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Abstract

Atomistic molecular dynamics simulations have been used to delineate the effects of introducing polyhedral oligomeric silsesquioxane
(POSS) moieties substituted by cyclopentyl and cyclohexyl rings as pendant groups on polynorbornene. Simulations were also performed on
polynorbornene for comparison. Calculated volume—temperature behavior and X-ray scattering profiles matched well with experimental
results. Most importantly, the effects of incorporating the POSS maoieties into the polymer have been identified via simulations. These were
judged on the basis of the increase in the glass transition temperature, retardation of the chain dynamics and improvements in the calculated
elastic tensile, bulk and shear moduli of the POSS containing polymers compared to the norbornene homopolymer. The most important
conclusion from the study is that aggregation of the POSS moieties is not required for the beneficial effects to be realized. Indeed, the
simulations show that there is no tendency for aggregation to occur among the POSS moieties if they are well dispersed to begin with over the
time scale of the simulation. Packing features are delineated with the aid of intermolecular site—site radial distribution functions. In addition,
the mean squared displacement of the POSS moieties in the polymer matrix was found to be very small at all temperatures leading to a
slowing of the segmental dynamics of the polymer chain, and thereby imparting the macroscopically observed stiffness. Itis reasoned that the
chief source of reinforcement arises from the POSS moieties behaving as strong anchor points in the polymeric matrix. This has more to do
with the ponderous nature of these moieties versus any specific intermolecular inter&@20@€ Elsevier Science Ltd. All rights reserved.
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1. Introduction (<10 mol%). POSS chemistry is very flexible [1,3]. A wide
variety of substituents may be affixed on the Si atoms at the
An appealing goal in polymer science and technology corners of the cages to optimize polymer—POSS interac-
involves the development of polymeric materials reinforced tions and simultaneously to aid in the easy dissolution of
on the spatial scale of a few nanometers. One route to develthe POSS moieties in common solvents for synthesis
oping such materials has been through the incorporation ofpurposes. These groups may be incorporated into almost
inorganic groups such as POSS (polyhedral oligomeric any conventional polymer and in a variety of different
silsesquioxane) into conventional organic polymer matrices chain architectures. POSS moieties have been incorporated
[1]. This is done by introducing them either as pendant as pendant groups in polynorbornene [4], poly(4-methyl-
groups or as part of the polymer backbone. POSS moietiesstyrene) [5,6], polymethacrylate [7] and ethene—propene
are essentially polyhedral cages composed of Si and O[8] copolymers, as part of the main chain in siloxane
atoms with the chemical formula g&},. The Si corner [9,10] polymers and epoxies [11], as cores in dendrimers
atoms are usually connected to organic groups such ag[12] and in highly porous POSS based network polymers
cyclopentyl or cyclohexyl rings. Such inorganic—organic [13].
hybrid polymers possess several attractive properties such Though the effects of incorporating the POSS moieties
as increased thermal stability, higher glass transition into polymeric matrices are well known as described
temperatures, better flame and heat resistance and enhancebove, the precise nature and the origin of this reinforcing
ments in the modulus and melt strengths [2]. Importantly, behavior is still a matter of debate. The goal of the present
these property enhancements occur at low POSS contentsvork is to achieve an understanding of the structure—
property relationships extant in these organic—inorganic
mponding author. Tel.:+ 1-937-255-9209; fax:+ 1-937-255- hybrid ,pOIymers using _atomiStiC m_OI,eCLIlar dynamics
9157. (MD) simulations. In particular, the origin of the reinfor-
E-mail addressbarry.farmer@afrl.af.mil (B.L. Farmer). cing effects of the POSS moieties and the nature of
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Fig. 1. Repeat unit structures of the simulated polymers. All three polymers (PN, C5PN and C6PN) were builtisithraent of 70%. The cyclohexyl
(C6POSS) and cyclopentyl (C5POSS) substituted polyhedral oligomeric silsesquioxane (POSS) moieties are also shown. The central cage iSSidaiposed o
the corners) and O (along the edges). The cyclopentyl and cyclohexyl rings are connected to the corner Si atoms.

POSS—polymer interactions are the main subjects of the2. Simulation details

study. Towards this end we have chosen the POSS-

norbornene polymeric system which has been the subject2.1. Systems studied

of previous experimental investigation. For the purposes

here the precise system of choice is not very crucial since The systems studied consisted of ring opening polymer-
the effects of incorporating POSS into a polymer is ized norbornene homopolymer (PN) and its random copo-
largely independent of the polymeric matrix involved. lymers with norbornene—POSS (POSS moiety connected to
While the extent of reinforcement or enhancement of the norbornene monomer by an ethyl spacer) and are
properties is a function of the polymeric matrix, the depicted in Fig. 1. Two different types of POSS moieties

