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Abstract

A new RIS model was developed for erythro di-isotactic polynorbornene that included long-range steric interactions that are needed to
properly model its conformation. These interactions were included by extracting RIS states from an approximate energy state map for the
heptamer of this polymer. The RIS model predicted a novel helix-kink conformation for this polymer in which helices were occasionally
disrupted by a backbone kink and a value of approximately 1.9 for the exponent “a” from the Mark—Houwink—Sakurada equattbn at the
condition. These RIS results were consistent with independent single chain Monte Carlo simulations and were also used to generate bulk
periodic structures of this polymer. The results of these simulations compare well to both experimental viscometry and wide angle X-ray
diffraction results for two polymer samples synthesized using Pd and zirconocene homogeneous polymerization catalysts. These results
indicated that the likely stereochemical configuration for polymers produced using these catalysts is the erythro di-isotactic form. They also
suggested that polymers of similar structure suctiggoly(t-butyl acetylene) may also adopt this kink-helix conformatior2000 Elsevier
Science Ltd. All rights reserved.
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1. Introduction segmental mobility coupled with a lack of a strong dipole
produces a low dielectric constant, which makes this mate-

The bi-cyclic variation of polynorbornene is a polymer rial a good dielectric insulator. However, the bi-cyclic back-

currently under investigation for a number of applications,
including deep ultra-violet photoresists and interlevel
dielectrics in microelectronics applications [1-6]. The 2,3-
norbornene monomer undergoes a vinyl-like polymeriza-
tion that retains the bi-cyclic conformation in the backbone
of the resulting polymer as seen in Fig. 1. This is unlike the
commonly employed Ring Opening Metathesis Polymeriza-
tion (ROMP) mechanism which retains only a single ring in
the polymer backbone [7,8]. This polymer is currently being
developed for inter-level dielectric applications by the BF
Goodrich Company under the trade name Avé&rdielec-

tric polymer. Polynorbornene has excellent dielectric prop-

bone structure makes it difficult for direct experimental
characterization of the polymer microstructure using 2D
NMR [1,10,11]. Therefore, we used a combination of mole-
cular modeling and experiment to determine the likely
microstructure of this polymer. This work utilized a custo-
mized force field for poly(norbornene) developed
previously using semi-empirical, Hartree—Fock, and
Density Functional Theory quantum calculations [12].
This force field was developed to account for the high
level of ring strain and steric hindrance of the backbone
that occurs in poly(norbornene). Generic force fields are
not parameterized for bi-cyclic structures, and the optimized

erties and both processing and potential cost advantagegparameters for both the bicycloheptane geometry as well as

over other materials currently being used as inter-level
dielectrics [1,9]. The high barrier to backbone rotation

produces a high glass transition temperature which allows

the backbone torsional barrier differed from generic force
field parameters.
Based on NMR experiments carried out by researchers at

the use of this polymer in the high temperature processing the BF Goodrich Corporation, poly(norbornene) is believed

steps employed in microelectronics fabrication. This lack of
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to undergo 2,3 exo—exo polymerization (Fig. 1), regardless
of the homogeneous polymerization catalyst used [1]. The
hydrogens that occupy the endo positions on carbons 2 and 3
extend below the plane of the polymer backbone and are not
pictured in Fig. 1. We hypothesize that different catalyst

1089-3156/00/$ - see front matt€r 2000 Elsevier Science Ltd. All rights reserved.
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Fig. 1. Structure of polynorbornene showing 2,3 exo—exo enchainment. This particular trimer is erythro di-isotactic isomer.

systems produce different stereochemical configurationsresults to experiment is used to test our hypothesis
and this gives rise to different properties [13,14]. It is that this is the likely stereochemical configuration for
presumed that the zirconocene catalyst analyzed bypoly(norbornene) obtained with the Pd and zirconocene
Kaminsky and co-workers [15,16], and the palladium catalysts above.

catalyst developed by the BF Goodrich corporation

[17] both produce the highly stereo-regular 2,3 erythro

di-isotactic polynorbornene. Our hypothesis is based on 2. Results and discussion

the fact that both these polymers have identical Wide

Angle X-ray Diffraction (WAXD) patterns and they are 2.1. Rotational isomeric states model

both intractable or insoluble in organic solvents under

typical conditions. In the 2,3 erythro di-isotactic config- A Rotational Isomeric States [19,20] (RIS) model was
uration, the bridging carbons (carbon #7) point in alter- developed for 2,3 erythro di-isotactic polynorbornene. RIS
nating directions when the polymer is in the alls models approximate the conformation space of the polymer

extended conformation (see Fig. 1). Fig. 2 contains a chain as a set of low energy conditional torsional states. The
heptamer of the erythro di-isotactic configuration, which RIS model, in a typical implementation, is a first-order

is analyzed in this work. Preliminary WAXD results for Markov model in which the probability of any backbone

the Pd catalyst are identical to Kaminsky's WAXD for torsional angle occurring is dependent on the state of the
polymer produced from the ziconocene catalyst that previous rotatable bond. Using matrix techniques, these
indicates that poly(norbornene) produced from these models can be used to elucidate the microstructure of
catalysts have the same or similar structure [18]. isolated polymer chains [19,20] and can also be used to
Although other current work is focused on the connec- generate the starting conformations for subsequent minimi-
tion between various stereochemical configurations and zation or dynamics studies in periodic boundary conditions
catalysts [13], the microstructure of the erythro di- [21-23]. This model assumes a first-order Markov Process
isotactic isomer of polynorbornene, in the glassy state, in which the occupation of a given torsional state is a func-
is investigated here. The comparison of simulation tion of only the previous state. This means that the energetic

Fig. 2. 2,3 erythro di-isotactic polynorbornene heptamer. The numbering scheme for the rotatable backbone torsions in the heptamer is shown.
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Fig. 3. Potential energy contour plot for torsion angiesand ¢, in a
trimer. The minima are marked with & symbol. Contour levels are at
4,7,10 and 13 kcal/mol above the minimum.

states are determined by specifying two adjacent torsional
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actions by using a serial product of large second-rank
tensors that produce an ensemble average of geometric
properties over all the rotational isomeric states. To our
knowledge explicit inclusion of third order RIS interactions
has not been used for large polymers because this would
involve a product of generator tensors of rank three. Rather,
we have included these higher order interactions in an
approximate fashion as described below.

