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ABSTRACT: Molecular dynamics simulations have been used to examine the effect of the size of a spherical
inclusion in generic model polymer nanocomposite systems. Results are presented concerning the effect of the
increasing particle size on the thickness of the interphase, i.e., the perturbed zone of polymer surrounding the
inclusion. The behavior of the mass density, molecular orientation, fractimarafconformers, as well as dynamic
properties are presented as a function of the distance from the nanoparticle surface. The effect of temperature on
these distributions is also discussed. Long simulations have been carried out to determine the variation in the
glass transition of the filled polymers as compared to the pure systems. It is established that, within errors, the
interphase thickness is independent of the size of the nanoparticle for the range of particle sizes analyzed. This
information is particularly important for the second stage of the project where it is used in continuum
micromechanical calculations to try to explain the behavior of the mechanical properties of the model
nanocomposites. The confrontation between continuum and atomistic approaches will be the subject of a future
publication.

1. Introduction techniques. It is thus interesting to pursue the simulation

In a previous paper,the results of a pilot study were approach_ in order to see _Whether this was a spurious result,
presented of a molecular dynamics (MD) simulation of a model although it has been seen in other systems Byarsd by other
polymer nanocomposite system. This study explained in detail authorsi® or whether small particles indeed tend to act as
the motivation behind such studies and introduced a techniquePlastifying agents which, although clearly leading to partial
whereby a nanoparticle could be incorporated into a relaxed immobilization of chains at the interface, disrupt the packing
amorphous long-chain polymer system. Moreover, it proved the Of the polymer chains sufficiently to ultimately give an
feasibility of obtaining statistically meaningful results for the interphase with a mean density of the polymer lower than that
variation of the structure and dynamics of the polymer chains Of the pure bulk phase. To investigate this, we study here
as a function of the distance from the interface. Simulations at Systems where the size of the inclusion is systematically
different pressures gave rise to the rather unexpected result thatncreased. Our primary aim in this paper is first to establish,
polymers filled with nanoparticles, dispersed in a perfectly for the method of preparation employédihat the dependence
ordered manner, could havewer bulk moduli than the pure of_th_e interphase thickness is on_th_e size of the included patrticle.
polymer. Indeed, mainstream thinking in this respect claims that !t is important here to make a distinction between cases where
the reduced mobility of the polymer chains in the vicinity of the polymer chains are in equilibrium with an interface, for
the nanoparticle, as observed in experim&ritand our and which there are good reasons to expect a complete independence
other MD simulationd;5-1 should lead to an interphase with of interphase_ thickness on particle siﬁ@,nd, as in here a_nd in _
increasedmechanical properties. Thus the effect of reducing @l composites, where the polymer is generally not in equi-
nanoparticle size, at constant volume fraction of filler, should librium with the filler due to the method of fabrication and the
be an (important) increase in the elastic moduli of the composite /0ng relaxation times of the chains.
system as the volume fraction of interphase becomes important, We emphasize that the simplified models developed in this
i.e., at very small particle sizes. In reality, obtaining a perfect study are not designed to represent any specific real system.
dispersion of nanoparticles in a polymer matrix is not straight- They are specifically intended to be used to provide virtual data
forward. For a given volume fraction of submicronic inclusions, for mechanical properties against which continuum-based elastic
the distances between inclusions in the polymer matrix diminish micromechanical models will be compared. These comparisons
drastically increasing the probability of the formation of will be the subject of a second paper.
aggregates and leading generally to a separation of the phases
into independent connectivities or a cocontinuous pkaksa his 2. Details of the simulations
problem renders an experimental verification of the MD
prediction for perfectly dispersed systems rather difficult but
perhaps not beyond the realms of advances in preparation

2.1. The Silica Model.In our pilot study of a silica containing
nanocomposité,the silica was modeled using the potential of
Tsuneyukit’” which was originally developed to represent the
crystalline polymorphs of Si© Although this model is relatively
*To whom correspondence should be addressed. E-mail: David.Brown@ strajghtforward, containing just two-body Buckingham and Cou-
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Table 1. The Buckingham Potential (Eq 1) Parameters for the BKS

Model of Silica
atom type 1 atomtype 2  AleV B/A CleV A®
Si (0] 18003 0.205204 133.54
(6] (6] 1389 0.362319 175.00

components of the composite is not relevant to this study, we simply
require a hard isotropically elastic particle embedded in an isotropic

softer medium, a much simpler model of a nanoparticle has been

used in this work. Effectively, we take a sample configuration of
the bulk amorphous Si generated using standard two-body
potentials, and then introduce explicit-8D bonds to form a
network structure. By then adjusting the strengths of theCBi
bonds and the stiffness of the-@i—0O and Si-O—Si valence angle
potentials, it is possible using these “intramolecular” potentials alone
to maintain a rigid structure with approximately the same radial
distribution functions and, importantly, having about the same
elastic moduli of the bulk “atomic” model. The substitution of the
two-body Van der Waals and Coulombic potentials by a small
number of near-neighbor bonds and angles of course reduce

more accessible systems with larger particles. By maintaining an
atomic structure for the particle, rather than simply using a large
spheré7 it is possible to determine the elastic moduli of the pure
“silica”. This is particularly important regarding the second phase
of the work where the elastic moduli of the pure silica and pure

polymer phases are used as input to the continuum mechanicgN

calculations. However, in terms of the results presented in this paper
the use of a simple sphere to model the nanoparticle is probably
valid alternative. It should also be noted that the use of intramo-
lecular potentials alone minimizes the possibility of any size-
dependent changes in the rigidity of the nanopatrticle. In reality the
convergence of the properties of small particles toward bulklike

values must be governed by the effective range of the intermolecular

forces. This is an interesting subject in itself but beyond the scope
of this paper.

2.1.1. Atomistic Model.In this work, the starting point for the
simulation of silica in the bulk phase is the BKS model of Van
Beest, Kramer, and Van Sant&hThis model is very similar to
that of TsuneyuKkf in that SiQ is represented as point ions, with
charges ofjsi = 2.4 e andjo = —1.2 e, which interact through a
combination of Coulombic forces and Van der Waals (VdW) terms.

The main difference between the two models is the absence of a

VdW potential for the St-Si interactions in the BKS model; these

are considered unnecessary given the large positive charges on the

ions. In the BKS (or Tsuneyuki) model, the VdW terms are
parametrized using the Buckingham (exponential-6) form

Dy ol|1y1) = Aexp(=|r;|/B) — Clry|~° @)

The parameters in the BKS case are given in Table 1. An additional
consideration for our choice of potential is that we wish to prepare
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conditions. The truncation radius for Buckingham and for the real-
space part of the electrostatic potential interactidis,was set
throughout at half the minimum perpendicular distance between
any two opposite faces of the periodic MD box and thus varied
with time. Long-range corrections to the energy and the pressure
were made on the assumption thgft) = 1 beyond the cutoff.
Optimum convergence of the Ewald stfnwas obtained by using

a separation parameter= 0.36 A1 and a reciprocal space cutoff
Kmax = 1221 These values give convergence of the direct and
indirect routes to the reciprocal space part of the Ewald sum
contribution to the pressure of better than 10 #ar.

To obtain an amorphous sample of silica, the temperature was
increased in the simulation to 10 000 K while maintaining the
pressure at 1 bar. Once equilibrated in the molten state, the
simulation cell was orthogonalized and the cell lengths equalized
in order to obtain (momentarily) a cubic box. The system was then
cooled down to 100 K at a rate 6f100 K ps'%, in a similar manner
to that employed by Vollmay& Again pressure coupling was
employed, and the box was allowed to change shape and size in
response to the differences between the measured and required

. . ; ressure tensors. The silica remaining amorphous at such high rates
enormously the computing time required and thus renders muchSp g P 9

of cooling the MD cell stayed close to cubic with a side length of
~25 A once relaxed at 100 K.

From this 1125-atom system, a much larger sample was created
by replicating the system three times in each direction. This led to
a system containing 2¥ 1125= 30375 atoms with a side length
of ~75 A. To decorrelate the system, the velocities of all the atoms
ere randomized and then equilibrium simulations were performed

‘under NPT conditions at 1000 K for 40 ps. The parameters for the
4Ewald summation were retuned and optimum convergence was

found usingo. = 0.29 A1 andKmax = 20. The system was then
cooled back down to 100 K.

2.1.2. Simplified Molecular Model. The 1125-atom system
created using the BKS potential served as the basis for the
parametrization of the “molecular” model of silica, as explained
above. The pure bulk amorphous Si€nfiguration equilibrated
at 100 K was scanned and all Si and O atoms having a nearest-
image distance less than 1.9 A, i.e., one that encompasses the first
peak in the Si-O radial distribution function, were deemed to be
bonded. This operation effectively creates an infinite network of
bonds. To maintain the structure close to the input configuration,
the Si-O bonds defined are subject to a harmonic spring potential

Dy(Iryl) = @2kl — by) )

and a harmonic valence angle potential is used for aliSG-O
and Si-O—Si angles

®,(6) = (1/2)k,(cosb — cosb,)? (3)
By trial and error it was found that the input distributions of the

Si—0 bond lengths and the-€5i—0 and Si-O—Si angles could
be reasonably maintained using for the-8 bondk, = 800 kg

the silica in an amorphous form and as this has already beens2andb, = 1.6246 A, for the O-Si—O anglek, = 600 kJ mot?

successfully done with the BKS modél.

