, 67 117.99 99.07
leaving theTy of the samples unchanged. Since during the DSC gg ﬁg-gg g;-g

measurements we did not record any melting or crystallization
temperatures or any shifts in th& of the polymer, we
concluded that the low concentration of metallic particte$ (

vol %) and the thickness of our films have little effect on the
Ty of the samples. As shown in Table 1, we found that the glass
transition temperatures of PS and PMMA films containing the
organometallic precursors were relatively close to that of

polymer films in the absence of these precursor moleciles. .
Our microscopy results suggest that at low temperatures

All of our decomposition and cluster synthesis experiments, ) o ;
discussed below, were carried out at temperatures below theWhere the polymer is immobilized in the glassy statéclusters

measured g of the polymer matrices. Furthermore, examination are largely one-dimensional. Most I_ikely, C'”SteT _morphology
of films after thermal treatment showed thtwas still above follows defects such as structural inhomogeneities or “craze

the temperature at which the experiment was conducted. lines” in the glassy. polymer. matrix (gerjera_ted by internal
) . . i ) . stresses), a mechanism that is illustrated in Figute 33,4446
We first examined the properties of the (final) iron oxide

| . thei hol d di - h dWhiIe at temperatures abovg the equilibrium particle size is
clusters, namely, their morphology and dimensions at the end g e mineg by the interactions between the metallic fragments
of the decomposition process. In our previous work, the

and the polymer chains (Figure 3a,b), beldythe immobilized
Sponmeric medium acts as a heterogeneous surface that promotes
' the formation of many reactive nucleation centers and as a
physical “capping” medium defined by the geometry of the
system (Figure 3c,d46

This may also explain the large polydispersity in cluster
mensions and morphology, since the cluster geometry is not

temperature range, i.e., 5@, the iron oxide nanoparticles
aggregate in small chains that are40 nm in length and-3

nm in width (panels a and c of Figure 2). At higher temperatures,
the chains disappear and only small spherical particleswith

nm average diameter are observed, some of which assembled
in larger flocculates (panels b and d of Figure 2).

aboveTy has been shown to yield roughly spherical clusters
with a characteristic diameter of70 nm?44! In contrast,
clusters formed in PMMA at temperatures aboVg were
roughly triangular in shape, with an average size of 11 nm. The
difference in cluster dimensions and geometry was attributed di

chiefly to the strength of the polymer/cluster interfacial binding set by nucleation and growth but by the properties of the

v, which is higher for PMMAZ41 polymeric matrix defects. Increasing the system temperature

Figure 1 shows transmission electron micrographs (TEM) of increases polymer mobility, especially in the vicinity of the
clusters formed in the PS matrix beloly. We found that in  cluster crossing poirf,-#%which enables the formation of three-
the lower temperature range, i.e., 3G, the clusters were  dimensional clusters. However, the polymer-imposed constraints
needlelike with an average length 6f50 nm and a cross-  on cluster size are evident even whEmpproached, by the
sectional width of 23 nm (Figure 1a). Increasing the temper- smaller size of the clusters compared to those formed above
ature to the higher range, i.e., 96 (below theTg, as shownin T, Moreover, since reactions between the functional groups of
Table 1) leads to the appearance of spherical clusters, with anthe polymer and the growing metallic fragments are suppressed
average diameter of-8 nm, that coexist with a decreased at Jow temperature&,*8the stabilization of the nanoparticles
fraction of the small needlelike clusters (Figure 1b) We also is due main|y to the geometric confinement imposed by the
observe some larger triangular aggregates, as shown in Figureyolymer ‘wall’ and not because of the adsorption of polymer
lc. chains.

Particles formed in the PMMA matrix below, follow a Our TEM data clearly demonstrates that the size and
similar trend to that of those formed in PS. In the lower morphology of metallic clusters formed in polymeric matrices
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Figure 2. Transmission electron micrographs (TEM) of iron oxide particles formed after the decomposition of FB(@GMMA matrix at two
extreme temperatures below the glass transition of the polymers: (a) iron oxide nanoparticles formed in PMNIB, gbbBon oxide nanoparticles
formed in PMMA at 95°C, (c) detailed image of iron oxide nanoparticles formed in PMMA at’60 and (d) detailed image of iron oxide
nanoparticles formed in PMMA at 9%C.