The bulky nature of the bicycloheptane backbone group
makes these long range intramolecular effects significant.
This is clear from a comparison of conformational energy
state maps for a trimer and heptamer of polynorbornene.
Fig. 3 shows a potential energy contour as a function of
two backbone torsion angles using a trimer of di-isotactic
polynorbornene. A trimer of polynorbornene contains two
rotatable backbone torsion angles and is the smallest oligo-
mer that can be used to characterize the RIS states. The
energies used to produce the contours in Fig. 3 were calcu-
lated using version 1.5 of the Cerfligorogram from Mole-
cular Simulations Inc. [24]. Energies were calculated at
increments of 10and utilized the aforementioned custom
force field [12]. The internal energy was minimized with
respect to all other degrees of freedom in the trimer other
than the two torsion angles. In this RIS treatment we assume

states and described by a second-rank transition probabilitythat the bond connecting atoms 2 and 3 is non-rotatable. The
tensor. The interactions that determine these states arehighly strained bicycloheptane group makes this a reason-

called second order interactions within the RIS framework
because they involve two adjacent torsion angles. While the
formulation of a second order Markov model that involves
third-order RIS interactions is possible, it is impractical
given the mathematical complexity involved for polymers.
The typical RIS model incorporates only second-order inter-

360

300

240

U ¢

&,
(degrees) 180

N

120

60

60 120 1 300 360

[

0 240

@, (degrees)

Fig. 4. Potential energy contour plot for torsion angéesand ¢, in a
heptamer. The minima are marked with+a symbol and the group of
dots indicates the region in which all the Boltzmann Jump minima were
clustered. Contour levels are at 3,6,9 12 and 14 kcal/mol above the mini-
mum.

able assumption although this is not always the case for
more flexible rings such as those found in the amino acid
proline. Fig. 3 illustrates the classic symmetry of the typical
RIS model. In this particular case the symmetry is about the
normal to the diagondkP; = — @,) as opposed to the diag-
onal (®; = &,) simply because of the anti-symmetric defi-
nition of the torsional angles used. We used the same
reference for the definition of the torsional angles as that
used in the Cerit§ program. For more flexible polymers,
such as poly(olefins), the energy map of a segment contain-
ing two rotatable bonds is sufficient to characterize the
conformational behavior of the entire polymer chain
through the RIS model. This occurs because long range
energetic interactions along the polymer chain are relatively
small and do not significantly change the RIS state map like
the one seen in Fig. 3. However the bulky nature of the
bicycloheptane group in the backbone of poly(norbornene)
suggests that long-range energetic effects may be more
significant. Calculations of the same RIS state map pictured
in Fig. 3 for the poly(norbornene) pentamer and heptamer
show drastically different behavior. Fig. 4 is the RIS state
map for the heptamer of erythro di-isotactic poly(norbor-
nene), whose structure is pictured in Fig. 2. These energy
calculations were carried out in a similar fashion to the
trimer calculations except that the energy was minimized
at each point with respect to the four external torsion angles
(angles 1, 2,5 and 6 in Fig. 2). Angles 1 and 2 on the axes in
Fig. 4 are the internal angles only, and correspond directly
to angles 3 and 4 from Fig. 2. Because the four additional
internal angles are in local minima only, the energy map in
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12 order to reduce the resolution of such a search without
i neglecting important conformations.

Despite the approximate nature of the energy map in Fig.
4, various structural features are readily apparent. The most
prominent feature is the lowest energy statebat~ 120°
1 and &, = 200°. Despite the fact that this is the lowest-
energy state, this state is an artifact of the approximate
method used to obtain this map. This state indicates that if
a backbone torsion adopts an angle of approximately 120
the following angle is very likely to adopt a value of 200
The map shows that essentially no angle is likely to produce
a subsequent angle of 128s seen in the absence of any
] reasonable low energy minima dt = 12C°. This energy
map contains these artifacts because any state is dependent

. . . . . on the local minimum in which the other four external
O oo oor oos  oor oom oos angles reside. This state occurs because the other four angles
associated with these values of the internal angles happen to
be in a very low energy minimum, while the other states
Fig. 5. The ratio of end—end distance to radius of gyration plotted against could have found higher e_nergy minima.
inverse number of bonds from the RIS model. The next lowest state is ab; =~ 200 and &, ~ 200"

