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The modulus and strain-dependent frequency spectrum of polyethylene have been computed from a cluster 
of C6Hlz units using the semi-empirical AM 1 Hamiltonian and unrestricted Hartree-Fock wavefunctions. 
The computed modulus substantially exceeds experimental values, a result which derives from neglect of 
electron correlation in the calculations. Good qualitative and quantitive agreement with reported 
strain-dependent frequencies is found, suggesting that the method describes cubic anharmonicity in the 
bonding while systematically overestimating components of the Hessian. 
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INTRODUCTION 

Semi-empirical molecular orbital methods have proven 
useful for describing the thermochemical properties of 
large molecules. These methods solve the Hartree-Fock 
equations using parameterized forms of the two-electron 
coulomb and exchange integrals which are generated 
from empirical data such as ionization potentials, 
heats of formation, dipole moments and equilibrium 
geometries 1. In this report we probe the utility of one 
such molecular orbital method using the Austin Model 
1 (AM1) Hamiltonian z, for describing the microscopic 
behaviour of strained polymers. 

The quantum mechanics of polymers can be 
approached from either a solid-state or molecular point 
of view 3. The former, with periodic boundary conditions 
and the ansatz of Bloch orbitals, leads naturally to the 
k-dependent optical and electronic properties. However, 
a clear definition of the crystal's energetics requires 
computation at an unbiased ensemble of k points in the 
first Brillouin zone 4. The latter forms a cluster from a 
molecular fragment whose ends are mathematically 
wrapped together 5. In polymer systems where intrachain 
interactions are more important than those between 
chains, the cluster model provides thermodynamic insight 
with more modest computational requirements 6. 

The second paper in this series, which concentrates on 
the calculation of polymer modulus, finds the calculated 
moduli of infinite chains to substantially exceed the 
measured tensile moduli of three-dimensional crystals 7'8. 
One explanation for this overestimate relies on the 
reduction of measured moduli by morphological defects. 
However, the fact that semi-empirical methods in general, 
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at the AM1 level in particular, are parameterized using 
equilibrium experimental data suggests that one may 
encounter systematic errors when exploring structures 
which are far from their equilibrium conformation. 

In this paper we examine computed and experimental 
estimates of tensile moduli and strain-dependent 
vibrational frequencies in polyethylene. The choice of 
polyethylene for comparison of experiment and theory 
is motivated by the quality and quantity of experimental 
data available for this system and the relatively 
well-defined morphology of the samples on which 
experiments were performed. In addition to the polymer 
calculations, the equilibrium structure and vibrational 
frequencies for the polyethylene oligomer hexane in a 
planar zig-zag conformation were explored with 
semi-empirical and ab initio calculations. The objective 
of this comparison is to provide insight into systematic 
errors in the AM 1 force field which result from a neglect of 
electron correlation. 

METHOD 

Electronic structure calculations were performed with 
MOPAC version 5.0 using the AM1 Hamiltonian and 
unrestricted Hartree-Fock (UHF) wave-functions on a 
Silicon Graphics 4D/220 workstation. Cluster geometries 
were optimized without geometric constraints to generate 
equilibrium conformations and energies. The number of 
CH 2 units in the cluster was varied to ensure that the 
models did not display end effects or a cluster-size- 
dependent heat of formation (Table 1). Constrained 
optimizations were then performed fixing only the length 
along the strain (c) axis. The enthalpies of these 
structures compared to that of the equilibrium structure 
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Figure 1 Change in enthalpy (kcal mo1-1 ) for the C6H12 duster versus strain computed with the AM1 Hamiltonian (O). A cubic polynomial fit 
to the computed energies ( - - )  yields a second derivative of 72.4 kcal (mol/~2 )- 1 and a modulus of 407 GPa 

Table 1 Variation of calculated geometric parameters and enthalpy 
of formation, AHf, with the number of CH2 units in the unit cell, n, 
calculated with the AMI Hamiltonian 

Table 2 Geometric parameters for planar zig-zag n-hexane using 
MOPAC/AM1, Gaussian 90 UMP2/g-31g, electron diffraction of 
gaseous alkanes and X-ray crystallography of C36H74 

C-C /_CCC C - H  AHf /n  Modulus C-C  (]~) /_CCC (°) C - H  (,~) Ref. 
n (,~) (°) (A) (kcal mo1-1) (GPA) 