underlying mechanisms governing the POSS—polymer were considered. In one case the cyclopentyl rings
interactions are similar in all cases. By bringing atomistic (C5POSS) were attached to corner Si atoms and in the
MD simulations to bear on this system, we hope to deline- other case cyclohexyl rings (C6POSS) were attached. In
ate the interactions directly at the spatial scale at which all there were seven rings per POSS moiety with the eighth
they occur. Si corner atom attached to the ethyl spacer connecting it to
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1.20 L B for PN, C5PN and C6PN, respectively. Temperature and
I pressure were controlled by using the Andersen [15] and
. Berendsen [16] methods, respectively. The velocity [17]
i form of the Verlet [18] integrator was used to integrate
the equations of motion with a time step of 1MNPT
dynamics were used to study the three polymers over a
1 temperature range of 260—500 K. Electrostatic interactions
1 were dealt with by the distance dependent dielectric
constant method [19] using a dielectric constant of 2.5.
Long range corrections [20] to the system energy and pres-
sure were explicitly taken into account. A cutoff radius of
] 10.0 A was used in all simulations. Computations were
1.05 [ carried out on a Silicon Graphics ORIGIN multiprocessor
, D/E/E‘ i machine using between four and eight processors.
B PN (70 % cis content) For all three polymeric systems the simulations were
initially conducted at 500 K for more than 1 ns duration to
1.00 ' - ‘ ’ obtain well-equilibrated samples. Systems at lower
250 300 350 400 450 500 temperatures were created from this sample by cooling in
T (K) 50 K intervals until 400 and 30 K intervals for temperatures
_ . _ lower than 400 K. The simulations were run for 500 ps for
Fig. 2. Speu_ﬂc volume vs. temperature for PN atO_atm as determined from all temperatures other than 500 K for the three systems.
NPT dynamics (open squares, thin curve). Experimental data [23,24] for - . .. .
PN at 300 K is also shown. The arrow locates the position of the MD Specific volumes achieved equilibration after 100-200 ps,
determinedr,. depending on the temperature.

[ 0 MD Simulation O
=B
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the norbornene unit. In the simulations, the copolymers

were built by including 10 mol% of the norbornene—POSS 3. Results and discussion

monomer with 90 mol% of norbornene. These copolymers

are named C5PN and C6PN depending on the type of POSS3.1. Volume—temperature behavior

moiety used as a pendant group (C5POSS vs. C6POSS).

Alternatively, the copolymers could be visualized as a poly- The computation of the volume—temperaturé—T7)
norbornene chain with C5POSS or C6POSS pendant groupgproperties via MD simulations serves two important
grafted by means of an ethyl spacer at random locations onpurposes. First, it facilitates comparison with experimental
the main chain. The presence of an unsaturated linkage indata and therefore forms an excellent basis for judging the
the PN backbone leads to two configurati@msandtrans quality of the force field parameters used in the simulations
that can be formed at the unsaturated bondisicontent of and directly measures the ability of the simulation to mimic
70% was chosen in order to facilitate comparison both the real polymeric systems. Second, it allows the prediction
within the simulation generated results for the three poly- of one of the most important material properties of a poly-
mers as well as with experimental results [4]. The polymers mer, the glass transition temperatuiig)([21,22]. This is
were built as single chains consisting of 100 monomeric achieved in much the same fashion as is done experimen-
units each. In the case of the random copolymers, 10 unitstally where the specific volume is measured at different
of the appropriate co-monomer were introduced into the temperatures at constant pressure. A break in the slope of
chain. This corresponds to a POSS content of 10 mol% the V-T curve represents the location of tfig In simula-
(approximately 50 wt%). There were 1702, 2932, and tions, the specific volumes are predicted as a function of
3142 atoms per chain for the PN, C5PN and C6PN systems,temperature at a given pressure W&®T dynamics. The

respectively. time averaged specific volumes are presented as a function
of temperature in Fig. 2 for PN and Fig. 3 for C5PN and
2.2. Molecular dynamics details C6PN systems. In all three cases, breaks in the slopes of the
V-T curves indicative of vitrification are found. The arrows
All simulations were performed using thBiscover” mark the location of the MD determinély.
program employing theCompas$ forcefield [14]. The The V-T properties for the three polymers are summar-

single polymer chain was packed into a large cubic simula- ized in Table 1. There is little in the way of experimenal

tion cell at a low density£0.3 g cm °) and subsequently T data for the three polymers except foy values deter-
densified by performing MD simulations undeXPT mined from Differential Scanning Calorimetry (DSC)
(constant particle number, pressure and temperature) condiexperiments. In the case of PN there exists experimental
tions at 0 atm and 500 K. The resulting box sizes of the well data [23,24] for the specific volume at room temperature
equilibrated configurations were 26.38, 31.96 and 32.57 A as given in Table 1. It has been experimentally observed
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1.06 C6PN is direct evidence that cyclohexyl substituted POSS
results in poorer packing efficiency compared to cyclopentyl
substituted POSS. It may therefore be deduced that the
packing environment in C5PN is a little different from
that in C6PN. This will be explored in greater detail in the
following section.