Given the similarity of these two angles this state involves

Fig. 4 is only an approximate characterization of the the repetition of approximately the same angle over and
energetic states. This approximation is responsible for the over again. Minimized structures with these angles suggest
loss of the typical symmetry in this plot. A more appropriate an incommensurate helix that adopts a repeated angle in the
map is obtained by finding the global energy minima for vicinity of 200°. We confirm that this helical structure is in
structures with fixed internal angles (3 and 4). Better still, the vicinity of this state by carrying out a Monte Carlo (MC)
integration of the Boltzmann factor for all conformations search on the stereo-regular heptamer as explained below.
with fixed internal angles would account for the entropy The heptamer conformations obtained from this simulation
of these additional degrees of freedom. These approachesre all clustered in the vicinity of the helical state seen in
would require exhaustive searches and enumerations overig. 4.
all conformational variations of these four angles. If local  There are two other relatively low-energy states that
minima were obtained for conformations involving the occur on the energy map in Fig. 4. The first occurgat=
additional four angles at the same resolution®(ircre- 200 andd, = 300 which is a state that represents a devia-
ments) as the two internal angles, this would requi¥ tion from the helical conformation to a larger angle. The
10° times the computational resources of the approximate other state occurs at approximatef; =~ 300 and &, ~
approach used in Fig. 4. Currently the calculation in Fig. 4 200 which represents the chain jumping back into the heli-
requires approximately one day on a workstation so the cal conformation. These low energy states in the material
more detailed calculation was infeasible. However, we are indicate a polymer chain that adopts a helical conformation
currently investigating the symmetry of this molecule in that is occasionally disrupted by a kink. This kink consists
of the state atb; = 200 and®, = 300 followed by the state
at @, = 300 and®d, = 200.

By integrating the Boltzmann factor, in the vicinity of the
three local energy states described above, we can obtain
probability weighting for an RIS model. Because the energy
10° L 4 map on which this model is based is approximate, we will
use®; = 200 andd, = 300 as the energy states. The tran-
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Y sition state matrix ) for this RIS model is:
10* 4 @, =200° @, =300°
U=@=2000 1 0.03385 (O (1)
@=300H 1 o H
1000 . indicating that 3.385% of the angles at 200l jump out of
10 100 1000 the helix conformation. This RIS model can be used with the

Number of Bonds geometry of the polymer chain determined from previous

Fig. 6. Radius of Gyration plotted against the number of bonds from the RIS quantum calculations [12] to obtain the scaling of radius of
model on a double logarithm scale. gyration and end-to-end distance as a function of molecular
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Table 1 Fig. 6 contains a log—log plot of the ratio of the radius of
Probability of one of more kinks occurring in a poly(norbornene) oligomer gyration vs. the degree of polymerization calculated from
based on RIS model the RIS model. The slope of the best-fit line through the
Degree of polymerization Probability of one or more kinks points in this plot is 1927+ 0.014 which indicates that
the radius of gyration scales with the degree of polymeriza-

11 géggi tion to approximately the 1.9 power. The reported range of
15 03719 this slope is the 90% confidence interval for this value
19 0.4502 assuming a Normal distribution of the error about the

best-fit line. This scaling exponent approaches two as the
polymer geometry approaches a rigid rod shape where
weight by using the matrix generation scheme of the RIS the dimension of the polymer chain scales linearly with
model [19,20]. Note that this RIS scheme assumes that thethe degree of polymerization. This limit occurs with rigid
bond in the bicycloheptane group is non-rotatable and rods, but this case illustrates that it can occur with less
makes no contribution to the chain flexibility. This assump- regulars geometric shapes, such as the kinked-helix
tion is justified by the rigid nature of the bicycloheptane produced by these calculations. For a perfect helix the
group as stated above. value of this exponent would be two, but this value is less

Fig. 5 is a plot of the ratio of the unperturbed mean than two due to the presence of the kinks in the chain back-
squared end-to-end distan@g) to the unperturbed radius  bone. However, since the range of the degree of polymer-
of gyration(sj) vs. the inverse of the degree of polymeriza- ization () is the same for both Figs. 5 and 6 the exponent is
tion (I/n) from the approximate RIS model. The value of only slightly less than two. This occurs because the ratio of
this ratio is approximately constant at a value of 11.5 and mean squared end-to-end distance to the mean squared
then decreases as the chain approaches infinite length. In theadius of gyration only varies be from approximately 11.5
limit of infinite chain length this ratio approaches a value of to 10.5, indicating that the polymer still adopts a relatively
12 for a rigid rod, 6 for a random coil or 2 for a collapsed elongated average conformation over this ranga. of
coil that can occur in globular proteins. Given the presence Using the universal viscosity law we may relate the scal-
of the kink we postulate that this polymer will behave like a ing of the radius of gyration with molecular weight obtained
random coil in the infinite molecular weight limit. The line  from Fig. 6 to a similar scaling of the intrinsic viscosity]
in Fig. 6 simply connects the last simulated point with this with molecular weight. This can provide us with some
limit. Although our calculations have not reached this limit- experimental validation. However, there is some question
ing behavior, the line suggests that this postulate is not as the applicability of the universal viscosity law since it is
unreasonable. Based on the RIS model, the polymer isbased on the Einstein viscosity model [25,26], which
presumed to be a helix with the occasional kink. A perfect assumes spherically shaped particles in the solution. To
helix would have a ratio of slightly less than 12 at low address this we will assume that polymers, most of which
molecular weights due to the finite cross-section of the poly- do not adopt an instantaneous shape similar to a sphere can
mer caused by the helical windings. However in the limit of sweep out an effective sphere as they rotate in solution.
truly infinite molecular weight the cross-section of the helix From the Einstein model, one can express the intrinsic visc-
would be infinitesimal compared to the length, so this would osity [n] as a function of the effective volume of the sphere
approach an infinitely thin rod which has a value of 12 for V.. This relationship is given Eqg. (2)
this ratio. The stereo-regular poly(norbornene) pictured in NV,
Fig. 5 is a helix with the occasional kink. At low molecular [n] = 25—°