AM1 1.514 110.00 1.122 
4 1.514 110.00 1.121 -5.25 403 MP2 1.544 113.2+0.4 1.121 
6 1.513 111.11 1.121 -6.48 407 Diffraction 1.531 112.9+0.2 1.118+__0.006 13 
8 1.513 111.21 1.122 -6 .79 411 X-ray 1.534+0.006 112.02+0.35 14 

10 1.513 111.22 1.122 -6.83 411 

were used to form a plot of the restoring enthalpy 
associated with uniform strain (Figure 1). The second 
derivative of this restoring enthalpy at equilibrium, 
d2H/dA 2, is related to Young's modulus e: 

l d2H 
/3-- 

a dA 2 

where a, I and A are the cross-sectional area, chain length 
and strain, respectively. Use of the enthalpy H rather 
than the free energy F is justified if the second derivatives 
of entropy and volume with respect to strain are small 
compared to d2H/dA 2. This condition is satisfied in the 
limit of small strain, where Young's modulus is defined. 
The cross-sectional area a is taken from the crystal 
structure 9 and assumed to be independent of strain 
(Poisson's ratio is assumed to be zero). The chain length 
l is that computed from the equilibrium geometry. 

The size of the repeat unit in the cluster calculation 
was increased until extensive geometric and thermo- 
dynamic properties were obtained. The single-chain 
polyethylene properties were examined using a cluster of 
C6H12  units. The equilibrium length of this cluster 
was 7.49/~ and the corresponding heat of formation was 
-38.91 kcal mol -~. The computed bond lengths and 
angles were equal to experimental values within the 
standard error reported for the AM 1 Hamiltonian ( Table 
2). 

Structures obtained in the constrained optimization 
were then used to compute a spectrum of vibrational 

frequencies at each strain. This involves computing and 
diagonalizing the semi-empirical Hessian: 

~ j  = d2n/dxl  dxj 

to obtain vibrational frequencies and normal modes. Use 
of the six-carbon cluster complicates comparison of the 
computed frequencies with experimental values obtained 
from crystalline polymers. The line group of the chain is 
D2h , which coincidentally is isomorphic to the factor 
group of the polyethylene crystal 1°. This gives rise to 
3N - 4 = 50 vibrational modes, rvib,  which transform 
as 

r v i  b = 9Ag + 8B1~ + 6B2g + 3Bsg + 3A~ + 5B1~ 
+ 8B2u + 8B3u 

The four remaining modes correspond to translation and 
rotation about the c-axis. The use of three crystal- 
lographic units in the cluster mixes contributions from 
k = (0,0,½) into the resulting frequency spectrum, 
further complicating assignment of vibrational modes. 

Calculations on the planar zig-zag conformation of the 
hexane oligomer were performed with the MOPAC/ 
AM1 method and with ab initio techniques which include 
electron correlation. The optimized geometry and 
frequency spectrum were examined at the MP2/6-31g 
level of theory with Gaussian90 x 1. The geometry changes 
with addition of polarization functions to carbon 
(UMP2/6-31g*) using CADPAC 12 were small, and 
frequency calculations at this level were precluded by 
computer memory limitations. 
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RESULTS 

The calculated geometries for polyethylene and hexane 
are as expected for the AM 1 Hamiltonian. Average errors 
in bond length of 0.05 ]~ and bond angle of 3.3 ° for 
isolated molecules have been reported for over 600 
compounds 1. The computed bond lengths and angles 
for polyethylene and hexane agree with the experimental 
values obtained by electron diffraction of gaseous 
alkanes 13 and by X-ray crystallography 14 of C 3 6 H 7 4  

(Table 2). The differences between geometries computed 
using AM1 and MP2/6-31g are subtle, and are in 
substantial agreement with more elaborate calculations15. 

The change in enthalpy with strain along the c-axis 
for the polyethylene cluster is shown in Figure 1. The 
Young's modulus computed from the second derivative 
of this curve (dZH/dx 2 = 100 N m- 1), the chain length 
(l = 7.49 ,~), and the cross-sectional area (o = 18.4 A) is 
407 _+ 20 GPa. Estimates of the tensile moduli using 
clusters of 4, 8 and 10 CH 2 units yielded similar values 
( Table 1 ). The confidence interval of 20 GPa is based on 

the accuracy of the numerical derivative, the cross- 
sectional area and length. 