The starting structure for the MD simulation was the crystal
structure ofa. quartz. A system of 1125 atoms, i.e., a supercell of
5 x 5 x 5 unit cells, was first equilibrated at 300 K at a pressure
of 1 bar for a period of 200 ps. This MD simulation was performed
using thegmgMD progran?! running on an SGi O2 workstation.

and6, = 109.5, and for the S+O—Si angleky = 400 kJ mof?
andf, = 145°.

Having optimized the parameters, they were then satisfactorily
tested on the larger 30 375-atom system. This larger system was
then equilibrated for 100 ps at 100 K and at the operating pressure
of 5000 bar using a time step of 2 fs. As in our previous simuldtion,

As the sole purpose of this simulation was to generate an amorphousonbonded interactions between polymer atoms are completely
silica-like structure, a fairly large time step of 5 fs was used. Each repulsive in nature and thus a compensating overpressure is
time step took about 0.92 s of CPU time. The average temperaturenecessary to maintain a reasonable density for the polymer. The
was kept close to 300 K using the loose-coupling method of average density of the amorphous molecular,®i©del under these
Berendsen et & with a 71 of 0.1 ps. The average on- and off- conditions was 2518.6- 0.1 kg nT3,

diagonal components of the pressure tenBpnwere maintained As will be explained in a future article, the elastic moduli of
close to their required values of 1 bar and zero, respectively, usingthis bulk SiGQ model have been evaluated and have been found to
a loose-coupling methd8 with a 7 of 10 ps?! We refer be of the same order of magnitude as those of silica glass. In
subsequently in the text to this type of simulation in which the addition, the elastic moduli and Poisson’s ratio have been checked
number of atoms is constant and the temperature and pressurdor consistency against the formulas of isotropic linear elasticity.
tensors are controlled using loose-coupling techniques as “NPT” The agreement is reasonably good when taking into account the
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error bars. This is an important consideration regarding the future  Step 9: Loop over all bridging oxygens and find all nonsurface
comparisons with the continuum mechanics calculations. silicons within 1.9 A that are further from the center tharLabel
2.1.3. Nanoparticle Preparation. The method used here to  these silicons as surface silicons and update the connectivity tables.
prepare a model silica-like nanoparticle is based on techniques Step 10: If either the number of nonbridging oxygens added at
previously used to prepare fairly realistic models which contained Step 8 or the number of surface silicons added at Step 9 is nonzero
silanol groups on the surfaé&2526 In reality, silica generally go to Step 8.
contains a certain number of silanol groups{Si—H). Their exact Step 11: Visit all the bridging oxygens and check if they are
number and location, surface or interior, depend on many param- bridged between two surface silicons. If not change the type of the
eters, and a number of experimental techniques exist which can beatom back to a regular core oxygen BUT keep the connectivity
used to try and probe th#3.The existence of silanol groups on the table unchanged to indicate a bond between this oxygen and the
surface poses a number of problems as the BKS model has beersurface silicon.
developed to represent Si@ the pure bulk state. However, other Step 12: Visit all core silicons and find all core oxygens within
models have been used to represent essentially static surfaces of.9 A. Update the respective connectivity tables to form bonds
silica?8=%0 In order to resolve this problem, a hybrid model was between the core silicons and oxygens.

developeéd' in which a modified BKS potential was used to This basic algorithm gives spherical particles with a certain
represent the core of the nanoparticle while the surface was surface roughness, depending on the initial configuration and the
represented using a model for the surface of ;3fOWith this elimination of silicons not connected to four oxygens. To ensure

completely dynamic model, the thickness and silanol coverage of that the atoms in the surface layer formed a percolating network,
the surface could be controlled while maintaining the structural it has been found previoustyby trial and error that, has to be
characteristics of the interior in line with those for bulk amorphous defined to be abou®, — 9 A. Thinner surface layers tend to lead
silica. This model allowed us to mimic the surface of silica while to rather patchy surface networks or even nonpercolating ones.
keeping the structural characteristics of the core similar to bulk By use of the above algorithm and the equilibrated BKS 30375-
silica. atom configuration at 100 K as input, nanoparticles viRth— 15

For the purpose of this study, there is no need to consider the A and R, = 30 A were created directly, as the side length of the
silanol hydrogens, and the core atoms can be treated in the saménput cell was sufficiently large at75 A. To create an even larger
way as the surface atoms model, i.e., as a network-e©8bonds particle with a radius of 60 A, the 30375-atom configuration was
with the same force constants for the bonding and bending potentialsscaled up by a factor of 2 in each direction and then used. No
as in the bulk molecular Sidnodel. Nevertheless, for the purpose attempt was made to decorrelate the positions in this case as the
of constructing the nanoparticle, it is useful to maintain the artificial surface in each quadrant results from a different way of cutting
distinction of “surface” and “core”. Thus, in the model, five different  through the original system. The three nanoparticles were then
atom types are distinguished: the core silicon (Si) and oxygen (O) relaxed at 100 K using the same bond and bond angle bending
atoms, silicon atoms deemed to be in the surface layer (Si_s), potential parameters of the molecular model of the bulk. They were
oxygen atoms in the surface bridged between two surface siliconsthen ready to be inserted into the polymer matrix to form the model
(O_b), and nonbridging oxygen atoms linked to only one silicon nanocomposites.
(O_nb). The problem then is to define which atoms are surface  2.2. The Model Polymer Matrix. 2.2.1. Preparation.As there
and which are core given a configuration of amorphous silica, a are no longer nonbonded interactions in the silica model for the
target radius for the nanoparticlg,, a definition of the radius of ~ nanoparticle, there is no longer any need to use a Buckingham
the coreyy, and a definition of a maximum distance between silicon potential for the polymer, as in our previous wdrka this case,
and oxygen atoms constituting near neighbors; as before this latterwe can thus revert to using exactly the same model as the one which
distance is taken to be 1.9 A. To do this, we have implemented an has been often employed to study amorphous polymer sysie#fis.
algorithm similar to that used previously to define the surface of a In this model, linear chains af united-atom CH sites are held
cylindrical pore in silic&® The basic algorithm first removes atoms  together by rigid bonds and valence angle and torsion angle
beyond the desired radiug,, and then discards all silicons in the  potentials give internal structure and rotational barriers. Nonbonded
surface layer having fewer than four near-neighbor oxygens. It then interactions are represented by a purely repulsive potential that
starts to build a connectivity table for the surface layer by first operates for all intermolecular pair interactions and between all pairs
identifying those oxygens which are nonbridging, i.e., those with of sites in the same chain separated by at least three intervening
one near-neighbor silicon. This in turn identifies some of the surface ones. This potential takes the form of a Lennard-Jones (L3612
silicons, i.e., the ones bonded to the nonbridging oxygens. There potential truncated at the minimum and raised up by the well depth
then follows an iterative procedure to propagate the connectivity to give a repulsive potential smoothly decaying to zero, often
of the surface layer by identifying the bridging and surface silicons referred to as a WeeksChandler-Andersen, or WCA, potential
successively. In detail, the algorithm is as follows.
amsc)tfpph()lﬁs F;?Sd the previously prepared bulk configuration of Dyenly) 246((0/”"_')12_ (0/“”_')6) te forinl < 216, (4a)

Step 2: Discard all atoms that lie further from the origin than

— 1/6
the nominal radiusR,, of the nanoparticle. Dyeallrgl) =0 for|ry| > 270 (4b)
Step 3: For each silicon, identify, store, and count all the near-
neighbor oxygens, i.e., those that lie within 1.9 A. The parameters are taken dks = 57 K ando = 4.28 A in the

Step 4: Eliminate all silicons in the surface layer, i.e., those case of these united-atom ghites. As before, to compensate for
further from the center thamn, which have less than four oxygen the lack of an attractive part to the potential, a hydrostatic

neighbors. overpressure of 5000 bar is applied.
Step 5: Eliminate all oxygens in the surface layer having no  For the purpose of this study, four systems were prepared with
silicons within 1.9 A. 10, 30, 80, and 640 chains of= 1000 CH sites per chain. The

Step 6: Identify all the nonbridging oxygens as those having 30-chain system was used simply to study the pure matrix and not
just one silicon within a distance of 1.9 A. Set the connectivity as the basis of a composite system. A generation techffitmewn

table for each atom to indicate a bond between them. to produce representative configurations from the dense amorphous
Step 7: Label all silicons with a nonbridging oxygen as a phasé’* was used to set up the systems. We note in passing that
neighbor as being surface silicons. this technique has since been generalized to arbitrary linear