. . . . M
weight the polymer is predominantly helical. Even the aver-
aging of the occasional kink does not reduce the ratio to where N is Avogadro’s number ani is the molecular
much below 12 because the kink has a limited range of weight. The universal viscosity law is typically derived by
angles such that a few kinks do not significantly deviate assuming that the sphere volume can be expressed using an
the polymer chain from its initial persistence direction. effective radiusR,, that is proportional to the root-mean-
However, as more than a few kinks are incorporated the squared end-to-end distance of the polymer chain. Here
chain begins to behave like a random coil. From calcula- we assume such a relationship in Eq. (3)
tions described below using the RIS model (see Table 1),the 212
average number of kinks that occur in 100 repeat units is Re = a(ro) ®)
slightly less than three. This is not sufficient to cause signif- wherea is the solvent expansion parameter that describes
icant deviation from an elongated conformation. However, the expansion of the chain aboveftsondition value due to
at higher degrees of polymerization, the polymer chain interaction with solvent. The parametgiis the ratio of the
begins to slowly transition to random coil behavior. This radius of the effective sphere swept out by the rotating poly-
is why the ratio in Fig. 5 begins to decrease at % 0.01 mer to the actual average end-to-end distance that the poly-
(n = 100. It will require a very large degree of polymeriza- mer adopts instantaneously. We assume herejtlimnot a
tion for this ratio to approach the theoretical value of six.  function of molecular weight and only depends on the

2
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conformational behavior of the chain. One might expect that
v for a random caoil is slightly larger than that of a rigid rod
because the rigid rod most likely does not sweep out all of
the three-dimensional (3D) space available to it. We also
assume thatx is independent of molecular weight. This is

S. Ahmed et al. / Computational and Theoretical Polymer Science 10 (2000) 221-233

random coil in af solvent and approximately 0.8 in a good
solvent. Eqg. (8) is dependent on our previous justification for
using Eqg. (6) with rigid elongated structures. Additional
validation of the scaling obtained in Eq. (8) is seen in the
results of Prager, who found that intrinsic viscosity of rigid

reasonable because Flory Krigbaum theory can be used todumbbell shaped molecules scaled in the same quadratic

estimate thatr scales ad1%* at high molecular weight [27].
Assuming that the volume in Eq. (2) is given by the volume
of a sphere with the effective radius given in Eq. (3), we

obtain Eq. (4)
32
( ) iy

By combining some of the constants we obtain the
commonly used form of the universal viscosity law [19]
given in Eq. (5)

2\ \ 32
r
<h;>) 23

where® is an empirical constant. In this case the effect of
the non-spherical shape of the chain (containeg)imloes
not effect the scaling of the intrinsic viscosity with molecu-
lar weight, it only affects the pre-fact@b. At the 6 condi-
tion wherea = 1, or in the high molecular weight limit
where the dependence af on M is very weak, we have
the following scaling law

<r§) )3/2 172
[n] oc (— M
M

Empirical observation has validated this scaling for mole-
cules of arbitrary shape [28]. This probably occurs because

3
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non-spherical molecules sweep out an effective sphere as
assumed above. We typically assume that random coils are

spherical in shape, but this is only true for an external refer-

ence frame. Even random coils appear to be non-spherical

when observed in their internal reference frame. The instan-
taneous shape of a random coil polymer is more like an
oblate or prolate spheroid [29,30]. Given this, we will use
Eq. (6) across the entire range of polymer shapes from
random coils to rigid rods. For a random coil the mean
squared radius of gyration is proportional to the molecular
weight and for a rigid rod it is proportional to the square of
the molecular weight. From this we obtain the limits in
scaling of intrinsic viscosity with molecular weight at the

6 condition.

[n] o« MY2(random coi). (7

[n] oc M?

(elongated structure where size increases linearly mith
(€))

This exponent, typically referred to as “a” in the Mark—
Houwink—Sakurada empirical relationship between intrin-
sic viscosity and molecular weight, varies between 1/2 for a

fashion [31]. After substituting the slope of 1.927 from
Fig. 6 into Eqg. (6) we obtain an exponent aB 0.2 for
the scaling of intrinsic viscosity with molecular weight. This
can be compared to the experimental results below.

2.2. Monte Carlo simulations

Two types of MC simulations were carried out on 2,3-
erythro di-isotactic polynorbornene to validate the confor-
mational behavior derived from the RIS model above. This
validation is important because the RIS model is based on
an approximate energy map that does not completely
sample the conformational space of the heptamer of poly-
norbornene. First, a conformational search was conducted
on a di-isotactic polynorbornene heptamer. Using the Boltz-
mann Jump algorithm developed by Venkatachalam [32].
The Boltzmann Jump algorithm is particularly useful for
sampling local conformational minima. It carries out a
number of random torsion angle perturbations using the
MC Metropolis algorithm [33] until the molecule is suffi-
ciently far from its previous point in conformation space to
potentially be in another local energy minimum. At this
point an energy minimization is carried out to produce a
collection of local energy minima. We employed this algo-
rithm to produce 3000 different energy minimized structures
using 50 MC steps each before energy minimization. The
conformers were energy minimized to a root mean square
(rms) force of 0.1 kcal/mol/AWe employed a temperature
of 5000 K in the MC search to ensure a broad sampling of
phase space. The high temperature is employed to assist the
structure in moving to completely different areas of phase
space, but since the final structures undergo energy mini-
mization, they in no way reflect the conformational distri-
bution at this artificially elevated temperature. Despite the
high temperature employed, all of the conformations
produced resided in the vicinity of the helical conformation
as indicated by the darkened region in Fig. 4. What appears
to be a large dot in Fig. 4 is actually a tight cluster of points
generated from the Boltzmann Jump simulation. The Boltz-
mann Jump calculations verify the occurrence of the helical
state in Fig. 4. This is essentially the same helical structure
that may occur in substituted polyacetylenes as we discuss
below.