Electron correlation is known to be important in the 
calculation of vibrational spectra since the Hessian of a 
single-determinant SCF wavefunction always overpredicts 
experimental frequencies16. This overprediction is 
intimately related to the calculated bond stiffness and 
thus the Young's modulus. One might argue that the 
AM1 parameterization, which uses experimental data, 
accounts for the correlation energy and thus should 
accurately predict vibrational frequencies. A comparison 
of the calculated and observed frequencies for hexane 
shows that this is not the case. Figure 2 compares the 
AM1 and MP2/6-31g frequencies with the spectrum 
inferred from vibrational spectroscopy of hexane and its 
deuterated analogues 17. A least-squares fit of the 
computed frequencies yields comparable slopes for the 
AM1 (1.054) and MP2 (1.064) approaches. However, 
the error in the correlated ab initio calculations is 
systematic: they always overpredict the frequency. By 
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Figure 2 Plots of vibrational frequencies (cm -1)  computed with MP2/6-31g (a) AM1 (b) v e r s u s  those inferred from a valence force field (VFF)  
derived from spectroscopy of hexane and its deuterated analogues. A line with a slope of 1 is drawn in each plot to facilitate comparison of the 
errors. A linear least-squares fit of the data yields a slope of 1.064 for the MP2 and 1.054 for the AM1 methods 

POLYMER, 1992, Volume 33, Number 16 3353 



Structure and properties of strained polymers. 1." J. R. Shoemaker et al. 

60 

'° I 40 

30 -~ 

i 10 

0 :~ 

-10 

-20 

-30 

-40 

I 

t 
L i i i i i 

500 1000 1500 2000 2500 3000 

Figure 3 Variation of computed vibrational frequencies with strain. A linear least-squares fit yields dv/dA. The error bars represent the square 
root of the sum of the squared error of the linear fit over seven strain values 

contrast, the AMl-computed frequencies have random 
error: they both under- and overpredict the correct 
frequency. In particular the AM1 C - C  bending modes 
(1000-1500cm -1) are as much as 5% softer than 
observed experimentally. 

Some of the vibrational frequencies shift when the 
system is strained. Figure 3 displays the results of a linear 
least-squares fit of the computed strain dependence, 
dv/dA, to 0.5% strain; error bars indicate the root mean 
square error of the linear fit. The transverse modes below 
500 cm-1 have frequencies which increase with strain, 
much as the pitch of a violin string increases when tensed. 
All of the remaining modes are predicted to either 
decrease or remain constant with tension. There is no 
correlation of dv/dA with the harmonic frequency of the 
unperturbed mode. 

The stress dependence of Raman-active stretches 
at Vas= 1063cm -1 and v s = 1127cm -1 have been 
reported18 20. These modes have equilibrium frequencies 
of Vas = 1155cm -1 and vs=  1270cm - I  in the AM1 
calculations. They both decrease linearly with strain to 
4% strain in the calculations. Conversion of the 
computed strain-dependent frequencies to the observed 
stress-dependent values requires division by the appro- 
priate modulus. The values summarized in Table 3 
suggest that the calculation has captured the essential 
physics of the frequencies' strain dependence. The 
computed values of dv/ds are within the bounds of those 
observed experimentally for vas and vs. Further, the ratio 
of the strain dependence for the symmetric and 
asymmetric modes is comparable in all the experiments 
and the calculation. A closer examination of the 
experimental results finds no perceptible shift in the C - H  
stretching region above 2800 cm-1,  the methylene rock 
at 1168 cm -1, or the twist at 1295 cm -~, in agreement 
with the AM1 calculations. The poorest agreement 
between experiment and theory is among the infra-red- 
active stretching modes near 1470cm -1, where one 
report 19 of dv/dA ~ - 2.6 ( c m % ) -  1 is substantially less 
than the computed value of 20 (cm%)-1 .  

The variation of frequency with strain does not 
correlate with the projection of the strain vector on the 
normal modes. Figure 4a illustrates the projection of the 

Table 3 Strain dependence (dv/dA) of the Raman-active modes at 
1064 and 1127cm -1 inferred from the reported stress-dependent 
frequency shifts (dv/ds). Using the calculated modulus  the AM 1 stress 
dependencies are in reasonable agreement with experimental values 

v,,, v~ dv/ds Modolus dv/dA 
(cm -1 ) (cm GPa)  -1 (GPa)  (cm%) -1 Ref. 