Step 8: Visit all surface silicons and label all non nonbridging polymers® and is now a robust method which has been tested and
oxygens within 1.9 A as being bridging oxygens. Update the validated on diverse polyme#The method, as used here, consists
respective connectivity tables to form bonds between the surfaceof an initial single-chain sampling phase of an isolated chain subject
silicons and the bridging oxygens. to pivot Monte Carlo moves for bond angles and dihedral angles
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'-.'wl.45 B Table 2. System Characteristics and Average Properties from the
m L Isteycle ¥ Simulations of the Pure Matrices at 100 K and a Pressure of 5000
g 140 bl 2nd cycle Bar®
° r pure matrices
51.35 r 1 no. of chains 10 80 640
S i 1 total no. atoms 10 000 80 000 640 000
> ] C—C—Cbendenergy 494 1 497+ 1 499+ 1
g 130 . . torsion energy 209# 5 2085+ 6 2076+ 5
g [ )l VdW energy
%1 25 L ’ . . . . . ] CHjy+++CHj total 788+t 1 786+ 1 784+ 1
- CHy:--CH; inter 614+ 1 618+ 1 613.0+£ 0.2
0 100 200 300 400 500 600 700 CHy-CHyintra 174+ 1 168+ 1 1713+ 0.5
. - . density/kg nr3 7749+ 0.2 776.6£ 0.2 775.7+£0.1
Figure 1. The specific volume plotted as a function of the temperature o tyane 69.3+ 0.1 69.64+ 0.1 69.8+ 0.1

for the two heating and cooling cycles performed on the 30 000-atom

pure matrix system. Note that the path taken during the first heating 2 All averages were taken over the last 1500 ps of each simulation

differs from the rest. following the second heat treatment (see text for details). Average energies
are quoted in J/mol of C4Sites.P % transis the mean percentagetoans

in which nonbonded interactions are restricted to just those atomsConformers of the polymer chains.

separated by three others along the chain; all other nonbonded

interactions are ignored. The configurations of the desired number "€/@xed for another 220 ps under NPT conditions at 100 K at an
of chains are taken from the resulting sequence, and each chairPPlied isotropic pressure of 5000 bar. There then followed a second
configuration is randomly reorientated and then randomly inserted 100 PS simulation under NVT conditions at 1000 K to anneal the

into a standard periodic cubic MD cell of a size corresponding to SYStém in the same way as that of the composites. After annealing,
an initial density of~630 kg nT3. This density represents a the temperature was returned to 100 K and a further 100 ps of
compromise between a density which is not too high as to give NVT MD was performed in order to re-thermalize the syst_ems at

problems when the rest of the nonbonded interactions are introduced:00 K. Systems were then relaxed for another 2000 ps using NPT
and the one which is not too low that the resulting isotropic MD at 100 K and 5000 bar. Average properties for the pure matrices

compression leads to distortion of the carefully prepared chain following this second heat treatment are given in Table 2.
confgrmations. y prep 2.2.2. Glass Transition.To ensure that the temperature of 100

Itis important to specify the temperature used during the single- K, chosen for the main part of the investigation of the mechanical

chain sampling phase as this controls the initial configurational Properties of solid polymer comporslltes_, was dbelom;_ the glflss
properties, e.g., the distribution of end-to-end distances of the chains,tr.ansl't't‘?n temperatulre]'g, sfepara;[je Featlngtjh an 1 ctoo }n?h cyfq e |
and as natural relaxation times of these chains are quite long, these'MY!alions were aiso periormed. From the start of the fina

initial distributions are changed little by the relaxation in the second configuration of the relaxed 30-chain system at NPT 100K and
phase This is exactly the principle exploited by the generation 5000 bar, the temperature was linearly increased at a rate of 0.1 K

1
procedure. From previous work, it is known that the sampling PS " UP to @ temperature of 700 K. The system was then allowed

temperature has an influence on the mechanical properties of thel® "elax at 700 K under NPT conditions for 500 ps, and then the

, . . : : 1
polymers® particularly in the post-yield behavior. In this work, a  temperature was decreased at a rate'@fl K ps* down to O K.
fairly high sampling temperature of 500 K was used. This was to For comparison, a second cycle was carried out in a similar fashion.
ensure that the chains were relatively well coiled and thus will € curve of specific volumevkye.= 1/p) against temperature
minimize the possibility of sequencestodinsconformers forming ~ [©F these two cycles, Figure 1, shows that the first time the system
with the concurrent risks of crystalline domains developing. Our 1S heated it follows a different path; otherwise the heating and
aim is to have a perfectly amorphous polymer matrix that shows €0°ling curves are quite close. This is very typical of polymer
isotropic elastic behavior. Partially crystalline samples would _systlems hz;vmg b_eenlsubje?t :]0 dlfferentbthermal Tgséorlej.g'lc')%e[(e
compromise the subsequent comparisons with the continuum'S @lS0 a change in slope of the curves between an '
mechanics calculations. We first trleq flttlng s'gralght Ilnes t0/§pe((1') elther side ofTy and

In a second stage, the nonbonded interactions, ignored in thethen determining the intersection point, but this procedure does not
first phase, are smoothly introduced into the resulting multi-chain YS€ all the data and leads to results which are very sensitive to the

configuration. The systems were then relaxed using MD at constant £X@Ct range of temperatures chosen for the linear least-squares fits.
volume and loose-coupling controlled temperature conditions (NVT) For this reason, we tried to ascertain the glass transition temperature
for 100 ps at 100 K in order to allow the systems to come to thermal Ina more objective manner by using least-square regression fits in
equilibrium. An annealing step was then carried out at 1000 K for 1€ €ntire range from 0 to 450 K, i.e., about 200 K either side of
100 ps, while keeping the volume constant, to try to relax the system Ty, using the following combination of two linear functions

further. Afterward, it was relaxed again for 100 ps under NVT

conditions at 100 K before being simulated for 2000 ps under NPT VepedT) = (&4 bT)(1 — §T)) + (c + dT) S(T) 5)
conditions at an isotropic pressure of 5000 bar. For these simula-

tions, the time step was set to 2 fs, to take into account the higherwherea, b, ¢, andd are constants an®(T) is a switching function
frequency oscillations, and the loose-coupling constants used werewhich goes from 1 to 0 in a controllable interval either siddgf

7p = 2 ps ander = 1 ps. Bond length constraints were satisfied to |n this work, the following form for(T) has been chosen

a relative tolerance of 18. Characteristics of the four relaxed

systems after this initial relaxation were very similar. The average 1 T-T

density was about 767 kg Thwith a spread between the different SO (1 + —g) (6)
samples of about1 kg n13. All samples gave mean percentages 2 o+ [T-Tgy

of 72.7 4+ 0.1 of thetrans conformers.

The configurations thus obtained for the 10-, 80-, and 640-chain wherew is the parameter controlling the sharpness of the switching
systems served as the initial matrix configurations for the prepara- function;w = 0 being the standard Heaviside function. A value of
tion of the composite systems. As the preparation and relaxation w = 1 was used to fit the specific volume W¥scurves, and from
of the composite systems (see Section 2.3) involve an annealingboth the first and second cooling curveslgof about 230 K was
step as well, it is important, for the comparisons that follow, to try obtained from the best fits. It has to be stated with precaution though
and match the thermal history of the pure matrices to those of the that the errors inTy using this approach are inevitably quite
matrices in the composites. For this reason, all systems were furtherimportant due to the rather subtle changes in the slop&e{T).
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~272 A

Figure 2. (a) A close-up 3D view of th&®, = 15 A silica nanoparticle. (b) A thin cross-section through the center of the R60L composite system
which contains a nanoparticle of silica with a radius~0 A in a box of 640 chains of 1000 monomers per chain. The entire system contains
705181 atoms. In both pictures, oxygen atoms are shown in red and silicon atoms in yellow. In, (miStare shown in light blue. Images were
produced from the coordinates of the atoms using the VMD progfam.

Nevertheless, at a temperature of 100 K, the model polymer matrix schedule was used in each case. After assembly, a 20 ps NVT
is well into the glassy state. simulation at 100 K was first carried out to allow the kinetic energy
2.3. The Model Composites. 2.3.1. Assemblyhe method used to come to equipartition. A 200 ps NPT simulation then followed
to introduce a silica particle into a polymer matrix has been at 100 K at an applied isotropic pressure of 5000 bar. This allows
described before in detdilEssentially the box of polymer is first  the box size and shape to adjust to the imposed conditions. There
increased by a volume corresponding to the particle that is to be then followed a 100 ps simulation under NVT conditions at 1000
inserted. A spherical cavity is then generated by gradually introduc- K to anneal the system. This was done with the intention of
ing a repulsive potential at the center of the box. The radius of this alleviating any local interaction hot spots introduced by the
cavity grows at a ratefal A ps™ during a standard MD NVT  assembly and was not without consequences (see later). After
simulation until the desired size is attained. This creates a sphericalannealing, the temperature was returned to 100 K and a further
space into which the silica particle can be inserted. To avoid t00 100 ps of NVT MD was performed in order to re-thermalize the
much initial overlap between the polymer and the particle, the cavity gystems at 100 K. Systems were then relaxed for 2000 ps using
is createl 2 A larger thanR,. In the final stage, the repulsive  \pT MD at 100 K and 5000 bar. The configurations obtained at
potential is switched off and the system is allowed to relax. In this 1o and of this relaxation procedure served as the basis for the

C&ﬁggctthétngi% b:r?igl:sr%l?ﬂgast%irrggrsogefﬁrrrise[::?]gi?cgl)l Orr:]?xe arious mechanical and thermal experiments subsequently under-
. nanoparticles being . ym aken. An illustration of the largest system simulated is given in
into an existing equilibrium melt of very high viscosity. There is Figure 2

thus little chance that the system can attain thermodynamic
equilibrium in any reasonable time scale, as is frequently the case The characteristics of the different pure matrix and composite
in reality. systems simulated at 100 K are given in Tables 2 and 3.