Second, a Metropolis-MC [33] simulation incorporating
the pivot algorithm [34] followed by energy minimization
was used to simulate isolated chains of polynorbornene. No
correction was applied for the potential conformational bias
caused by the minimization step, but without the minimiza-
tion step the acceptance ratio was prohibitively low. This is
to be expected at the low temperature (300 K) used in these



S. Ahmed et al. / Computational and Theoretical Polymer Science 10 (2000) 221-233 227

10° . o I cular weight to the B + 0.3 power, which compares well to
: ] the value obtained from the RIS model.

° ] Since this is quite close to the elongated rod limit of two,
d 1 the overall dimensions of this polymer increase almost line-
10* | ° 4 arly with degree of polymerization. A perfect helix would

: ] approach this limiting exponent of two as well, however, the
conformations sampled in the MC model were not perfect
I helices and appeared to have helical character with kink-like
1000 ¢ ° i E conformations suggested by the RIS model. This occurred
- ° ] despite the failure of the Boltzmann Jump calculations to
] sample the kink architecture. The better sampling of this
MC procedure is due in part to the longer chains in the
simulation. The probabilities from the RIS statistical weight
matrix in Eq. (1) can be used to estimate the probability of
- occurrence of one more kinks in a given oligomer. This can
10 e - be calculated from the conditional probabilities of a helix
10 100 1000 angle(¢, = 200) transitioning to a kink anglép, = 300°).
Number of Bonds This probability p,s) is 0.032745 as seen in equation one,
Fig. 7. Comparison of Monte Carlo results for erythro di-isotactic polymer and the CorreSpondlng prObab”!ty that a hehx_ angle is
(diamonds) and RIS calculations for the same stereochemical isomer (filled fOllowed by another helix angles is 0.96755 and is denoted
circles). p2o. We may estimate tha priori probabilities that a given
angle is at the helix or kink value by recalling that all kink
simulations for sterically hindered polymers such as poly- angles must follow a helix angle. This allows us to equate
(norbornene) [35]. With the minimization step, the accep- the a priori probability of the occurrence of a kink angle
tance ratio was approximately 2%. Starting from an initial (Psqg) with the fractions of diads (or adjacent pairs of mono-
extended conformation, a random torsional perturbation, meric units) that contain a helix angle followed by a kink
using a random uniform distribution, is applied to one rota- angle. This equality is expressed in Eq. (9)
table bond, this is followed by 4000 steps of energy mini- P. ] _P, —pP ©
mization using the BFGS [36] algorithm. The assumption = 3% 200 = F200P23
that isolated chains are sufficient to describe the structure ofwhere P, and Psy are the a priori probabilities of the
this polymer is justified by the fact that the bulky backbone occurrence of¢p = 200 and ¢ = 30C° in the backbond
of the polymer makes the intramolecular interactions much torsion angle distribution. These are also equal to the frac-
stronger than the intermolecular ones. It is assumed that thetion of helix and kink angles, respectively. Solving Eq. (5)
polymer conformations are determined primarily by the we obtainP,o, = 0.9683 andPsy, = 0.0317 for the a priori
intramolecular torsional barriers and steric hindrance, probabilities. By employing the first order Markov model
while the surrounding polymer produces a minor structural inherent in the RIS model we may calculate the probability
perturbation. Similar simulation approaches have been of one of more kinks Ryns) Occurring in an oligomer of
shown to faithfully reproduce experimental data, albeit for degree of polymerization that contains — 1 angles. This
simpler polymers [35,37,38]. This single-chain assumption can be done by subtracting the probability of no kinks occur-
is justified by the extremely high torsional barriers for this ring from 1 as in Eq. (10)
polymer. Due to the computational requirements of the -
energy minimization in this simulation, small oligomers Puinks = 1 = Pro kinks = 1 — P2ooP22 - 10

were simulated corresponding to degrees of polymerization tese values are listed in Table 1 and they indicated that the
of 11, 15 and 19. These three oligomers were simulated for i elihood of even one kink occurring in the heptamer is

1000 total steps, and resulted in 1520 accepted structuresgatively low. This explained the fact that the Boltzmann
A direct comparison can also be made between the results OfJump simulation did not encounter any kinks while the
the MC and RIS simulations and this is seen in Fig. 7. Good larger oligomers did.

agreement is observed between the MC and RIS results

further validating the approximate RIS model. Fig. 7 indi- 5 3 Viscometry experiments

cates that both the RIS and MC models suggest that the

radius of gyration scales with the molecular weight to  Validation that the intractable polynorbornene produced
approximately the 1.9 power. The slope obtained for the via the zirconocene or Pd catalyst can, in principle, be made
MC simulation is 195+ 0.219 where this range is the by comparing the results of the RIS and MC calculations
90% confidence interval on the slope in Fig. 7. After substi- with viscometry measurements made on these polymers.
tuting this value of the slope into equation two, the MC Recall that we are presuming that the zirconocene and Pd
models predict that intrinsic viscosity varies with the mole- catalysts produce essentially the same stereochemical