1064 --6.0 240 - 1 4 . 5  20 
1064 - 11.2 267 --29.9 19 
1064 --4  200 - 8  18 
AM1 --5.8 400 - 2 3  

1127 --4.5 240 - 11 20 
1127 - 5 . 9  267 - 1 7  19 
1127 --2.5 200 - 5  18 
AM1 --2.8 400 - 11 
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Figure 4 (a) Dot  product of each of the 51 eigen-vectors (in order of 
increasing frequency) for the equilibrium system with the strain vector. 
(b) Bar graph with the same abscissa as (a) showing the calculated 
values of dv/dA. The dot product and strain dependence are 
uncorrelated 
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equilibrium normal modes onto the strain vector, while 
the strain dependence is displayed in Figure 4b. Some 
modes which are affected by strain have a large projection 
onto the strain vector while others do not. 

Based on the observed stress dependence of poly- 
ethylene vibrational frequencies, Wood and Bretzlaff 19 
constructed a Morse-oscillator model for polyethylene. 
The C-C potential in this model has a second derivative 
at equilibrium of 440 N m-~. Varying only one C C 
bond length in the cluster while optimizing all other 
distances and angles yields an AM1 second derivative 
for the C-C bond of 580 + 20 Nm-1 ,  which is 30% 
higher than that inferred from spectroscopy. 

DISCUSSION 

Among the ways of examining the quantum mechanical 
basis for polymer properties are ab initio calculations on 
gaseous oligomers, extended Huckel band structure 
calculations, and molecular mechanics approaches based 
on empirical potentials. Each of these methods has 
advantages and disadvantages. Our purpose here is to 
explore some of the strengths and weaknesses of the 
semi-empirical quantum approach to the microscopic 
basis for polymeric properties. Specifically, we have 
examined the geometries, tensile moduli, equilibrium 
vibrational frequencies and their variation with strain for 
polyethylene. 

The agreement between calculated and experimental 
equilibrium geometries is quite remarkable. Although a 
full map of the potential energy surfaces on distortion 
has not been performed, the distances and angles found 
using AM1 compare favourably both with experiment 
and with more elaborate electronic structure calculations. 

Moving away from equilibrium, careful experimental 
measurements of the Young's modulus vary from 221 to 
358 GPa (Table 4). The measurement techniques include 
X-ray diffraction 21'22, mechanical testing 23, neutron 
scattering 24 and Raman spectroscopy of oligomers 25'26. 
In each of these experiments, care was taken to account 
for the influence of amorphous contributions in 
estimating the modulus of crystalline polyethylene. The 
modulus of polyethylene has also been calculated using 
the MNDO semi-empirical method 2~ and a small-basis 
ab intio approach 2s. The MNDO method led to a 
modulus of 360 GPa, while the ab initio report found a 
modulus of 400 GPa, in surprising agreement with the 
present result. More recently a biased Hessian force field 

Table 4 Experimental and calculated c-axis moduli for polyethylene. 
The AM1 modulus is 407+20 GPa 

Modulus (GPa) Method Ref. 

235 X-ray 21 
221 X-ray 22 
240 Fibre pull 20 
288 Fibre pull 23 
267 I.r./Raman 19 
329 Neutron 24 
358 Raman 25 
290 Raman 26 

278 Average 

337 Biased SCF 29 
360 MNDO 27 
400 ab initio 28 

for polyethylene has been described 29 which yields a 
modulus of 337 GPa. 

The AM1 modulus is larger than the largest measured 
value and 40% larger than the average experimental 
result. It might be argued that the electronic structure 
calculations yield an ultimate modulus for a material 
without morphological or stoichiometric defects, so that 
overprediction of the measured modulus is to be 
expected s. An alternative is that systematic errors in the 
AM1 UHF calculations lead to overestimates of the bond 
stiffness and thus the tensile modulus. 

The systematic error associated with single deter- 
minant ab initio description of molecular force fields is 
thoroughly documented 16 but often overlooked when 
semi-empirical methods are employed. One common 
approach3° is to scale all of the Hartree-Fock frequencies 
by a constant factor of about 0.9. This approach is quite 
successful when computing zero-point contributions to 
the enthalpy. More sophisticated methods of scaling the 
Hartree Fock Hessian using observed frequencies have 
also been developed 31'32. For systems with large exact 
excitation energies, singlet-stable solutions for the 
Hartree-Fock ground state, and localized molecular 
orbitals, there is good theoretical justification for scaling 
the Hessian 33. A biased Hessian approach has recently 
been applied to generate a force field for polyethylene 
using a butane oligomer 29. Application of a biased 
MOPAC Hessian to strained polyethylene will be taken 
up in a separate publication 34. 