Figure 3. The differences in the nucleation and growth mechanisms between temperatures.Tgbdag highly reactive metallic nucleation

centers are formed; (b) partietgpolymer interactions determines equilibrium particle size. Belgw(c) the immobilized polymeric medium that

acts as a heterogeneous surface and promotes the formation of many highly reactive nucleation centers; (d) Physical “capping” defined by grain
boundaries determined by the polymer arrangement .

below Ty differ from those of the clusters formed in the same reactivel! generating a nucleation and growth process. In
matrices abovdy. To determine whether these differences are systems such as ours, the ambient oxidizing environment gives
due to the geometrical confinement of clusters by the glassyrise to the oxidation of the active Fe fragments to form
polymer or are the result of a difference in the synthesis nanoclusters consisting mainly of #&. This can be sum-
mechanism, requires a study of the kinetics of cluster forma- marized as follows:

tion.

The formation of iron oxide clusters starts with the extraction

. ) - Tk NFe(CO) ., Fe(CO o,

of at least one CO I|gand frqm the inorganic precursor FegCO) nFe(CO) ?11 Coordinativel k_ki. (D) Fe “activ)ye" Ok
followed by a series of ligand dissociation and complex Fe “precursor” unsaturate fragments or
rearrangements, giving rise to coordinatively unsaturated, multi- species ‘metallomers”
nuclear iron complexes having a higher metal/ligand ratio than n (Fe0))
the original precursot?2250These iron fragments are highly 22|\
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Figure 4. Typical infrared absorption spectra of the thermal decom-
position of Fe(CQ) in polystyrene at 82C showing the symmetric
and asymmetric stretching bands of Fe(€@X)1996 and 2019 cm,
respectively.

The kinetics of cluster formation are determined by following
the symmetric and asymmetric CO stretching bands of Fe{CO)
at 1996 and 2019 cm, respectively, the CO stretching bands
of Fe(CO)2 (the most dominant intermediate) at 2046¢m
and Fe-O stretch of iron oxide at 520 crh.51~53 Monitoring

can also be done by following the stretching and bending of
the Fe-CO equatorial ligands using the 641 chabsorption
band®4-57 but this one has a weak absorbance and gives the
exact same result.

As shown in Figure 4, the Fe(C&infrared absorbance peak
clearly decays, as expected, with decomposition time. We do
not observe a peak associated with decomposition intermediates,
thereby suggesting that these do not accumulate in the system.
Unfortunately, the iron oxide characteristic absorption band
cannot be used to analytically determine cluster growth since it
resides at the lower mid-IR region, near the end of our
instrument range, and thus is exposed to beam cBRoff.
However, due to the lack of intermediates, mass balance on
the iron atoms indicates that the number of iron atoms in the
clusters is equal to the initial iron content minus the remaining
Fe(CO},2* and thuSigeiuste/ 0t ~ —dgpercursofdt, Whereg is the
concentration of the species ahthe time?*

Figure 5 shows the plots of the normalized concentrations of
Fe(COj} in both PS (Figure 5a) and PMMA (Figure 5b) matrices
as a function of time for several temperatures belgvWe
see that in both polymers the decay of the precursor (and thus
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the rz_ite of cI_u ster forr_‘nati_o n_) follows an exponentially decaying Figure 5. Plots of the normalized concentrations of Fe(€i@)polymer
function. This trend is similar to that observed for the same matrices as a function of decomposition time at different temperatures

systems abov@&y.2* Above Ty, the rate of decomposition (and

below the glass transition temperature of the respective polymers: (a)

thus cluster formation) in PS was found to be higher than that in a PS matrix, (b) in a PMMA matrix, and (c) comparison between

in PMMA at the same decomposition temperature due to the
weaker interfacial interactions of PS with the metal cludter.

the decomposition of Fe(C&in the PS matrix and in the PMMA matrix
at 82°C.