When the particle is inserted into the cavity, the interactions ¢ yhe MD simulations of the composite systems, the time step
between the atoms of the silica particle and the,Sktes have to )\ iniained at 2 fs and the loose-coupling constants used were
be taken into account. As the nanoparticle preparation method leads_~— 2 ps andr = 1 ps. as for the polvmer alone
to a surfeit of oxygens at the surface, only the interactions between P P T PS poly ’
the surface O atoms and Gldites were considered necessary to 2.3.3. Glass Transition.To determine whether the included
prevent polymer infiltration. This limits the number of pair distances particle had any influence on the glass transition of the polymer
that have to be calculated at each time step thus increasingmatrix, a single heating and cooling cycle was performed in exactly
efficiency. The cross interaction term between the polymer and the same way as that for the 30-chain pure polymer matrix. The
oxygen have been taken from our previous work on more realistic final configurations of the relaxed composite systems at NPT 100
modeld*25and arec = 3.09805 A ande/ks = 64.806 K. These K and 5000 bar were heated up to 700 K, allowed to relax at 700
nonbonded interactiqns are again defined using the WCA potential, K under NPT conditions for 500 ps, and then cooled down again
so are purely repulsive. at a rate of-0.1 K ps* to 0 K. On the basis of the results for the

Three composite systems were prepared at a fairly low target pure matrix, no second cycle was carried out, and Thavas
volume fraction of silica of~4.5% by combining the 10-chain  obtained from the cooling branch of the specific volume vs
polymer matrix with theR, = 15 A particle, the 80-chain system  temperature curve using nonlinear least-squares regression fits to
with the R, = 30 A particle, and the 640-chain system with R the form of eq 5. The values found are shown in Table 4.
= 60 A particle. These systems are referred to henceforth as R15L, ] ] ] o ] )
target volume fraction of-27% silica were prepared by combining ~ Out using the general purpose parallel MD progradgmd? 3940
the R, = 30 A particle with the 10-chain polymer matrix (R30H) running on eight processors on various supercomputers at IDRIS
and theR, = 60 A particle with the 80-chain matrix (R60H). Asis  (Orsay, France) and CINES (Montpellier, France). For the R60L
explained later, the actual measured volume fractions differ slightly system containing over 700 000 atoms, for example, it took about
from the target ones due to the way in which the surface of the 60 h to simulate 1 ns on eight processors of an IBM Power 4
nanoparticles are prepared. machine. The smaller systems required proportionately less time.

2.3.2. Relaxation ProcedureTo avoid as much as possible the  Further simulations were carried out using the scalar version of
effects of different thermal histories, care was taken to prepare all the code,gmg on SGi workstations and a COMPAQ DS20E
the nanocomposite systems in the same way. The following biprocessor server.
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Table 3. System Characteristics and Average Properties from the Simulations of Composite Systems at 100 K and a Pressure of 500G Bar

R15L R30L R60L R30H R60H

no. of chains 10 80 640 10 80
no. of Si atoms 277 2482 21154 2482 21154
no. of O atoms 649 5374 44 027 5374 44 027
total no. atoms 10926 87 856 705181 17 856 145 181
mass fraction of Si@ 0.1146 0.1218 0.1264 0.5260 0.5364
C—C—C bend energy 49F 1 500+ 1 500+ 1 509+ 1 504+ 1
torsion energy 2084 10 20604+ 10 20604+ 10 20204 20 1990+ 20
VdW energy

total 793+ 1 788+ 1 787+ 1 814+ 2 800+ 2

inter 625+ 1 622+ 1 621+ 1 6554+ 2 65142

CHy--SIO, 135+ 0.1 8.124+0.02 4.32+ 0.02 67.7£ 0.4 35.44+ 0.2

0.011+ 0.001 0.0109t 0.0003 0.0109t 0.0005 0.0114t 0.0001 0.011% 0.0001

CHa:++CH total 780+ 1 780+ 1 783+ 1 746+ 2 764+ 2

CHa++CH; intra 168+ 1 167+ 1 1664+ 1 1614+ 2 14942
density/kg ni3 845.5+ 0.1 848.9+ 0.2 851.5+ 0.2 1232.5+ 0.3 1239.3+ 0.4
% trans 70.1+0.1 70.3+0.1 70.2+ 0.1 71.3+0.1 71.8+0.1

a Column headings indicate the nominal size of the included particles and the nominal volume fractions of silica, e.g., R15L ilRptes @ particle
in a polymer matrix at the lower volume fraction of silica. Average energies are given in J/molo$iid except for the figures in italics that are the
CHg+-Si0, VdW energies divided by the effective surface areagRA (see Section 3.2.1. for the definition Bf), of the nanoparticles. These surface
energies are quoted in J

Table 4. Glass Transition Temperatures for the 30-Chain Pure Matrix System and Different Composite Systerhs

pure matrix R15L R30L R60L R30H R60H

specific vol

first cool 230+ 50 230+ 40 230+ 40 230+ 20 210+ 40 220+ 15

second cool 23640
enthalpy 233t 13 228+ 16 236+ 12 235+ 21 231+ 17 234+ 16
torsion energy 234 10 228+ 12 236+ 11 234+ 19 234+ 11 237+ 15
VdW energy 238+ 2 267+5 253+ 15 268+ 18 287+ 2 263+ 12
% trans 239+ 10 231+ 10 250+ 10 252+ 8 223+1 233+ 8

aAs explained in the text, different estimatesTfwere obtained from the behavior of the various properties indicated in the table during the cooling
runs. The enthalpy was evaluated using the expredsiorl) + PV, whereU is the internal energyR is the pressure, and is the volume of the system.

3. Results and Discussion 3.1.2. Density and Volume Fraction Although not shown

3.1. Thermodynamic Data. 3.1.1. EnergiesThe averages in the tabl_es,_ the mean cell lengths and cell angles for the relax_ed
of various thermodynamic properties are given in Tables 2 and systems |nd|_cated that all the boxes were close to being c_ub_lc.
3 for the simulations of the pure matrix and the composite For any particular system, cell I(_angths were the same to within
systems at 100 K, respectively. Averages were taken over the™1 A and all cell angles were in the range from°88 92
last 1500 ps of each simulation. The total potential energy has Such deviations from a perfectly cubic shape are not unusual
been partially resolved into its component parts in Tables 2 and for systems of this size. In general, the near cubic shape confirms
3 in order to see the underlying variations. Energies are generallyth® good isotropy of the systems.
quoted in Joules per mole of GMites so as to have a common It is interesting to note that the average density of the
normalizing factor. composite systems, at both the lower and higher volume

For the pure matrix systems, the results are fairly consistent fractions of silica, increases slightly with increasing particle size.
between the different system sizes. There does not appear torhis can be largely explained by the way in which the
be any systematic change with system size, and the slightnanoparticles are constructed. Although the composite prepara-
differences are typical of the normal variations one obtains when tion technique used gives a mass of polymer strictly proportional
preparing different, relatively small, samples using the same to R.3, only the initial number of Si and O atoms in a particle
technique’2343%|n the case of the composite systems, similar is proportional toR.%; the subsequent use of the iterative
variations from sample to sample must also exist. However, it algorithm to create the surface structure eliminates Si and O
can be seen that, as we have found befdte relatively stiff atoms in a way which is proportional to the surface area, i.e.,
C—C—C bending mode is hardly affected. The introduction of R.2 The resultis seen clearly in the behavior of the mass fraction
the nanoparticles and the subsequent program of relaxation doespf silica (Table 3) that marginally increases with particle size
however, induce some slight changes in the torsional energiesas the surface term becomes less important compared to the

consistent with the higher percentages intila@s conformers. volume. For the same reasons, the relative proportion of O and
We discuss more about the reasons for this in the sectionSi changes with particle size and a plot of the O:Si ratio (not
concerning the fraction dfans conformers. shown) for the three particle sizes can be fitted very well to the