The AM1 UHF Hamiltonian should not be expected 
to give a quantitatively accurate Hessian matrix: 

d2H 

dxl dx i 

since it is a single-determinant calculation. Over- 
estimation of the equilibrium vibrational frequencies by 
about 5% indicates that the AM1 Hessian is too stiff. 
Comparison of the AM1 and MP2 frequencies for hexane 
show that the correlation effects required to accurately 
describe the Hessian are not implicit in the semi-empirical 
parameterization. This systematic overestimate of the 
intramolecular stiffness translates into overestimates of 
the tensile modulus and the frequencies at zero strain. 

Another argument for the exaggerated stiffness of the 
AM1 UHF Hessian arises from comparison with 
molecular mechanics potentials which reproduce the 
vibrational spectrum of polyethylene to high precision. 
The biased Hessian force field 29 yields a modulus at room 
temperature of 322 GPa, 20% less than found using 
AM 1. Further, when simulating a single C-C bond with 
AM1 we find that d2H/dx  2 is about 30% larger than that 
inferred from a Morse-oscillator force field 19. 

The present results suggest that care should be taken 
when using potentials derived from the UHF semi- 
empirical electronic structure codes for molecular 
dynamics simulations. Systematic overestimates of bond 
stiffness due to neglect of electron correlation should 
cause concommitant changes in the dynamics. It is 
preferable to either include correlation in an appropriate 
way or scale the Hessian to get numerical energy 
derivatives in accord with nature. 

The semi-quantitative prediction of the strain dependence 
of harmonic frequencies indicates that the AM1 
Hamiltonian does a reasonable job of describing the 
anharmonicity of the bonds. The strain dependence is 
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p r o p o r t i o n a l  to the c o m p o n e n t  of the anha rmon ic i ty  
which projects  on to  the s t ra in  coord ina te  Xs : 

d V o c d  / d 2 E  

dA dxs ~/ dxi  d x j  

I t  is not  inconsis tent  tha t  the calcula t ions  overes t imate  
the second derivat ives  while p rov id ing  reasonable  th i rd  
derivat ives.  The numer ica l  influence of the overes t imated  
Hess ian  elements  is cancel led when dividing by the 
c o m p u t e d  modu lus  to compa re  with exper imenta l  stress 
dependencies .  Thus  the AM1 a p p r o a c h  m a y  be very 
useful in identifying which modes  in a po lymer  are l ikely 
to p roduce  exper imenta l ly  observable  f requency shifts 
with strain.  

An  excit ing aspect  of  the c o m p u t a t i o n a l  a p p r o a c h  is 
that  all modes  can be examined  in a ba lanced  way, 
independen t  of osc i l la tor  s trengths,  band  over lap ,  
impur i t ies  and  defects which cause spectral  features away  
from the zone centre.  I t  m a y  also be possible  to 
deconvolu te  the role p layed  by ind iv idua l  bonds  in 
s t ra ined polymers .  

C O N C L U S I O N  

The tensile modu lus  and  s t ra in  dependence  of v ib ra t iona l  
frequencies in po lye thylene  have been c o m p u t e d  using a 
semi-empir ica l  cluster  mode l  with an A M  1 Hami l ton ian .  
On  compar i son  with exper imenta l  da t a  and  cor re la ted  
ab initio calcula t ions  the in t ramolecu la r  forces are found 
to be sys temat ica l ly  overes t imated ,  leading  to over-  
predic t ions  of  the tensile modulus .  The anha rmon ic i t y  of  
the bonds  is well charac ter ized  by the AM1 potent ia l s  
based  on the agreement  of  ca lcula ted  and  observed 
var ia t ions  of v ib ra t iona l  frequencies with strain.  

R E F E R E N C E S  

1 Stewart, J. J. P. J. Comp. Chem. 1989, 10, 221 
2 Stewart, J. J. P. 'MOPAC', version 5, QCPE 1983, 455 
3 Hoffman, R, Macromolecules 1991, 24, 3725 
4 Burdett, J. K., McLarnan, T. J. and Haaland, P. J. Chem. Phys. 