The most important observation from th&-T results
presented in Figs. 2 and 3 and summarized in Table 1 is
that the incorporation of C5POSS and C6POSS moieties as
pendant groups on the PN main chaioreaseghe T with
respect to the PN homopolymer. This is in excellent agree-
ment with experimental observations [4] that shdy
increases with incorporation of POSS moieties onto poly-
meric chains regardless of the type of polymer. In the simu-
lations, the C5PN and CG6PN copolymers contained
C ] 10.0 mol% of the appropriate POSS co-monomer

0.92 ‘ (C5POSS or C6POSS). The experimental data forThe
250 300 350 400 430 500 for polymeric systems with slightly lower POSS content
T (K) [4] (8.4 mol% for C5PN and 7.7 mol% for C6PN) are also
_ B _ ~ given in Table 1. The general agreement of the simulation
Fig. 3. Specific volume vs. temperature _for C5PN (open circles and t_hln predictedTg values with experiment is gOOd in both cases.
curve) and C6PN (open triangles and thin curve) at 0 atm as determined . . . .
from NPT dynamics. The arrows locate the breakpoints indicating the However, theTg of C5PN predlcted from simulations is
position of the MD determined,. Both had 10 mol% of the appropriate ~ higher compared to that for C6PN at the same POSS
POSS moiety (C5POSS or C6POSS). content. This is contrary to experimental results where PN
containing C6POSS pendant groups has a highigr
that the density of the PN homopolymer is unaffected by the compared to that containing C5POSS pendants.
stereoregularity of the chain. The difference between the The origin of this discrepancy is difficult to pinpoint for
experimental and simulation result at 300 K is very small, several reasons. First, in the case of poly(4-methylstyrene)
with the simulation predicting slightly lower density (by [5,6] containing C5POSS pendant groups, Theés found to
2%) compared to experiment. The glass transition tempera-be higher than that for the polymer with C6POSS pendant
ture from simulations is located around 300 K. This groups. Experimentally, th&, was found to be 409 vs.
compares favorably with experimental values for Tyeof 395 K at 8 mol% of C5POSS and C6POSS pendant groups
304 [23] and 325.3 K [4] at ais content of 60% and 316 K on poly(4-methylstyrene), respectively. This has been found
[24] for the PN homopolymer with 70%is content. As to be true at several different concentrations of POSS and is
mentioned previously, all three polymers were constructed especially evident at higher POSS contents. Therefore,
with cis content of 70% at the unsaturated linkage. The incorporation of C5POSS can indeed lead to higfigr
densities of the polymers follow the order C5BN compared to C6POSS at the same concentration in the poly-
C6PN> PN over the entire temperature range. We note mer. Also, the difference in th§, values of poly(4-methyl-
also from Fig. 3 that th&-T curve for C6PN is shifted to  styrene) with C5POSS and C6POSS pendant groups is
higher values than C5PN. The lower density obtained for negligible at low POSS contents<(0.0 mol%). Second,

1.04

1.02

1.00

<v> (cm’/g)

0.98 ©

0.96

Table 1

Volume—temperature properties for PN, C5PN and C6PN at atmospheric pressure

Polymer (V) (MD)? (v) (exp)’ T, (MD) K T, (exp) K a (MD)°1074K™? 5 (MD)¢ (MPa)+?
cmd g—l cmd g—l

PN 1.036 1.02' 300 304, 316, 325.9 5.64 15.2

C5PN 0.947 - 370 342 6.49 12.0

C6PN 0.964 - 350 334 5.20 11.3

& Specific volumes at 300 K.

b T, from DSC measurements.

¢ Volumetric thermal expansion coefficient in the melt region.
4 Solubility parameter at 300 K.

¢ From Ref. [23] (60%cis content).

 From Ref. [24] (70%cis content).