It is particularly noticeable in Table 3 that the gHO VdwW function 2+ A/R, with a value of the constait~ 5.1. Another
energy decreases (proportionately) as the particle size increasesnevitable consequence of this surface area to volume ratio effect
With the assumption that this contribution scales with the surface is that the true volume fractions of silica are not exactly constant
area of the interface, aR/Mdependence is expected and indeed for the systems nominally at the same “low*4.5%) and
this is roughly what is found when plotting (not shown) the “high” (~27%) volume fractions of silica. Although the exact
CHy--O VAW energy. The values in italics in Table 3 volume fractions are not so important for the purpose of this
underneath the CH-O VAW energies give the surface energies paper, they are required input for the subsequent microme-
in J m2. These are very similar irrespective of the size of the chanical calculations. It is useful then to try and determine the
particle and the volume fraction of silica. volume occupied by the different components both in anticipa-
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Table 5. Values of Various Quantities Related to the Volume Occupied by the Different Components as Obtained from the Analysis of the
Composite Systems at 100 K Using a Random Probe Insertion Technique (See Text for Detdls)

R15L R30L R60L R30H R60H
RJA 13.00+ 0.03 28.11+ 0.07 58.05+ 0.05 28.07+ 0.01 58.05+ 0.01
AR/A 27+£0.1 2.7£0.2 2.6£0.3 2.74+ 0.04 2.63+ 0.04
Rse=Rs+ AR/2 Rs/A 14.36+ 0.05 29.4+ 0.2 59.4+ 0.1 29.44+ 0.02 59.36+ 0.02
% Vsc 3.98+ 0.01 4.28+ 0.02 4.37+0.01 26.80+ 0.02 27.01+0.01
psiliclkg M3 2436+ 8 2417+ 11 2457+ 5 2420+ 2 2461.8+ 0.4
pmatri/kg M3 779.7£ 0.2 778.8£ 0.2 778.0+£ 0.1 797.9+ 0.3 787.1£ 0.2
Rse=Rs+ AR/3 Rs/A 13.914+ 0.04 29.0+0.1 58.9+ 0.1 28.98+ 0.02 58.92+ 0.02
% Vsc 3.62+ 0.01 4.09+ 0.02 4.28+ 0.01 25.57+ 0.02 26.42+ 0.01
psilicalkg M3 2677+ 8 2530+ 11 2515+ 5 2536+ 2 2516.2+ 0.7
Pmatridkg m 3 776.7£ 0.2 777.3£0.2 777.2£0.1 784.8+ 0.2 780.8+£ 0.1

aRsis the effective radius of the silica partickeR is the interfacial thickness, afrlcis the corrected radius of the silica particle. Two different approximations
to Recare given in the table. % is the volume fraction obtained froR;c expressed as a percentage. Densities given are based on the known mass of each
component and the average volume as partitioned according to the volume fraction calculation.

tion of associated work and for the principle reason here of  This method was then used to obtain these contributions to
explaining the increase in density with particle size. This is not the volumes in the five composite systems at 100 K by averaging
a trivial task in the case of the small particles, as in here, where over the configurations stored during the final 1500 ps of the
surface roughness is significant with respect to their size. relaxation simulations. For the three low volume fraction
Ultimately, as particle size increases, all methods should systems, loglog plots (not shown) of these volume contribu-
converge as the spherical approximation becomes better andions againsi, show that the increase W, is dominated by a
better. Here, we have used a fairly crude but simple random term proportional tdR.2, although closer inspection reveals a
probe insertion technique in that a combination of different term in R2 also. The interfacial volum®/; is clearly largely
analyses gives reasonably reliable values for the volumesdependent orR.2, as would be expected for an interface of
occupied by the silica and the polymer. roughly constant width. However, the volume of silica varies
To begin the analysis, it is first assumed that the entire volume in a manner intermediate betweBs andR.2. Indeed, as for
of the MD box, Vhox, Can be divided into three distinct parts: the mass of silicays fits well to the formaR.2 — SR, with o
the volume accessible to the centers of the Si and O atoms inandf being constants. To a good approximation, the preparation
the silica,Vs, plus the volume accessible to the centers of the procedure thus gives rise to a situation where the total volume

CH, sites of the polymery,, plus the volume inaccessibl, and total mass have a dependence of the faR# — SR
to the centers of either, i.e., the interface. Thus Fitting the total mass and the total volume independently to
this form and then dividing the respective fits gives the
Voox = Vs TV, +V, @ prediction for the density shown in Figure 3. Apart from the

deviation at the lowest value &,, the fit is reasonably good

To access the different components of the volume, the stored@"d the best-fit coefficients predict a limiting density-e854

configurations of the systems are analyzed using a technique®9 m-=.

originally developed to determine the void space, i.e., the volume ~ TO obtain approximations for the volume fractions of silica
accessible to a probe of a certain siRhe The method and polymer, the problem that still remains is how to partition
involves trial insertions of a virtual probe at random places in the interfacial volume between the silica and the polymer. To
the MD box. If none of the atoms in the box fall within a do this, an effective radius of silica,sRis first calculated
distance oRyrone plus the radius of the atom, then the probe is assuming that the particle is completely sphericak=RVy
considered “accepted”. The probe accessible volume is then just47). The interfacial thicknes#\R, is then obtained in a similar
the fraction of accepted insertions multiplied Wy in the limit manner by assuming that the interface volume is distributed
of a doing a large number of trials; in practice, 10 trials pér A evenly over the surface of a sphefeR = (3(Vs + Vi)/4x)*3 —

are sufficient to obtain good convergence within reasonable Rs A corrected radius for silicaRsc, can then be obtained by
computational times. Here, a radius of 1.5 A was used for all @ssuming that a certain inner fraction of the interfacial thickness
atoms as well as the virtual probe as the first peak in the O equally is effectively occupied by the silica. In Table 5, two
-CH, radial distribution function is at about 3 A. By use of the results are shown for comparison for estimations usag=
technique in the way it was designed on the composite systemsRs + AR/2 and Rc = Rs + AR/3. As partitioning of the
the probe accessible volume will be equivalent to the sum of interfacial thickness equally does not take into account the
void space in the polyme¥,, plus the void space in the silica, different sizes of the atoms, the second estimate u&fng
Vs, for any given configuration, the polymer or silica atoms probably reflects a better approximation, the first peak in the
do not occupy all of, andVs. However, if during the analysis radial distribution function for the C§t--CH; interactions being

all silica atoms are invisible to the probe then the probe at about 4 A,

accessible volume found is equal\e+ V,p. Alternatively, if The behavior wittR, of the volume fraction of silica obtained
CH, atoms are turned off we obtal} + Vys. Nominally then, using R = Rs + AR/3 is shown in Figure 4 for the three
from the three different probe insertion tests, we have only three composite systems at the lower volume fraction of silica at 100
equations but four unknowns. To resolve the problem, the K. The dotted line shown in the figure is simply a result of
approximation is made so that the proportion of void space in fitting the corrected volume of silica to the foraR,2 — SR?

the silica particle is the same as that found in the bulk silica and then dividing this by the best fit for the total volume to
model. This latter value is quite small, 0.066% for the probe same form. The numerical fit here agrees quite well with the
size of 1.5 A. With the approximation thf,s = 0.00066/5, it actual data even at loW,. The best-fit coefficients imply a

is thus possible to determing, Vs, andV, and hence obtain  limiting volume fraction of silica at larg&, of ~4.47%, a value

V; from the known box volume and eq 7. close to our original target value of 4.5%.
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Figure 3. The mean densities of the three composite systems at the Figyre 5. The normalized radial mass density of the polymer as a
lower volume fraction of silica at 100 K. The dotted line is the result fnction of the distance from the interfacR, — Ry, for the three

of dividing independent fits of the total mas§i(R,), and the total nanocomposites at the lower volume fraction at 100 K. A resolution
volume, V(Ry), to the formoR:® — SR of 0.1 A was used for the accumulation of these histograms.
g 44 SARAAAS AL AARAL AR AR almost linearly in the range from 450 to 300 K before gradually
% dzp e M tending to a plateau value, generally attained in the region of
g 40F ' ] 200 K. Fits of this behavior to eq 5 are not as good given the
gasp E broad range of the transition, so the values of Th@btained
f 36 L , o v, ] from this route, shown in Table 2, have to be treated with
_5 14 + -------- 1005V_R)V®R,) | § cau_tion. Nevertheless, it can pg seen for the pure m.atrix all
S 12 F estimates of the glass transition temperature are in good
7710 20 30 40 50 60 70 agreement. For the composite systems, leaving aside the
R /A unreliable estimates from the VdW energy, there is again

Figure 4. The volume fraction of silica obtained from the virtual probe  29reement within the estimated error bars.
insertion technique using a corrected radius define@as R+ AR/3 Experimentally a decrease ify of about 25 K has been
for the three low silica volume fraction composite systems at 100 K. observed in aluminaPMMA composites, albeit with particle