1981, 75, 5774 
5 Perkins, P. G. and Stewart, J. J. P. J. Chem. Soc. Faraday II 

1980, 76, 520 
6 Stewart, J. J. P. New Polym. Mater. 1987, 1, 53 ; J. Chem. Soc. 

Faraday II 1980, 76, 520 

7 Wierschke, S., Pachter, R., Shoemaker, J. and Adams, W. 
Polymer 1992, 33, 3357 

8 Wierschke, S. G. AFWAL-TR-88-4201 (available from the 
Defense Technical Information Center), Cameron Station, 
Alexandria, VA 22304, USA 

9 Tadokoro, H. 'Structure of Crystalline Polymers', Wiley, New 
York, 1979 

10 Painter, P., Coleman, M. and Koenig, J. 'The Theory of 
Vibrational Spectroscopy and its Application to Polymeric 
Materials', Wiley, New York, 1982 

11 Frisch, M. J., Head-Gordon, M., Trucks, G. W., Foresman, 
J. B., Schlegel, H. B., Raghavachari, K., Robb, M., Binkley, J. S., 
Gonzalez, C., Defrees, D. J., Fox, D. J., Whiteside, R. A., Seeger, 
R., Melius, C. F., Baker, J., Martin, R. L., Kahn, L. R., Stewart, 
J. J. P. and Pople, J. A. 'Gaussian 90', Gaussian, Inc., 
Pittsburgh, 1990 

12 Amos, R. D. and Rice, J. E. 'The Cambridge Analytical 
Derivatives Package', Issue 4.0, Cambridge University, 1990 

13 Bonham, R., Bartell, L. and Kohl, D. J. Am. Chem. Soc. 1959, 
81, 4765 

14 Shearer, H. and Vand, V. Acta Cryst. 1956, 9, 379 
15 Tsuzuki, S., Sch~ifer, L., Got6, H., Jemmis, E., Hosoya, H., 

Siam, K., Tanabe, K. and Osawa, E. J. Am. Chem. Soc. 1991, 
113, 4665 

16 Wilson, S. 'Electron Correlation in Molecules', Clarendon 
Press, Oxford, 1984, pp. 57-59 

17 Snyder, R. G. and Schachtschneider, J. H. Spectrochim. Acta 
1963, 19, 85 and 117 

18 Prasad, K. and Grubb, D. J. Polym. Sci., Polym. Phys. Edn 
1989, 27, 381 

19 Wool, R. and Bretzlaff, R. J. Polym. Sci., Polym. Phys. Edn. 
1986, 24, 1039 

20 Tashiro, K., Wu, G. and Kobayashi, M. Polymer 1989, 29, 1768 
21 Sakurada, I., Nukushina, Y. and Ito, T. J. Polym. Sci. 1962, 57, 

651 
22 Matsuo, M. and Sawatari, C. Macromolecules 1986, 19, 2036 
23 Barham, P. and Keller, A. J. Polym. Sci., Polym. Lett. Edn 1979, 

17, 591 
24 Holliday, L. and White, J. W. Pure Appl. Chem. 1971, 26, 545 
25 Shaufele, R. and Shimanouchi, T. J. Chem. Phys. 1967, 47, 3605 
26 Strobl, G. R. and Eckel, R. J. Polym. Sci., Polym. Phys. Edn. 

1976, 14, 913 
27 Klei, H. E. and Stewart, J. J. P. Int. J. Quant. Chem., Quant. 

Chem. Symp. 1986, 20, 529 
28 Crist, B., Ratner, M. A., Brower, A. L. and Sabin, J. R. J. Appl. 

Phys. 1980, 50, 6047 
29 Karasawa, N., Dasgupta, S. and Goddard, W. J. Phys. Chem. 

1991, 95, 2260 
30 Pople, J., Luke, B., Frisch, M. and Brinkley, S. J. Phys. Chem. 

1988, 89, 2198 
31 Pulay, P., Fogarasi, G., Pongor, G., Boggs, J. and Vargha, A. 

J. Am. Chem. Soc. 1983, 103, 7037 
32 Dasgupta, S. and Goddard III, W. A. J. Chem. Phys. 1989, 90, 

7207 
33 Pupyshev, V., Panchenko, Y., Bock, C. and Pongor, B. d. Chem. 

Phys. 1991, 94, 1247 
34 Horn, T. and Haaland, P. in preparation 

3356 POLYMER, 1992, Volume 33, Number 16 