9 From Ref. [4] (60%cis content).

" From Ref. [4], 8.4 mol% of cyclopentyl POSS (716 content).
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A T ‘ [ approximately the same for C6PN and PN polymers with
that for C5PN being slightly higher as seen from Table 1. In
addition, the solubility paramete$) has been calculated
from simulations at 300 K and are presented in Table 1. The
sum of the intermolecular dispersion and electrostatic inter-
actions was taken to be the cohesive energy. In a system
simulated with periodic boundary conditions, a polymer
chain will have many images. The non-bonded (dispersion
and electrostatic) intermolecular energy is that between the
parent chain and its images [25]. Interactions occurring
between atoms on the same chain segment in the central
simulation cell separated by distances that are smaller
than the cutoff radius constitute intramolecular interactions.
Therefore, all interactions may be classified into either of
the intra or intermolecular types. In the computation of the
solubility parameter only the intermolecular part of the
interaction energy is used. The correction to the system
energy due to the use of a cutoff (tail correction) is also
explicitly included in the intermolecular energy. Normal-
ization of the cohesive energy with molar volume yields
the cohesive energy density. The solubility parameter is
obtained by taking the square root of the cohesive energy
density. No direct experimental data are available for the
solubility parameters of these three polymers. From simula-
tion, the solubility parameter is lower for C5PN and C6PN
than for the PN homopolymer. In additiof,for C5PN is
slightly higher than that for C6PN. Strictly on the basis of
chemical composition, the difference between C5PN and
L . ] . C6PN is negligible; therefore the difference éncan be
0 10 20 30 40 50 ascribed to the differences in packing in the two polymers.
As noted earlier, the density of C6PN is lower compared to
that for C5PN indicating less efficient packing. In conse-
Fig. 4. X-ray scattering intensity (powder pattern, Cu)ks. scattering quence, the interaction energy between the POSS moieties
angle for PN (top), C5PN and C6PN (bottom) at 300 K obtained from and the surrounding polymer is also reduced, leading to an
simulation. overall reduction in the solubility parameter. The packing
aspects (where much of the cause for the above behavior
in the case of C5PN and C6PN, we note that the experimen-resides) is taken up next.
tal results [4] are at slightly lower concentrations of the
POSS compounds 8.4 and 7.7 mol%, respectively, 3o X-ray scattering profiles
compared to simulation, which is at 10 mol%. Although,
the difference in concentration between experiment and It is of interest to understand the structure of the polymer
simulation is only on the order of 2 mol% it should be inthe presence of POSS moieties. In addition, experimental
recognised that this may correspond to a rather large effect[4] X-ray scattering intensity profiles for the three polymers
on the properties due on the large physical size of the POSSallow for comparison. The X-ray scattering intensities were
moieties. Last, to determine tAg from simulations, fairly computed from the simulations at 300 K for PN, C5PN and
long trajectories (on the order of a few nanoseconds dura-C6PN and are shown in Fig. 4. A broad amorphous halo may
tion) would be required for greater confidence in the results be discerned at@values of 17.5, 18.1 and 17.for PN,
[21,22]. TheV-T results in this study were generated by C5PN and C6PN, respectively. These correspondi-to
simulation runs on the order of 0.5 ns owing to computa- spacings of 5.2, 4.9 and 5.1 Ahis peak is attributed to
tional constrains. The cause for the above discrepancy couldthe scattering from the C and H atoms in the PN backbone
be rooted in the simulation methodology adopted here, but and therefore occurs at approximately the samedue in
perhaps more reasonably, further simulations as well asall three polymers as expected. This is in excellent agree-
experiments on different polymeric matrices containing ment with experimental results ([4, Fig. 11()) and (vi)])
C5POSS and C6POSS pendant groups at different concenwhich show the peak ati2of ~18.2 d-spacing 4.9 Ain
trations would be needed to resolve the issue satisfactorily.all three polymers. Upon incorporation of the POSS
The volumetric coefficient of thermal expansion is moieties, a second amorphous halo appear9 atf2-7.2

Intensity (arbitrary units)

Intensity (arbitrary units)

20 (degrees)
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Fig. 5. Intermolecular radial distribution functions based on all atom centers Fig- 6- Site—site intermolecular radial distribution function based on cyclo-
for PN, C5PN and C6PN at 300 K. pentyl and cyclohexyl POSS moieties (Si, O, C, and H atom types) to the

main chain (C, H atom types) for C5PN and C6PN at 300 and 500 K. The

curves for 500 K have been shifted for clarity.
(d-spacing~12.3 A) in the simulation predicted scattering
profiles for C5PN and C6PN. This represents the scatteringthe number of intermolecular contacts is higher per unit
from the C5POSS and C6POSS moieties. This peak (2 volume for C5PN. The following physical picture emerges
~7.2) is approximately of the same intensity as the peak from this analysis. The packing between the PN chains of
at 20 ~18.0. From experiments this peak is located at the backbone is essentially the same in all three cases but in
approximately 2 ~7.6° (d-spacing 11.7 Aand increases the case of C5PN and C6PN, the PN chains are sepa-
in intensity with increasing POSS content. Experimentally rated by the POSS moieties. The presence of 10 mol% of the
[4], for the C5PN case, an additional peak appears as aPOSS units translates to approximately 50 wt%. That is, the
shoulder on the 2 ~7.2 peak at high C5POSS contents POSS units occupy approximately half the volume of
(>5.0 mol%). Evidently, this peak is not observed in the the system. Therefore although the interchain packing is
simulations. We also note the presence of a low intensity the same in the polymer surrounding the POSS units, the
peak in the PN case at & 2f 8.9 (d-spacing~9.9 A) number of such contacts is greatly reduced over a given
suggesting the presence of some degree of long range ordervolume element. This effectively leads to the depletion in
ing in this case as well. This peak was not observed in the theg(r) for the POSS containing polymers. We also note the
only available experimental pattern [4] for PN. The several presence of several shoulders on the curves in the region
other features in all three patterns at higher 2alues 2.0-4.0 A These features are probably due to H—H inter-
originate chiefly from the intramolecular structure of the molecular contacts. At still larger distances (over 10.0-

polymer chains. 12.0 A) a very diffuse overtone may be seen in Fig. 5 for
all three cases.
3.3. Radial distribution functions The intermolecular packing of the backbone polymer