<s2>

100 | .
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that the chain conformation is relatively fixed implies that
the polymer is always near it8 condition. This fact is
consistent with the aforementioned discovery that two
) other isomers of poly(norbornene) with drastically different
0.6t ; “a” exponent values both have the safheondition (70C
in TCB) [18]. These other isomers are presumed to have
different stereochemical configurations than the Pd cata-
lyzed samples and are soluble in TCB above room tempera-
ture. TCB solutions were heated to°@0to dissolve these
° polymers and light scattering coincidentally showed that the
0.4t . second viral coefficient was negligible indicating that this
was thef condition. The fact that this initial temperature
attempted just happened to be theondition for two differ-
ent stereoisomers implies that these polymers may be near
083 L v v the 6 condition for a variety of temperatures.
610" 710" It was also assumed that the short hydrocarbon side
Mw chains do not affect the conformation significantly because
they have a minimal effect on the severe steric hindrance
Fig. 8. Intrinsic viscosity (in dl/g) plotted against the molecular weight (in  due to the bicycloheptane backbone. The primary effect of
g/mol) for experimental viscometry results on a double logarithm scale. alkane chains appears to be to make the primary torsional
minima more predominant [10]. This would suggest that the
structure because of their similar WAXD results and the fact n-butyl derivative would have slightly higher scaling expo-
that they are both intractable. However, because these poly-nent of intrinsic viscosity with molecular weight than the
mers are intractable, they will not dissolve in most solvents. polymer without then-butyl side group. Fig. 8 illustrates
In order to make a qualitative comparison we carried out that the intrinsic viscosity of-butyl derivative scales with
intrinsic viscosity measurements on the Pd catalyzed poly- the molecular weight to approximately the power two.
mer. However, direct comparison is complicated by the fact Using the covariance matrix from the linear regression on
that this particular polymer is not soluble in any known the plot in Fig. 8, we obtain values of®* 0.7 and 20 =
solvent at reasonable temperatures. Additional difficulties 1.5 for the 80 and 90% confidence intervals on the slope,
arise from the rapid polymerization kinetics obtained with respectively. These samples were supplied by BF Goodrich,
the Pd catalyst developed by BF Goodrich. The polymeriza- and were closely spaced due to the aforementioned difficulty
tion proceeds rapidly to a relatively high molecular weight, in controlling the kinetics of this polymerization.
SO accurate systematic variation of the average molecular Although the comparison to experimental data is only
weight is somewhat difficult. To overcome the solubility qualitative, it suggests that the Pd catalyzed polymerization
issue, this Pd catalyst was used to polymerize the butyl produces an erythro di-isotactic polymer because they both
derivative of norbornene where ambutyl group was have an intrinsic viscosity scaling with molecular weight
attached randomly to either carbons 5 or 6 of the norbornenenear the extreme value of two. Results using the MC pivot
monomer. Synthesis using this monomer produced a poly algorithm described above indicate that this scaling expo-
(norbornene) derivative soluble in 1,2,4-trichlorobenzene nent is much lower for other stereochemical isomers of
(TCB). To obtain a qualitative comparison for this polymer, poly(norbornene) [13,14]. This discounts the possibility
viscometry on the alkane derivative was performed in 1,2,4 that all stereochemical isomers of poly(norbornene) have
Tricholorobenzene (TCB) at the 0. This has been deter- an “a” value near two, and qualitatively validates the
mined to be thed condition for other polynorbornene hypothesis that this Pd catalyzed polymer adopts the erythro
samples using other polymerization catalysts in TCB from di-isotactic form.
light scattering [18]. Its sparing solubility implies that the
solvent swelling effect is small so this may be near the 2 4 Bylk simulations and X-ray diffraction
condition, however, this was not confirmed as theondi-
tion for this polymer made using the Pd catalyst. We shall  In molecular modeling, a polymeric glass is conceptua-
assume that this polymer is near theondition because of  lized as an ensemble of microscopic structures in detailed
its high barriers to backbone torsional rotation [12]. These mechanical equilibrium, each microscopic structure being
high barriers prevent the polymer from undergoing confor- represented by a model cube with periodic boundaries, filled
mational changes due to changes in solvation resulting fromwith segments from a single “parent chain” [21]. Each of the
changes in solvent or temperature. ACCQhe polymer is microscopic structures is in a state of mechanical equili-
locked in a particular conformation that is insensitive to the brium, which is a local minimum in potential energy. Mole-
solvent and temperature (as long as the temperature is wellcular mechanics and molecular dynamics methods can then
belowTy where torsional rotation does not occurs). The fact be used to search for these local minima. The use of local
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L is reasonable because the RIS model was used to bias the
initial bulk conformation. Therefore the local energy mini-
mum found is representative of the intermediate order in this
glass.
] The RIS statistical weight matrices were incorporated
i into the Amorphous Builder module in the Cerlissoft-
T ware to generate isolated chains as well as chains in periodic
l boundary conditions. An experimentally determined density
. of 1.05 g/cnt was used for the bulk models [40]. All the
] results presented below represent an average taken over
three different starting conformations. Four chains of 30
monomer units each constituted a single model. No statis-
_________ tical difference was observed within the three starting
e e e ] conformations at the end of the simulations. These three
10 15 20 25 30 models were averaged to produce the dashed line in Fig.
20 (degrees) 9. Further, one model with two chains of 200 monomer units
. , . S . was also simulated to study the effects of model size. The
Fig. 9. Graph comparing the simulated diffraction pattern to the experi- . . . . . .
mental Wide Angle X-ray Diffraction Scattering (WAXD) pattern for poly- ISOIat.ed phams provide information a,bOUt mFramoIecuIar
norbornene. The bold line represents experimental WAXD data [42]. The contributions to structure, and combined with the bulk
dashed line is the four chain model and the solid line is the two chain larger models can help isolate intermolecular contributions to the
model. The dotted line represents simulation data for polynorbornene— strycture.
polyethylene 50 50 random copolymer. Gu(A = 154178A) is used All the models were subjected to molecular mechanics
as a X-ray source for experiment and simulation. N . . .
minimization for 5000 steps using a conjugate gradient
minimization algorithm [41], 10 ps of constant NVT
minima assumes that glasses are not in thermodynamicdynamics at 300 K, and then subjected to minimization to
equilibrium. Since local minima are sought, the minima a final rms force of 0.1 kcal/mol/AWAXD diffraction
may be expected to depend strongly on the starting confor-patterns simulated from the final structure, using Céfius
mation. Therefore, it becomes necessary to generate thevere then compared to experimental X-ray diffraction
starting conformation using the aforementioned RIS patterns (Fig. 9). The experimental data has been taken
model. This assures that the initial conformation is consis- from the work of Noll and Kaminsky using zirconocene
tent with the torsion angle distribution from the RIS model. catalyzed polymer [42]. A good comparison to experiment
This approach has been successfully used in the past tovas observed after eliminating the small-angle component
generate initial starting conformations for polymer glasses of the scattering calculated for the models using a spherical
[21-23]. smear with a model size correction factor of 1.700 [43].
At present, a priori knowledge about whether the struc- Since intensity is in arbitrary units, the experimental curve
ture has been relaxed enough to be representative of the reahas been off-set for clarity. The important points of compar-
polymer is not available, therefore, comparison with experi- ison are the relative heights of the peaks and the angle at
ment is essential before the model can be used for predictivewhich the peaks occur. Both sizes of poly(norbornene)
purposes. Comparing the predicted X-ray diffraction pattern models gave essentially identical results indicating that
to the experimental X-ray diffraction pattern allows valida- there is little sensitivity to model size.
tion of the model results. This comparison not only validates As can be seen from the X-ray diffraction pattern for
the model but also provides information about the model polynorbornene (Fig. 9) the first peak in the amorphous
structure and any order or lack thereof that exists in it. halo splits into two peaks. This corresponds to the formation
Molecular mechanics methods have been successfullyof intermediate range order, which is characterized by a
used to investigate the structure of a number of polymer splitting, that occurs in the amorphous halo, typically at a
glasses including atactic polypropylene [21], polyvi- wave vector magnitude ofd=1A"1 This has been
nylchloride (PVC) [22] and polycarbonate (PC) [23]. On previously observed in polymethacrylates [43,44] and
the other hand, it has been demonstrated that alternatelyPVC [22].In PVC the origin of intermediate range order is
using molecular mechanics and molecular dynamics during intermolecular, and is due to the polar interactions of the
minimization achieves a more realistic energy minima for chloromethine groups [22]. Conversely, the origin of this
rigid polymers like polysulfone [39]. Therefore this is the order is more likely to be the intramolecular interactions
approach used in modeling di-isotactic polynorbornene. The in poly(norbornene) given the relative weakness of the inter-
use of molecular dynamics only helps the minimization molecular interactions.
procedure to find a slightly improved local energy mini- Typically the first, or lower angle, peak in the WAXD
mum, it does not accurately sample phase space in thepattern is predominantly intermolecular in nature because
glassy phase. It is presumed that the initial conformation this corresponds to a larger interatomic distance (=2
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Fig. 12. WAXD pattern for isolated chains and bulk models. Solid line