The dottec_j line gives a prediction of the behavior of the _v_olume fraction gjzes considerably larger, 3904Aand this effect was attributed
?r?sed on independent fits of the corrected volume of Slld&:). and 1, 5, increase in molecular mobility. Interestingly, the decrease
e total volumeV(R,), to the formaR:® — SR - . . .
could be avoided by precoating the alumina to render it more
3.1.3. Glass TransitionValues of theTg, as evaluated from  compatible with the matrix. It is tempting to attribute this again
fits of the specific volume to the form of eq 5, for the different to the interphase and thus to expect the effect to accentuate with
nanocomposites and the pure matrix are given in Table 4. Theparticle size, assuming an interphase of fixed thickness. Our
sizable error bars ofy evaluated in this way do not permit us  data does not seem to suggest that this is the case.
to say whether the presence of the inclusions induces a A complementary analysis has been performed on the R60L
significant change in the glass transition temperature. nanocomposite system during the heating and cooling cycle in
Another common experimental method of determiniigds order to see if local variations of th&; exist. This system
the differential scanning calorimetry (DSC) that essentially contains enough atoms to permit the reliable calculation of
probes changes in the enthalpy of a system. For this reasoncertain properties of the polymer matrix in concentric shells
plots of the enthalpyH = U + PV) against temperature were (see next section) around the center-of-mass (COM) of the
also generated for the cooling runs and the data fitted to the nanoparticle. However, the changes in slopes of the density vs
form of eq 5. In these systems, the enthalpy generally shows T and%transvs T curves in the shells were very similar to the
more important changes in the slope than the volume alone andglobal values and thus no radial dependencd& ptould be
the resulting glass transition temperatures, also shown in Tabledetected.
2, are thus subject to somewhat smaller errors. However, the 3.2. Molecular Structure. In this section, the changes
values obtained for the pure matrix and the nanocomposite induced in the structure of the polymer matrix by the inclusion
systems are withi 6 K of each other and hence within errors. of the silica nanoparticles are presented. The nanoparticle being
A resolution of the internal energy into its component parts highly spherical the spatial variation of the polymer structure
reveals that the bonding and bending contributions changeand mobility have been analyzed simply with respect to the
linearly with temperature, as might be expected from their distanceR, from the center-of-mass of the silica nanoparticle
harmonic nature. Only the torsion energy and the Van der Waalsto a CH; site. The histograms presented have been accumulated
energy exhibit nonlinearity. Again, plotting these terms as a with respect tdR and by averaging over the last 1500 ps of the
function of temperature and fitting to the form of eq 5 allow simulation.
two other estimates of, to be made, also shown in Table 2. 3.2.1. Mass Distribution. In Figure 5, the mass density of
The values for the torsion energy are in good agreement with polymer,p(R), as a function of the distance from the interface,
those for the enthalpy as the torsion energy is by far the R — Ry, is presented for the composite systems at the low
dominant of the two nonlinear terms; typically the torsion energy volume fraction at 100 KR is the distance from the center-
changes are at least 8 times higher than those of the VdW energyof-mass of the silica nanoparticle to a gsite, and=y is defined
in the range from 450 down to O K. In effect, the fits to the from the position of the first peak ip(R) asRy = Ry — 3, with
VdW energy with temperature have to be considered as beingp(Ry) being the first maximum ah3 A being the distance over
fairly unreliable given the relatively feeble changes in slope. which p(R) rises from very small values up to the first peak.
The last indicator of the glass transition that has been This definition of the position of the interface is complicated
investigated is the variation of the fractiontofins conformers by the roughness of the surface of the silica particle. The position
with temperature. In all systems, thians fraction increases  of the first peak ino(R) is a position which is statistically well
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Figure 7. The radial mass density of the polymer as a function of the
distance from the interfac®&® — Ry, for the R60L composite at 100
and 400 K.

conformers in the R60L system at 100 K. The full line gives the average
distribution over the last 1500 ps of the simulation. The dashed line
gives the average distribution prior to the heat treatment. The arrow to
the right marks the mean % trans in the pure matrices.

tail of the distribution compared to the 100 K result, and distinct
fourth and fifth peaks can now be seen. At 100 K, it is hard to
tell from p(R) precisely where the structuring stops due to the
statistical noise. It is thus difficult to say whether the interphase
thickness increases or decreases with temperature although the
similarity in the first three peaks suggest that the temperature
can only have a marginal effect and that, to a good approxima-
tion, a constant thickness can be assumed.

3.2.2. Conformer Distribution. The average percentages of
backbone-C—C—C—C- transconformers were given for each
simulation at 100 K in Table 2. AC—C—C—C- torsion angle
is defined to beransif it is within £60° of the minimum in

defined compared to, for example, the minimum value observed thetranswell of the torsion angle potential. Unlike our previous
for Rfor the CH; sites, which depends very much on the surface simulations? the inclusion of the nanoparticle appears to lead
roughness and has very low statistical weight. The problem of here todecreasesn the % transof up to 2.5%. Previousl$
surface roughness can be seen in Figure 6 that shows the radiahe opposite trend of an increase in the fractiontxains
mass densities of the silica and the polymer in the case of theconformers was attributed to the construction step, where the

R60L composite. The two distributions overlap in a zone of
width ~5 A.

cavity was introduced into the matrix, and the subsequent
inability for the chains to relax on the time scale of the

Figure 5 shows that, in a range of at least 20 A from the simulation. This led to a noticeable gradient in #eranswith

interface, successive oscillations occur with a decaying ampli-

respect to the distance from the surface, see Figure 2 of ref 25.

tude until the density of the pure matrix is attained. Such a To investigate this further, the radial dependence offheans
structuring has been observed before for chains of this generichas again been determined. For easB—C—C—C— torsion

type in the presence of plain walls and nanofillefs:*2Within

angle, the center-of-mass of the four atoms involved is

the statistical precision of the data, the structure is independentcalculated, and the distand®, from it to the center-of-mass of

of the inclusion size implying a constant thickness of the
interphase. Furthermore, the results f¢R) from the R30H

the silica nanoparticle is determined. Histograms, of width 0.1
A, are then accumulated containing the total number of angles

and R60H systems (not shown) are very similar also suggestingand the number of these that are in ttens state. Examples of
that the interphase thickness does not depend on the volumehe resulting trangR) distributions are shown in Figure 8 in

fraction when the particles are perfectly dispersed.

the case of the R60L system both before (dashed line) and after

In order to see if the interphase thickness is dependent on(full line) the annealing step. The comparison reveals clearly
temperature, all five composite systems and the 30-chain purethat the heating to 1000 K under NVT conditions, and
matrix have also been relaxed at the higher temperature of 400subsequent rapid cooling, has a significant effect not only on
K. The starting configurations for these studies have beenthe R dependence but also on the average value. Before

extracted from the heating part of tAg determination tests.

annealing, the distribution is qualitatively similar to that found

The different systems were then relaxed for 2 ns under NPT previously?® with a% transelevated close to the interface which
conditions at 400 K and 5000 bar. Averages were again obtainedreturns to the pure matrix value over a distance of 80 A;

from the last 1.5 ns of the simulations. As an example, the resultsthe filled arrow to the right of the figure indicates the average
for the radial density for the R60L system at 400 K are compared value found for the pure matrix of 72.6% following the initial

to those obtained at 100 K in Figure 7. The first three peaks in relaxation, i.e., before the second heat treatment. After annealing

the p(R) superimpose quite well although there is a slight

the composite, th® dependence has not only largely vanished

broadening of the peaks at the higher temperature, which leadsbut also the limiting larg® value has been changed. This latter
to a gradual dephasage, and the limiting values are clearly effect is due to a subtle difference in the way that the initial
different due to the expected volume dilation. Indeed, the annealing step was performed in the pure matrices as compared

limiting value of p(R) at the higher temperature is in good
agreement with the average density of 742:80.1 kg nT3

to the composites or to the second annealing step for the pure
matrices. In the case of the pure matrices, the first annealing

obtained for the pure 30-chain matrix relaxed at 400 K. The was performed at the initial density ef632 kg nT3 used to
higher temperature also leads to a significant smoothing of the construct the cells andot a density corresponding to an
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overpressure of 5000 bar at 100 K; only afterward were the
matrices relaxed under NPT conditions. For the composites, and
the pure matrices for the second annealing, the fixed-volume
annealing was donafter a prerelaxation under NPT conditions

at 5000 bar at 100 K. In short, the densities of the polymer
matrices were not the same during the annealing cycles. In the
composites, and the pure polymers during the second annealing,
the higher density of the polymer leads to a freezing out of
conformational changes, during the rapid quench from 1000 K, -0.5 L L L L
at an earlier time (higher temperature) and we thus ol®&in 0 1020 30, 40 S0
transmarginally lower than the pure matrices after the first heat R'RO /A

treatment, or the unannealed composites, as seen for all therigure 9. The mean values d?,(cos6) plotted as a function of the
finally relaxed pure matrices (Table 2) and composite systems distance from the interface for the three low volume fraction composite
at 100 K (Table 3). It can be seen though from Figure 8 that Systéms at 100 K. (See text for definition @

the limiting largeR value of the% transin the R60L composite 0.05

does tend toward the average value for the 640-chain matrix E R6OL g
following second heat treatment (open arrow). 0 3
Clearly, the conformational degrees of freedom are very @ 005 |
sensitive to the thermal history. It should be noted that the much & 01 f
slower cooling rates used in the simulations to obfBjriead © os E
to significantly higher percentagestoéinsconformers, in excess ~ 3] R p—
of 80%. Indeed during the initial heating cycle of tfig Ru 02 ¢
determination runs, th&o trans actually firstincreaseswith -0.25
temperature, up t6-300 K, before decreasing. X N : R I TN T T T
Despite the clear structuring in the density, %agransshows 0 20 40 60 80 100 120 140
very little structure after the annealing phase. Clearly, the local R-R0 /A

stretchlng of chains that takes place when the initial cavity is Figure 10. The mean values d(cos) plotted as a function of the
ma?'e is largely relaxed out _by the heat_treatr_nent. '_I'here IS SOME&istance from the interface for the R60L composite systems at 100
residual effect as th# trans is slightly higher in the interphase  and 400 K. Note that the range Bf— Ry is larger than that shown in
region, which is enough to give average values of-@48% Figure 9.