Below Tq, we expected the polymer chains to be largely intermediates in the systetkalso represents the time constant
immobilized, thereby reducing the effect of the interface on the of cluster synthesis, a result of both nucleation and growth
decomposition and cluster formation rates. However, as shownprocesses. Thus, the fact that the precursor decay profile is

in Figure 5c, the precursor decomposition belgyin PS was
still faster than in PMMA, again at the same decomposition
temperature.
Fitting the Fe(CQydecay to an exponential functiffiecursokt)

= poe Myields values of the kinetic rate constris a function

of the system temperature. Hekerepresents the rate constant
of the Fe(COy decomposition, which may be expected to be
exponential*25 However, since there is no accumulation of

exponential both above and beldly indicates that the mech-
anism of cluster synthesis is similar. We have previously
showr?* that an exponential cluster synthesis rate is characteristic
of systems where nucleation, rather than growth, is dominant.
As was stated in our previous wofkgcluster growth through
molecular addition is controlled by the diffusional flux of
metallic fragments to the growing clusters. The full diffusion/
growth problem is complex and cannot be solved analytically,
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(a) which are assumed to involve only local molecular motions.
1E-3 For both PS and PMMA systems, this range of temperatures is
* PSabove Tg characterized by the occurrence of micro-Brownian behavior,
E;‘;ﬁf“fg resulting from the fact that some of the chains are not completely
+ above Tg immobilized in the glassy state and hence small segments therein
v PMMA below Tg 5
: are free to move. For amorphous polymers, such as PS and
/‘/‘ PMMA, this local motion of chains is associated with the
movement of side chains around the backbone of the poly-
mer4%5°The exponential behavior described previously indicates
that the kinetics of iron oxide cluster formation in PS matrices
is largely insensitive to the transition from temperatures above
to below Tq. In the higher range of temperatures that we
examined, for PS itis very close to ifg (and most likely above
1E-7 . . . . . . Tp) and therefore, the polymer chains exhibit micro-Brownian
300 320 340 360 380 400 420 behavior. Due to the weak interactions of PS with the metal,
T K the physical state of the polymer, either bel@yor in the melt,
[ ] has little effect on the kinetics. However, since Figure 6a clearly
shows exponential dependence for the reaction in PS above and
(b) below Ty and for PMMA aboveTg, we can fit the data to an
-7 ) Arrhenius plot, as shown in Figure 6b, and calculate the reaction
8 . Matrix Ea (kl/mol) activation energies.. From Figure 6b, it is evident that for
" PS above Tg 81.6 PS belowTy the activation energy is close to half the value as
-9+ N 7 PS below Tg 46.4 compared to that abovg,, i.e., Ea = 46.4 and 81.6 kJ/mol,
-10 4 PMMA above Tg 48.2 respectively. The kinetics in the PS matrix is nevertheless largely
v PMMAbelowTg 63 unaffected by the physical state of the polymer, despite the
=11+ \\ occurrence of the micro-Brownain chain motion that affords
12 the movement of a fraction of the polymer chains. However,
- the lower activation energy is attributed to the fact that the
-131 g —'—__v___'____'_ majority fraction of chains are _in the glassy state and are not
-14] z v able to conform and interact with the reacting metal cluster.
ol

15 & In PMMA, however, we find a significant difference in the

- T T T dependence df on T across the glass transition: abolg k

0.0024 0-0026_1 0.0028 0.0030 0.0032 = 2 x 10 7e*935 namely, the characteristic cluster formation
T [K] time scale decreases exponentially with the decomposition

Figure 6. (a) Plot of the characteristic decay constir{tn units of temperature. The values k_ffor_PMMA aboveTq are lower

s as a function of temperature for both polymeric matrices. (b) The than that for cluster formation in PS at the same temperature,