chain around the POSS units has been shown in Fig. 6 at

The radial distribution functiog(r) and various site—site 300 and 500 K. This site—site radial distribution function
distribution functions provide a more intimate understand- was constructed by considering all the atoms in the POSS
ing of the packing details. The intermolecutgr) based on units with all the atoms in the PN backbone. A very diffuse
all atom centers in the systems is shown in Fig. 5. In all three peak is seen in the region 10.0-12.Gax C5PN whereas
cases (PN, C5PN and C6PN) there is a diffuse peak atthe g(r) for C6PN is essentially featureless. This indicates
~6.0 A. The position is shifted to slightly larger distance that the packing of chains around C5POSS is more struc-
for C6PN. This essentially represents the average interchaintured than the very diffuse packing around C6POSS. In
spacing. However, we note that th) behavior is different ~ addition, theg(r) has a higher value at any givenfor
for the three polymers in its dependence on the radial C5PN compared to C6PN. This indicates that the density
distance. They(r) for PN has a higher value at any given ofthe PN-POSS contacts is higher in the case of C5PN. The
distance compared to those for C5PN and C6PN. This behavior evidenced here is a manifestation of the intrinsic
implies that although the interchain spacing of the chains conformational and structural attributes of the C5POSS and
is largely unaffected by the presence of the POSS moieties,C6POSS moieties. In particular the behavior is related to the
the number of such interchain contacts in a given volume is packing of the substituents around the polyhedral cage. The
decreased due to their presence. Furthermoregythefor geometry of the polyhedral cage composed of Si and O
C5PN is slightly higher than that for C6PN indicating that atoms is a highly constrained one although capable of
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Fig. 7. Probability distribution for the distance between the Si atom of the cage and the farthest C atom of the ring attached to it at 500 K. Hoe clarity, t
definition of the distances is shown in the schematic (inset). In the cyclopentyl case, the distance is from the midpoint of the C—C bond to thelgatom as s

small deformations. The body diagonal of the polyhedra the polymeric chains to approach closer. In addition, the
(Si=Si distance) in both cases was distributed around small size of the rings allows for rotations/inversions to
5.4 A. Therefore the only difference is in the manner in take place and facilitate packing. In the cyclohexyl case,
which the cyclopentyl or cyclohexyl rings pack around the the presence of the sixth methylene unit drastically alters
POSS polyhedra. To better understand this difference, thethe conformational space. Serious steric hindrances prohibit
distances of the C atom on a ring located the farthest from efficient packing around the POSS polyhedra as evidenced
the Si atom to which it was connected was monitored during from the data presented in Fig. 7. The rings were found to
the simulations at 500 K. This is shown more clearly via the adopt the chair conformation predominantly and fanned out
schematic representation inset in Fig. 7. This distance wasfrom the central cage although a small population of the
averaged over all such contacts in the system. This measureboat conformer may also be discerned (in theegion
the extent to which the rings are spread out with reference t03.5—-4 A of Fig. 7). This result is contrary to the situation
the polyhedral cage. The distribution of these distances isin neat cyclohexane where the boat—chair ring inversions
shown for C5POSS and C6POSS in Fig. 7. In case of theare ubiquitous. The presence of the sixth methylene unit
cyclopentyl ring the distance is smaller than for the cyclo- precludes the assumption of the boat conformation facing
hexyl ring by almost 1.0 ACyclopentyl units can approach towards the polyhedron due to the serious steric repulsion
the polyhedra (the cage composed of Si and O atoms) closelbetween the sixth methylene unit and the oxygen atom of
and therefore are packed more compactly and thereby allowthe POSS cage (which occurs at three equivalent positions
12@ apart). Therefore the boat conformation can exist only
T when the boat is formed such that the sixth methylene unit is
& pointing away from the POSS cage.

There is great interest in how the POSS moieties assem-
ble in polymeric matrices with respect to one another. We
address this by constructing the site—site intermolea(far
S00K ey ] based on the Si and O atoms of every POSS molecule in the

<~ CSPN CePN system. This is shown in Fig. 8 at 300 and 500 K. In general
Y the packing for the C5POSS case is more efficient compared
3 to that for C6POSS. This is directly related to the difference
in physical size of these two moieties as discussed above.
The curves at 500 K are smoother compared to those at
‘ ‘ 300 K indicating some mobility of the POSS polyhedra.
0.0 === ‘ ‘ ‘ At lower temperature, the polyhedra remain stationary and
00 2.0 40 60 80 100 12.0 140 16.0 therefore they(r) behavior is more structured. Tlyr) data
r(A) indicate that there is no tendency for the POSS units to
Fig. 8. Site—site intermolecular radial distribution function based on POSS aggregate. This was also confirmed via visual inspection
moiety to POSS moiety (Si and O atom types) for C5PN and C6PN at 300 Of several snapshots of the systems where the POSS
and 500 K. The curves for 500 K have been shifted for clarity. moieties were uniformly distributed in the simulation cell.

2.0 T T H L T

g(r)

0.5
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Any close contact between the POSS moieties was only a 14
consequence of being tethered to the main chain at a very .
short distance apart. The fact that there is no tendency for
aggregation of the POSS moieties to occur within the time
frame of the simulations and assuming no aggregation to
begin with is an important one. This essentially means that
proximity is only a function of where the POSS moieties
occur along the chain, which is a random occurrence. At
high POSS loadings physical proximity is a hatural outcome
due to the bulky nature of these moieties and should not be
confused with aggregation, which indicates a tendency for
POSS moieties to self-associate. Most importantly, the
effects of the POSS moieties on the polymers here are due r
entirely to the presence of POSS and not to any aggregation 0 B
effects, which have often been suggested to explain various
experimental observations.