higher than the corresponding pure matrices (see Tables 2 and
3) in the low volume fraction systems. The residual effect is consequence of the annealing step. Otherwise, the results are
more important in the R30H and R60H systems, where the very similar with chains being aligned perpendicular to the
averages are-2% higher than the corresponding matrices. The outward pointing normal to the interface, i.e., tangential to the
distributions though remain relatively featureless and resembleinterface, at low values d® — Ry. There then follow a number
very much the one for R60L “after annealing” shown in of oscillations of decreasing amplitude in the alignment with
Figure 8. troughs of tangential alignment corresponding to the peaks in
The effect of temperature is also marginal. Distributions (not radial density. It is noticeable from the results for the R60L
shown) of the% trans(R obtained from the simulations at 400  system, where the statistics are much better, that the orientation
K are shifted upward, for the reasons mentioned concerning decreases only very gradually wiionce the oscillations have
the thermal history, and are smoother but otherwise have thedied away and does not reach the random value of zero over
same pattern with a modest enhancement in the interphase regiofhe limited range displayed in Figure 9. For this reason, the
and a gradual return to the average value for the pure matrix same data has been replotted in Figure 10 out to a larger range
(75.2+ 0.1 for the 30-chain system). of R. It seems from this plot that a random orientation is only
3.2.3. Alignment Distribution. The local orientation of chain  attained beyond a range of 100 A from the interface, i.e.,
segments induced by the nanoparticle has also been characterconsiderably further out than could be seen in either the radial
ized as a function ofR in the same way as described density or the% trans It should be pointed out that to obtain
previously® Each consecutive triplet of the GHsites on the  gata out to the range shown in Figure 10 it is necessary to go
chain{ij k} are considered, and the andlés defined to be as  peyond the usual “limit” defined by the largest inscribable sphere
that between the vector from the center-of-mass of the nano-j, the MD box. For the R60L system, the half-box length is
particle to particlg and the vector between particlesndk, ~136 A, so the value oR — Ry corresponding to the radius of
i.e., that between the outwardly pointing vector normal to the he largest inscribable sphere is 1368 = 78 A. Nevertheless,

interface and the local axis of the polymer chain. This angle gegpite the truncation of the averaging sphere, there are as many
can then be used to define second-order Legendre polynomlalang|es in a shell of width 0.1 A & — Ry ~ 130 A as there are

function atR— Ry~ 20 A. Beyond~130 A though the statistics become
3 1 rapidly very poor as we start to probe the “corners” of the MD
P,(cos0) =3 <cogh> — > (8) box, i.e.,R — Ry > 136v2 — 58 ~ 134 A.
Also plotted in Figure 10 is the data for the same R60L
which can then be accumulated as a histogratR. iRx(cos 6) system at the higher temperature of 400 K. There is clearly no

is plotted as a function oR in Figure 9 for the three  significant effect on the thickness of the interphase as probed
nanocomposites at the lower volume fraction at 100 K. Unlike by the P,(cos9) function. Although not shown, data for the
the % trans,the local orientation of chains around the inclusion systems at higher volume fraction show no significant differ-
is clearly structured although the values are in general somewhatences from those presented for the R60L in the obviously much
reduced compared to our previous stdeélyhis being also a more restricted range & — Ro.
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Figure 11. The mean-square displacements of the polymer at a time
interval of 100 ps as a function of the distance from the interfRce,

Ry, for the three nanocomposites at the lower volume fraction at 100
K. A resolution ¢ 1 A was used for the accumulation of these
histograms. The thick horizontal line is the MSD of the {(dites in

the 640-chain pure matrix system at a time interval of 100 ps.
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Figure 12. Same as Figure 11 at 400 K. The thick horizontal line is
the MSD of the CH sites in the 30-chain pure matrix system at a time
interval of 100 ps.

40

50

3.3. Molecular Mobility. In this section the changes induced
in the dynamics of the polymer matrix by the inclusion of the
silica nanoparticles are presented. As in the previous section,
variations have been analyzed with respectRoand by
averaging over the last 1500 ps of the simulations.

3.3.1. Mean-Square DisplacementsThe square displace-
ment of a particular atom, at a time intervat with respect to
a certain time originto, is calculated in the following way from
the trajectory generated in the course of an NPT simulation

)

whereh represents the 3 3 matrix of basis vectorga, b, c},
describing the shape and size of the MD cell.rAgaries with
time, the operation in eq 9 avoids including displacements
arising simply from changes in the shape and size of the MD
box. As explained in detail previously, tiedependent variation

of the mean-square displacements, MSD, of the €ikés can

be calculated to see if there is any evidence for the influence of
the nanoparticle on local mobility. The results obtained for a
time interval of 100 ps at 100 K for the three composite systems
at the lower volume fraction are shown in Figure 11. Averages
have been taken over all possible time origins in the last 1500
ps of the simulations. It can be seen immediately that the MSDs
are very small in these systems that are well below the glass
transition. The MSDs here simply represent the degree of local
fluctuations in position and cannot be related to any diffusive
motion.

In the R60L and R30L systems, there is, in agreement with
our previous results,a clear reduction in the MSDs close to
the interface with a gradual rise back to the pure matrix value
on moving further away from the interface; plots (not shown)
of the MSDs for the R30H and R60H higher volume fraction

Ariz(t) =(rit +t) —h(t+ to)hil(to)ri(to))2

Model Nanocomposites 1509

400 K

R15L
R30L
R60L
Pure matrix

[ 3
=3

T (R)/ps

-
wmn

iiI

11 }L . Ry
!:J L} ;1{ It-
RO

R-R /A
0

Figure 13. The radial dependence of the relaxation time for Ghe-

(1) function (eq 13). All values are for averages takarbi A shells
around the nanoparticle COM. The points have been offset slightly for
the three systems along tlxeaxis for clarity. The dotted line simply
indicates the value obtained for the 30-chain pure polymer system at
400 K.
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systems show a very similar trend. The R15L system, however,
shows a quite different behavior. Although the gradual decrease
in MSD in the region from 15 to 40 A is similar to that in the
other systems, this trend is reversed as the interface is ap-
proached. In the R15L system, there are fewer particles in the
concentric shells close to the interface, so this may be a statistical
problem. Tests on the pure matrix systems, using the center-
of-mass of the entire system as a pseudo-origin for the radial
density functions, reveal that statistical problems start to occur
for R less than~20 A, i.e., the values of the MSD f&® — R,

< 10 A should be treated with caution in the case of Rye=

15 A system.

The same functions have also been studied at the higher
temperature of 400 K and the results for the lower volume
fraction systems are plotted in Figure 12. In this case, the MSDs
are considerably larger, for the same time interval of 100 ps,
and are well beyond that expected of librations within a local
well. All systems now show a clear reduction in the translational
mobility close to the interface. Again, results (not shown) for
the higher volume fraction confirm this result. We note that a
reduced polymer mobility in the vicinity of the inclusion has
also been reported in NMR studies of composttes.

3.3.2. Torsional Relaxation.To evaluate the possible effects
of the presence of the nanoparticle on ttrans—gauche
interconversion dynamics of the polymer backbone torsional
modes, relaxation functions of the form

Rrr(t) = H{04(te)} H{au(t,+ )} 0

were computed. In eq 1@y(t) is the torsion angle of thgh
C—C—C—C torsion at time and the functiorH{ a;(t)} is the
characteristic function of therans conformation H{oi(t)} =
1if —60° < oi(t) <= 60° or O otherwise.Ryr(t) effectively
measures the fraction of-@C—C—C torsion angles that were
in a statetransat some arbitrary origin in timey, and that are
in the trans state at a time intervat, later. Its use in studying
isomerization dynamics has been detailed elsewffertere,
we use it to probe the possible effect of the nanoparticle on the
torsional mobility of the polymer. The normalized correlation
function, Crr(t), is defined as

(10)

(11)

where <Xy> = Rrr(0) is the meartransfraction. As has been
done in the past?® we resolve this function into concentric
shells, of 5 A thickness, around the COM of the nanoparticle.
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This assignment was based on the position of the center-of-of the atomistically detailed nanocomposites constructed here
mass of the four atoms involved in the torsion at the time origin, and the predictions of such a continuum mechanics approach
to. Although this means that at some later time an angle may will be the subject of a forthcoming article.
belong to a different shell, it does avoid the bias that would
result from selecting only angles that remain in a particular shell. ~ Acknowledgment. The IDRIS (Orsay, France) and the
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reason, the same functions were also evaluated at the higheFACES, INTERFACES ET CONCEPTION DE NOUVEAUX
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Watts (KWW) functional form :

References and Notes

CH() = ex;{—(l)ﬂ) (12) (1) Brown, D.; Méé, P.; Marceau, S.; Aliela, N. Macromolecule2003

Q, 36 (4), 1395-1406.
(2) Dutta, N. K.; Roy Choudhury, N.; Haidar, B.; Vidal, A.; Donnet, J.
Best-fit values foioe and were obtained using nonlinear least- B. Polymer1994 35 (20), 4293-4299.