Arrhenius plot for the decomposition processes showing the logarithm indicating that the formation of clusters in PMMA is a slower

of the characteristic decay constankl(in units of s) as a function process and is most likely due to the stronger interfacial bonding

of the inverse temperature for both polymeric matrices. between the metal cluster and PMMA when compared to that

since it involves a moving boundary, namely, the cluster radius, n PS, (as shgwn In Figure Sé‘)',

as well as the time-dependent concentration of the diffusing  Quite surprisingly, however, in the PMMA system beldy
fragments. However, applying a simplified approach, we can We fl_nd thatk_ is a constant namely, the cluster formation
define the flux to the growing cluster through a “boundary kinetics are mdependent_ of the system temperature. One
layer,” where the concentration of unstable and reactive iron €xplanation may be that, since thigof PMMA is higher than
fragments at the cluster interface is zero, and outside thethatof PS, the PMMA systems were truly in the glassy state at
boundary layer it is given by the average suspension concentrathe temperatures n_u_easured wh!le the_PS systems were still close
tion.24 This kind of analysis allows the calculation of the extreme [0 the glass transition. Following this argument, if the only
cases in the system, namely, the reaction mechanism controlledMmportant feature Wo.uld have beer! the distance from the actual
by either nucleation or growth (the interested reader may turn POlymerTg, then plottingk as a function oAT = T — Ty should

to the full analysis described in our previous pafjefhis kind have generated a “universal curve,” i.e., the same trend for
of analysis seems very plausible for the clusters in glassy similar AT values. However, as shown in Figure 7, the plot of

polymers, where the transport of molecular species and thusk @s a function ofAT reveals a considerable discrepancy between
growth is very slow. the two polymers, which cannot be accounted for by the distance

As may be expected and as observed from Figure 6a, theOf the decomposition temperature frofg
rate constank, which is inversely proportional to the charac- Our finding thatk in PMMA is independent of below the
teristic decomposition time and/or cluster formation time, glass transition clearly indicates that the dominant mechanism,
increases with increasing temperature. Thus, cluster formationor rate-limiting step, in the cluster formationnistthe precursor
rates increase witfi in both types of polymeric media. In PS, decomposition: Precursor decomposition requires overcoming
we find little difference in the dependencelodn T above and some energy barrier (i.e., activation energy) to allow the iron
below Ty below Ty, k=7 x 1078 047, and aboveTg, k = pentacarbonyl molecule to transition into one of the reactive
5 x 108 €296T The range of temperatures at which we intermediates. This should be accelerated exponentially (Ar-
conducted our experiments lied beldy, typically attributed rhenius) with increasingl’ regardless of the environmental
to Tg, and in some cases above the lower temperaturg,of  mobility. Moreover, this conclusion is also supported by the
typically attributed to secondary and higher-order relaxations, calculation of the activation energy. In Figure 6b, we found for

1E-4

1E-5

k [Sec™]
L

1E-6+

Ta(PMMA)

Tg(PS)

In k [sec‘I]

7
&
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1E-34 for the PMMA system for the temperatures beldyto that
i = PSaboveTg calculated for the temperatures abdig which is in contrast
1 ¢ PSbelow Tg L to the change calculated for P%53
1E-4- 4  PMMA above Tg -
i v PMMA below Tg 4. Conclusions

] a In this paper, we examined the kinetics of metal-cluster
1E-5- . formation in polymeric matrices below the glass transition
] temperature. We showed that the morphology of the nanoclusters
formed under these conditions is dependent on the decomposi-
tion temperature and differs significantly from their morphology
aboveTy, which is most likely due to cluster formation at the
] interface between regions of inhomogeneities, craze lines, and
1 2 stress-induced ordered regions. However, the kinetics of cluster
80 60 -40 20 0 20 40 60 formation is exponential with time for both PS and PMMA
T T K above and below,. The glass transition does not significantly
( - g) [ ] affect the rate constarkt in PS, thereby suggesting that the
Figure 7. A universal curve describing the relationship between the cluster formation mechanism is largely insensitive to the
decomposition reaction constan(in units of s1) and the distance of ~ polymer state (glassy or melt). However, we find a significant
the reaction temperature from the actual polyriigri.e., AT =T — difference in the dependence koin PMMA aboveT, (where
Tg it increases exponentially witfi) and belowTy (where it is
nearly constant). We attribute this to the effect of the polymer
glassy state on the polymecluster interfacial forces, which
are weakened by the suppressed mobility of the PMMA
segments in the glassy state.

k [Sec‘l]

1E-6

PMMA below Ty Ex = 6.3 kJ/mol, which is an order of
magnitude smaller than the one found for abdyeE, = 48.2
kJ/mol. Thus, the rate-limiting step in the system is the cluster
formation, which apparently occurs via a different mechanism
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