~
a

12 |

10 |

400K 350K 300K

Mean Square Displacement (A

%)

3.4. Mobility of the silsesquioxane polyhedra

The mean square displacement (MSD) of the POSS
polyhedra in C5PN and C6PN was computed from the
following expression:

MSD = (|r;(0) — r;(H)) @

wherer represents the coordinates of atanThis analysis
yields information about the diffusive characteristics of the
POSS moieties. The brackets denote the averaging achieved
by considering multiple origins (1 ps apart) along the
original simulation trajectory as starting points, and also,
averaging over all POSS moieties in the system. The
MSD is shown in Fig. 9 for the C5POSS and C6POSS t(ps)

polyhedra at several different temperatures. The beI']a-ViorFig. 9. Mean square displacements of the POSS moieties at different
is mostly associated with localized motion of the POSS temperatures in C5PN (top) and C6PN (bottom). The trajectories have
moieties. That is, the POSS moieties are confined to a been averaged over all 10 POSS moieties in the system. The mean square
cage formed by the Surrounding polymer chains and displacement was compu_ted based on the cen.ter of mass of the POSS
perform non-diffusive motions within this cage. This is 52%:?;g?g?;sﬂggngie?_ and O atoms. The difierence in scale on the
seen to be true regardless of the temperature in case of

C6POSS moieties where the MSD is found to be no more
than 3.0 £ over a duration of 400 ps. In the case of
C5POSS however, the onset of diffusive behavior is seen
to emerge at 450 and 500 K. At 400 K and lower tempera-
tures the behavior is non-diffusive identical to that seen in

Mean Square Displacement (A

L [ L |
0 50 100 150 200 250 300 350 400

dynamics in these polymers. The effect of incorporation of
the POSS moieties as pendant groups on the conformational
dynamics was probed by computing the torsional autocor-
relation function (TACF) [26] given by

C6POSS. This contrasting behavior of the C5POSS and ({(cos (0) cos(t)) — <cos¢(0)>2)
C6POSS moieties may be rationalized based on the compacts(t) = (CoSd(0)) — (cosh0)D) (2
structure of C5POSS, which lead to higher MSDs compared

to C6POSS as discussed in the previous section. It is therewhere ¢ represents the value of the torsional angle and the
fore proposed that the reinforcement effects arise from the prackets denote ensemble averaging over the torsions in the
fact that the POSS moieties remain stationary over a wide system. The practice of |n|t|at|ng the calculation of the

temperature range and act as strong anchoring points in theACFs from multiple origins (50 ps apart) in the original

polymeric matrix. simulation trajectory was employed to yield an averaged
ACF. The TACFs were fit by the Kohlrausch—Williams—
3.5. Conformational dynamics Watts (KWW) [27-29] stretched exponential given by

Although a very detailed study of the conformational ¢ ) — g’ 3)
properties is outside the purview of the present work, it is
appropriate to address some aspects of the conformationaivhere r represents the relaxation time agdthe width of
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Table 2
Kohlrausch—Williams—Watts parameters for various TACFs at 500 K

Polymer Main chain TACF Ring-POSS TACF Ethyl spacer TACF

7 (ps) B 7 (ps) B 7 (ps) B
PN 3.65 0.26 - - - -
C5PN 7.15 0.21 9.54 0.38 281.37 0.55
C6PN 12.25 0.17 18.26 0.37 1627.70 0.31

the process. The TACFs were constructed for several differ- torsion that connects the POSS moieties to the main chain.
ent torsional types in the system. The resulting KWW para- The relaxation associated with this is shown in Fig. 12
meters ¢ and3) are given in Table 2 for TACFs based on where it is seen that the relaxation associated with this
different torsional angles. motion is extremely sluggish compared to the main chain

We address the influence of the POSS moieties on therelaxation and the relaxation of the rings. In keeping with
main chain relaxation first. For this the main chain torsions the behavior seen above, the relaxation of the spacers
as defined in the inset in Fig. 10 were considered. The TACF connecting the C6POSS units to the main chain is slower
based on all main chain torsions in the system for all three than that of the spacers connecting C5POSS. This slow
polymers is shown in Fig. 10 at 500 K. The curves represent relaxation is to be expected since the conformational free-
KWW fits to the simulation data. Most importantly, the dom of the spacer is drastically reduced since its rearrange-
main chain relaxation in C5PN and C6PN is slower ments can occur only through highly cooperative motions of
compared to PN. Also the relaxation associated with the main chain and the bulky POSS moieties.
C5PN is faster than C6PN. It is therefore concluded that An aside is appropriate at this point regarding the anom-
the main chain relaxation is very sensitive not only to the alousTy behavior noted earlier. THE, in the case of C5PN
presence but also the type of POSS moiety attached to it. was found to be higher compared to C6PN from Yher

It is of interest to probe the relaxation behavior of the results (Section 3.1). From the above conformational analy-
cyclopentyl and cyclohexyl substituents on the POSS poly- sis it is clear that the chain dynamics in the case of C6PN is
hedra. The TACF based on the torsional angle of the ring— slower compared to C5PN regardless of the type of relaxa-
POSS linkage is shown in Fig. 11. Here again the TACF tion monitored. Based on the slower main chain dynamics in
decay has been fit by the KWW stretched exponential. We C6PN compared to C5PN it would be reasonable to expect a
find that cyclopentyl rings relax faster than cyclohexyl higherT, for C6PN compared to C5PN. At present, we are
rings. This supports the view that the cyclopentyl group is unable to explain this anomaly. However, it has been
relatively unobtrusive compared to the cyclohexyl group. Its demonstrated beyond doubt in this work that the presence
small size allows more freedom for torsional motion about of even isolated POSS moieties has a profound impact on
the ring—POSS bond. both local (ring—POSS, ethyl spacer) and global (main

Lastly, we report the TACFs based on the ethyl spacer chain) relaxation behavior.