; (3) Mansencal, R.; Haidar, B.; Vidal, A.; Delmotte, L.; Chezeau, J.-M.
squares regression over the range from 0 to 200 ps. The Polym. Int. 2001, 50 (4). 367-394.

corresponding relaxation times were then obtained from the (4) Berriot, J.; Lequeux, F.; Monnerie, L.; Montes, H.: Long, D.; Sotta,

analytic time integral of the stretched exponential: P.J. Non-Cryst. Solid2002 307-31Q 719-724.
(5) Berriot, J.; Martin, F.; Montes, H.; Monnerie, L.; Sotta, Folymer

- t\p 2003 44 (5), 1437-1447.
T= f(.) ex;{—(—) ) dt= (6) Vacatello, M.Macromolecule2001, 34 (6), 1946-1952.
Qo 1 (7) Vacatello, M.Macromol. Theory SimuR002 11 (5), 501-512.
o o (Yp-1 a _o (1 (8) Starr, F. W.; Schrgder, T. B.; Glotzer, S. Rhys. Re. E 2001, 64
5 fo S L exp(=s) ds = 3 r (3] @3) ), 021802,

(9) Starr, F. W.; Schragder, T. B.; Glotzer, S. KBacromolecule2002

. , . - : 35 (11), 4481-4492.
where the gamma function was estimated to high precision using 1y kasemagi, H.; Klintenberg, M.; Aabloo, A.; Thomas, J.JOMater.

a standard numerical technigtfeThe results for the radial Chem.2001, 11 (12), 319%1-3196.

dependence of are plotted in Figure 13 for the lower volume  (11) %d?ig;gg, G. M; Clancy, T. C.; Gates, T.FRlymer2005 46 (2),

fractlon. syStems'. There IS So.me Indlce}tlon that the decrea;ed(lz) Chevalier., Y.; Hidalgo, M.; Cavalilld.-Y.; Cabane, BMlacromolecules
translational mobility near the interface increases the relaxation 1099 32, 7887-7896.

time associated with the establishmentmins—gaucheequi- (13) Hajji, P.; David, L.; Gerard, J. F.; Pascault, J. P.; VigierJ@olym.
librium in the R60L and R30L systems, but otherwise most of ) f,.c"' Part BS : APoLy{n. tPhysblgsﬁbsfl (223,P317g}é1§ﬂ71. _ .

H _ arceau, S. Architecture Mulgeelle et Propri ecaniques ae
the; value.s are very close to that obtained for the pure 30 Nanocomposites. Ph.D. Thesis, University of Savoie, Bourget-du-Lac,
_Chal_n matrix SySte_m re'_ax_ed fit 4_00 K (ShO_W” as a dOtted_“ne 2003. Available at http://www.Imops.univ-savoie.fr/people/smarceau/.
in Figure 13). Again, this finding is largely in agreement with (15) Griebel, M. Hamaekers, Comput. Methods Appl. Mech. Er2D04

previous studie?2® 193 1773-1788. ‘ _ _
(16) de Gennes, P.-GScaling Concepts in Polymer PhysicSornell

Conclusion University_Press: Ithaca, New York, 1979; p 323.
(17) Tsuneyuki, SMol. Eng.1996 6 (1 & 2), 157.

From the radial dependence of the structural and dynamic (18) Fincham, Dinf. Q. Comput. Simul. Condens. Phad@93 38, 17—
prOpem.eS Sh.of"’“ above concerning the IOV.V volume fraCtlon 19) van Beest, B. W. H.; Kramer, G. J.; van Santen, RPAys. Re.
composites, it is clear that, for nanocomposites constructed in Lett. 199Q 64 (16), 1955-1958.
the way described here, the interphase thickness seems to dependo) Volimayr, K.; Kob, W.; Binder, KPhys. Re. B 1996 54 (22), 15808~
somewhat on the property examined. Whether this is a real effect _ 15827. , ,
or is simply a perceived result due to the different levels of Y ml%E")ZZiﬁ,ﬂg%?g?%?g&%ﬂﬂohmi 1999. Web site. http://
statistical noise remains to be determined by further more (22) Berendsen, H. J. C.; Postma, J. P. M. van Gunsteren, W. F.; DiNola
exhaustive studies. However, it seems fairly clear that, for a A.; Haak, J. RJ. Chem. Phys1984 81, 3684-3690.
given property, the interface thickness is relatively insensitive (23) ?‘?égW”' D.; Clarke, J. H. RComput. Phys. Commuii991, 62, 360~
to thg size of.the fiII_er part_icle. The results for the higher \_/olume (24) Brown, D.: Neyertz, SMol. Phys.1995 84 (3), 577-595.
fraction confirm this finding and also show that there is also (25) Brown, D.; Marceau, S.; Mé P.; Albeola, N. D.Molecular dynamics
little sensitivity of the interface thickness to the volume fraction gtslgéesu gifvgwrgﬁelc)?igﬁiig)rggmsera?r?nggom{fsggozystﬁggo;igtirzs
elthe'." Tests at a ml.JCh hlghe_'r temperature do not rgvea_ll an.)I(ZG) Barbier, D,; Brgwn, D,; GriI’Iet,pA.—&:.; l\‘l):yer’tz, SMeic?(F))molecule.s
drastic changes in this scenario, so, to a good approximation, it™ 5004 37 (12), 4695-4710.
is reasonable to assume that the interphase thickness ig27) zhuravlev, L. T.Colloids Surf., A200Q 173 1—38.
independent of the particle size. Thus, for a fixed volume (28) Brodka, A.; Zerda, T. WJ. Chem. Phys1996 104 (16), 6319-26.
fraction of filler, a decreasing inclusion size leads to a possible (29) ﬁ‘g”o*;ibgg‘;‘g?'lﬁ?lg'cfgz"égg* Hartnig, C.; Spohr, Bilos.
increase of the influence of the interphase of disturbed matrix (3 3026 Hi, L. Rossky, P. J. Chem. Phys1994 100 (4), 333445,
on the overall behavior of the nanocomposite. This is the main (31) Brown, D.; Clarke, J. H. RMacromoleculesl991, 24 (8), 2075~
conclusion of this current work as it underpins the basis on 2082.

: ] ] ; ] ; _ (32) Brown, D.; Clarke, J. H. R.; Okuda, M.; Yamazaki,JT Chem. Phys.
which comparisons will be made with micromechanical model 1094 100 (2), 1684-1692.

iljg of the same type of nanocpmposite systems. The Confron.ta'(33) Brown, D.; Clarke, J. H. R.; Okuda, M.; Yamazaki,JT Chem. Phys.
tion between the results obtained for the mechanical properties 1994 100 (8), 6011-6018.



Macromolecules, Vol. 41, No. 4, 2008 Model Nanocomposites 1511

(34) Brown, D.; Clarke, J. H. R.; Okuda, M.; Yamazaki,JT Chem. Phys. (40) Brown, D.; Maigret, BSpeeduf999 12 (2), 33-40.
1996 104 (5), 2078-2082. 41) Ash, B. J.; Schadler, L. S.; Siegel, R. Water. Lett.2002 55 (1,2
(35) Neyertz, S.; Brown, DJ. Chem. Phys2001, 115, 708. (41) 83-87. ' » OIegel ater.Le 255(1.2),

36) Neyertz, SSoft Mater.2007, 4 (1), 15-83. . . .
§37g Mc>l/<echnie, J. 1. Haward, é.)N.; Brown, D.: Clarke, J. H. R. (42) Bitsanis, |.; Hadziioannou, G. Chem. Phys199Q 92 (6), 3827

Macromoleculest993 26, 198-202. 3847.
(38) Humphrey, W.; Dalke, A.; Schulten, K. Mol. Graphics1996 14 (43) Brown, D.; Clarke, J. H. Rl. Chem. Physl99Q 92 (5), 3062-3073.
(1), 33-38. (44) Lanczos, CSIAM J. Numer. Anal1964 B1, 86—96.

(39) Brown, D.; Minoux, H.; Maigret, BComput. Phys. Commuh997,
103(2,3), 176-186. MA701940J