I T represents data for bulk models. Dashed line represents data for isolated
0 2 4 6 8 10 chains.
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within the polymer chain. Jacobson has simulatisgholy(t-
Fig. 10. Radial distribution function times the spherical volume element for butyl acetylene) in the same helical conformation predicted
bridging carbons in bulk polynorbornene models. by our RIS model, and that produced the same two WAXD
peaks seen in Fig. 9 [45]. This polymer is a useful analogue
11, d = 8 A). Likewise, the second, or higher angle peak, is of poly(norbornene) because it has very similar conforma-
predominantly intramolecular in origin and is associated tional energetics. In its elongated form it has the identical
with a smaller interatomic distance (atP2= 18, d = conformation as theis form of poly(norbornene) seen in
4.8 A). The radial pair distribution functiong(r) contain Fig. 2. Also, every other backbone bond in both these poly-
a large number of peaks and do not clearly indicate that mers is non-rotatable due to the double bond in poly(acety-
any particular atom pair is responsible for these reflections. lene) and the bicycloheptane group in poly(norbornene).
The radial distribution functions times their differential The WAXD pattern for the isolated poly(norbornene) chains
volume element are seen in Figs. 10 and 11 for the bridgingis contained in Fig. 12 and provides insight into what
carbon (#7) in the bulk polymer and the isolated chains, portion of the WAXD peak is intermolecular vs. intramole-
respectively. It is difficult to see any distinct pattern in cular in nature. The peak ap2= 18 in the isolated chain
these or other general radial distribution functions due to WAXD pattern clearly indicates that part of this high angle
the broad distributions of atomic spacings caused by the peak is intramolecular in nature. The lower angle peak in the
rotation of the bicycloheptane group in the polymer. bulk WAXD pattern at 2= 11 has been replaced by a
However the peak at approximately 4.8\ Fig. 11 indi- broader peak at an even lower angle in the isolated chain
cates that at least some of the low angle peak is do to spacingVAXD pattern. This new lower angle peak is due to the
relative increase in larger distance spacing that naturally
occurs in isolated chains. In the bulk, these large distances
0.16 w w w w along the polymer chains are eclipsed by the more homo-
geneously distributed shorter distances. The disappearance
of the bulk peak at = 11 indicates that the lower angle
012 | ] peak is predominantly intermolecular in nature. This same
conclusion was reached by Jacobson for his simulations of
completely helical polybutyl acetylene) by carrying out
0.08 | ] WAXD at different densities [45]. Because Jacobson’'s
system was a symmetrically packed unit cell of aligned
helices, different densities could be easily simulated without
0.04 [ ] extensive regeneration of the initial chain conformation and
subsequent energetic relaxation. Changes in bulk density,
while preserving the helix structure resulted in significant
0l ] changes to the low angle peak and negligible changes in the
high angle peak. This indicated that the low angle peak is
predominantly intermolecular, while the high angle peak is
predominantly intramolecular. Since both Jacobson’s