1.0 T T T — T 1.0 o [ T T T T
6 Main chain C-C-C-C torsion - é \ Ring-POSS torsion 1
0.8 W 5 8 W |
¢ i
<3 =9
Q Q
< <
= =
0 50 100 150 200 0 50 100 150 200
t (ps) t (ps)

Fig. 10. Main chain segmental relaxation at 500 K in PN, C5PN and C6PN. Fig. 11. Decay of the torsional autocorrelation function for the ring—POSS
The definition of the torsional angle used in constructing the torsional angle torsion at 500 K. The definition of the torsional angle is as depicted in the
autocorrelation function (TACF) is as depicted in the schematic (inset). The schematic (inset). The curves correspond to KWW fits to the MD data
curves correspond to KWW fits to the MD data (points). (points).
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v A B R A S and c and §; is the Kronecker tensor. The desired elastic
Ethyl spacer torsion constants can be obtained from constant stress simulations
[35] where the cell is allowed to change both shape and size
by calculating the mean squared strain and stress fluctuation
expressed in terms of the instantaneous scaling niatrix

In practice, the constant stress simulations [3&}T) in
which the cell vectors are allowed to adjust independently in

0.8 -

0.6

TACF

04 - response to an applied pressure were initiated from equili-

. C5PN ¢ 1 brated configurations resulting from the isotropic cell fluc-
02 C6PN  csposs ] tuationNPT dynamics at 300, 400 and 500 K for the three
‘ = coposs polymers. TheNo T simulations were carried out over a
0.0 - e period of 300 ps. Although the shape of the cell deviated
0 50 100 150 from orthogonality of the initial cubic shape, the average
t(ps) specific volume resulting from these simulations was very
Fig. 12. Decay of the torsional autocorrelation function associated with the close to that found from the ISOthpNF’T dynamlcs. A

ethyl spacer connecting the POSS moiety to the main chain at 500 K. The P€riod of 10_0 ps was allowed to elaps_e before computing
definition of the torsional angle is as depicted in the schematic (inset). The the Cjq matrices using Eq. (6). The various components of

curves correspond to KWW fits to the MD data (points). the stress—strain correlation achieved convergence within
the 200 ps sampling time. The time averaged elastic
3.6. Mechanical properties constant matrices for the three polymers are given in

) ) _ Table 3. The upper limit uncertainties in the calculated
One of the most appealing outcomes of incorporating yajues of the elastic constants are approximately 10%. We
POSS moieties onto a polymeric backbone is the enhanceote that the elastic constant matrices at 300 K show some
ment of mechanical properties such as the tensile modulus.eyidence of residual stress in the systems. This temperature
Stiffening of the polymer matrix is to be expected based on js pelow that of the glass transition temperature for the three
the higher T, and the slowing of the conformational polymers. The presence of residual stresses in a glass is not
dynamics in the presence of anchor-like POSS moieties. syrprising since the glassy state of a polymer is a non-equi-
Therefore the computation of the mechanical properties |ipriuym state. The situation is further exacerbated by the
from simulation forms an important test of its predictive extremely slow chain dynamics in the glass and the very
abilities in designing future POSS based polymers and sport time scales accessible to simulation in comparison. In
helps in further reinforcing the deductions from the previous aqgition, finite size of the sample accessible in simulations
analyses. From the theory of linear elasticity, the sttess  ¢ould also contribute to such a behavior. However, the
and straine,, tensors are related through the elastic stiffness yatrices at the two higher temperatures of 400 and 500 K
tensorCyy by [30] approach that of an isotropic material within the limits of the
iy = Cijq € 4 error involved in the calculation. Clearly, further determina-
tions of the elastic constant matrices using the above method
Parinello and Rahman [31] recognized the fact that the from simulations involving different polymeric matrices are
fluctuations in the elastic strain provides a direct measure required to gain a better understanding. Therefore, the above

of the elastic constants as caveats need to be borne in mind while scrutinizing the data
kT - presented. The effective isotropic elastic constants are
Ci = m“ii €a) ©) shown in Table 4 as a function of temperature. The rein-

) S . forcing effect of the POSS moieties is clearly seen from
where Cy, is the elastic stiffness matrix, K the Boltzmann the increase in the values of the tensile modulus in the

constant,T the temperature angy/) the average volume of  ~5pN and C6PN cases compared to the PN homopoly-
the simulation cell. The convergence of this strain—strain er. More importantly the drop in tensile modulus in the
correlation function is extremely slow and therefore a modi- copolymer case (C5PN and C6PN) with temperature is
fication of this function withimproved convergence properties gjower than for the PN homopolymer. Furthermore,
was suggested by Gusev and coworkers [32—-34] givenby PN has a higher modulus than C5PN at all temp-
(6) eratures. This may be understood by the preceding
analyses of the MSD, as well as the conformational
The convergence of this stress—strain correlation function is dynamics for the C6POSS and C5POSS units. It was
extremely rapid when compared to the original PR fluctuation found that the MSD for C6POSS was smaller than that
formula (Eq. (5)). The strain tensor is computed from of C5POSS at all temperatures. This lack of mobility of
_ 1 -1 -1 the POSS units leads to the conclusion that the reinforce-
& = 2 (Nt “nghlpi™ = 35) ™ ment effect arises primarily due to the POSS units behav-
whereh represents the scaling matrix of the cell vectarb ing as strong anchoring points. In the case of C5PN, the