Fig. 11. Radial distribution function times the spherical volume element for POly(t-butyl acetyler.]e) structures and our POly(norbomen_e)
bridging carbons in isolated polynorbornene chains. structures are dominated by the same helical conformation
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Fig. 13. Periodic and parent-chain images of the bulk simulation of poly(norbornene) with two chains of 200 repeat units. Note the helix andhkinkttegmarent chain that appeared in all of the simulated
chains.
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this result is consistent with the above interpretation of the edge of the periodic cell used in the bulk simulation. There-
WAXD pattern. fore, the bulk chains may be somewhat perturbed by the fact
In addition to the various sizes of poly(norbornene), a that a kink may be generated when the polymer chain runs
bulk simulation of a random copolymer of ethylene and into another periodic image of itself in this small unit cell.
norbornene was also simulated. The copolymer containedThe persistence length cannot be quantitatively use to
50% ethylene monomers and was simulated using the sameconfirm this because of the scaling of the chain dimensions
approach used for the poly(norbornene) systems. The initialwith degree of polymerization observed in this polymer
guess used the aforementioned RIS model in the initial causes the persistence length to diverge.
conformation generation, but the ethylene unit torsion
angles were chosen randomly. The WAXD pattern resulting
from an average over three simulations of four chains each
with 30 monomer units for this copolymer is seen in Fig. 9. 3. Conclusions
The introduction of the ethylene comonomer reduces the
height of the low angle peak relative to high angle peak. A new RIS model was developed for erythro di-isotactic
The relative reduction in the low angle peak observed in Fig. polynorbornene that included long-range steric interactions
12 is approximately the same as that observed by Kaminskythat are needed to properly model its conformation. These
in experimental WAXD patterns on such random copoly- interactions were included by extracting RIS states from an
mers [42].This adds additional verification that the simu- approximate energy state map for the heptamer of this poly-
lated poly(norbornene) structure is reasonable. mer. The RIS model predicted a novel helix-kink conforma-
Although many polymers form helical conformations, the tion for this polymer in which helices were occasionally
helix-kink conformation proposed for erythro di-isotactic disrupted by a backbone kink. The same RIS model
poly(norbornene) is relatively new. Some additional predicted a value of approximately 1.9 for the exponent
evidence of the accuracy of this suggested conformation is“a” from the Mark—Houwink—Sakurada equation at the
also provided by Jacobson’s results on pblyftyl acety- condition, and thatr3)/(s) = varied from 10.5 to 11.5 over
lene). While our helix-kink model accurately reproduced a wide range of molecular weight. These RIS results were
the experimental WAXD results, the aligned pure helical consistent with independent MC simulations. These simula-
conformation suggested by Jacobson for peby(tyl acet- tions were compared with experimental results for two
ylene) over-predicted the low angle peak [45]. The experi- different poly(norbornene) polymers synthesized by Pd
mental WAXD pattern of polybutyl acetylene) is almost and zirconocene homogeneous polymerization catalysts,
identical to Kaminsky’s measurement of the zirconocene respectively. These two samples were presumed to have
catalyzed poly(nobornene). The ratio of the areas of the the same structure because they are both insoluble and
low to high angle peaks is of order 1.25 for both Kaminsky's have identical WAXD patterns. Other homogeneous cata-
poly(norbornene) data in Fig. 9 and for the experimental lysts produce poly(norbornenes) with very different solubi-
data for poly{-butyl acetylene). While Jacobson’s model lites and WAXD patterns. Viscometry experiments
reproduces the peak positions well, his ratio of the relative indicated a scaling parameter “a” very near to two for the
areas of the peaks is well above two. We attribute this high Pd-catalyzed polymer suggesting that this polymer may be
prediction to the fact that the pure helix model contains too erythro di-isotactic. Although there was a fair amount of
much intermolecular order. The pure helix model consists of error in this value. The RIS model was utilized to create
aligned helices packed closely together in a parallel fashion. initial conformations of bulk polymers in spatially periodic
Whereas the helix kink model has noticeably less intermo- cells that were energetically relaxed to produce bulk models
lecular order because the kinks reduce the ability of the of poly(norbornene). Accurate prediction of the WAXD
chain to pack in a regular fashion. Relative to the intermo- pattern from these models for both poly(norbornene) and
lecular order, the intramolecular order is not significantly poly(ethyleneeo-norbornene) synthesized from the zirco-
reduced by the kink because most of the chain has a generahocene catalyst provides further evidence that these catalyst
helical conformation. Recall that the RIS model suggests systems may produce erythro di-isotactic poly(norbornene)
that almost 97% of the backbone torsion angles were in structures. The WAXD peak positions for these poly(nor-
the helical conformation. This helix-kink conformation bornene) samples were very similar to those of a stereo-
can be seen in the simulated bulk poly(norbornene) systemsregular poly{-butyl acetylene) sample. Comparison of
by observing individual chains. The large, two chain, simu- these simulations and potyutyl acetylene) simulations
lation is pictured in Fig. 13. The helical and kink conforma- carried out by Jacobson indicate similar conformational
tions are easily seen, and the structure is qualitatively behavior for these two polymers. Over-prediction of the
consistent with the RIS model in that much of the chain is intermolecular order in poly{butyl acetylene) may occur
helical in conformation. The number of kinks in all of the because this polymer also has a helix-kink architecture as
bulk chains occurred at a greater frequency than thatopposed to a perfect helix conformation used in the model.
suggested in the Table 1. This occurs because the effectiveSimilarities between these polymers may occur because
persistence length of the polymer is much larger than the they both have the same basic structure. Every other bond
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