Cin = (€TmnX €mnéir) -



Table 3

Elastic constant matrice€() for PN, C5PN and C6PN (in GPa)

300 K 400 K 500 K
PN
249 176 185 -001 Q18 067 242 184 189 013 001 Q13 124 116 111 Q08 -0.09 000
276 452 248 -001 054 061 079 4098 056 007 -014 008 081 112 111 Q016 -012 004
268 252 301 Q012 092 058 179 171 147 002 -017 013 095 122 127 Q02 -010 -0.01
0.46 105 058 032 -032 -013 -013 -0.07 -024 021 Q03 -0.07 —-0.07 -012 -008 Q14 004 -0.06
—-0.64 -080 —-056 -027 034 -0.39 002 -011 -011 -005 020 -0.04 -016 -003 -0.09 -004 018 -0.03
005 -036 -030 023 002 Q51 017 010 Q03 -001 003 Q021 006 000 -015 001 -0.02 Q01
C5PN
327 248 188 080 -019 -042 214 089 034 -015 014 Q07 163 156 144 -010 -0.03 002
184 312 160 049 005 -0.04 243 287 141 -029 006 013 079 125 099 Q08 -004 007
232 299 351 Q57 015 -0.08 187 149 062 -015 022 -011 132 121 155 001 -006 005
059 071 045 Q44 -008 -0.22 009 003 009 051 -011 -0.02 —-002 002 006 Q10 Q07 -—0.05
-059 -046 -036 016 064 -021 000 -016 -006 010 043 -016 -003 -015 -0.04 -009 027 -0.06
-032 -004 009 Q00 —-052 046 010 014 Q02 -009 -007 Q72 010 012 Q06 002 -0.06 Q21
C6PN
388 237 131 043 -068 -0.37 137 094 09 016 Q14 012 163 156 144 -010 -0.03 002
258 448 269 007 -057 Q30 165 274 136 003 Q016 -—008 079 125 Q99 009 -0.03 Q07
308 327 418 053 041 020 120 207 305 -021 013 -018 132 121 155 001 -006 005
-053 -079 -098 066 -—-008 -0.22 —-006 013 009 024 Q12 014 —-002 012 006 Q10 006 —0.05
-031 000 025 000 132 QOO -009 -012 -0.05 -008 059 -0.03 —-003 -015 —-004 -009 027 -0.06
—-025 -039 009 -026 060 086 015 009 012 -011 -014 Q09 014 004 Q06 002 -0.06 021

T22.—602. (0002) T 418wA|od / ‘e 10 [fempereyg My

6TC.L
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Table 4

Isotropic elastic constants (in GPa) for PN, C5PN and C6PN at different temperatures

Polymer T (K) Tensile modulus Bulk modulus Shear modulus Poisson’s ratio

PN 300 141 2.68 0.50 0.41
400 0.28 1.50 0.10 0.47
500 0.22 1.11 0.07 0.47

C5PN 300 1.56 2.56 0.59 0.40
400 0.67 1.57 0.24 0.43
500 0.37 131 0.13 0.45

C6PN 300 2.25 3.09 0.81 0.38
400 1.40 1.71 0.51 0.36
500 0.69 1.48 0.24 0.42

MSD approaches diffusive behavior above 400 K and with C5POSS pendant groups. These results are in good

therefore the drop in the modulus is more compared to agreement with the mechanical properties predicted from

C6PN where the MSD remains very small at all tempera- simulations where the tensile, bulk and shear moduli for

tures. In addition, the results for the mechanical properties C5PN and C6PN copolymers show an increase and change

are also in accord with the slower conformational less dramatically with increasing temperature compared to

dynamics observed in the case of C6PN versus C5PN.the polynorbornene homopolymer. No evidence for inter-

We note in passing that the trends observed for the bulk molecular aggregation was seen from the packing analysis.

and shear moduli follow along similar lines to that seen in However, it is not implied that aggregation cannot occur

the tensile modulus case. since the temporal and spatial scales employed in the
atomistic level simulations here do not permit such a deter-
mination. Rather it is demonstrated that in the case where no

4, Conclusions aggregation is present, the beneficial effects of incorporating
the POSS moieties are realized nevertheless. The source of

The effects of introducing POSS moieties onto polymeric the reinforcement is therefore traced to the ponderous nature

chains as pendant groups have been explored via atomistiof the POSS moieties that behave as strong anchoring points

molecular dynamics simulations. The simulation predicted in the polymeric matrix rather than any specific intermole-

volume—temperature properties and X-ray scattering inten- cular interactions between the POSS moieties.

sities are in good agreement with experimental results for all

three polymers studied. An increase in the glass transition

temperature is seen upon incorporation of the C5POSS andAcknowledgements
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