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We study the mutual interactions of simple parallel polymers within the framework of
density-functional theorfDFT). As the conventional implementations of DFT do not treat the
long-range dispersiofivan der Waals(vdW)] interactions, we develop a systematic correction
scheme for the nonlocal energy contribution of the polymer interaction at the intermediate to the
asymptotic separations. We primarily focus on the three polymers, polyethylene, isotactic
polypropylene, and isotactic polyvinylchloride, but the scheme presented applies also more
generally to other simple polymers. From first-principle calculations we extract the geometrical and
electronic structures of the polymers and the local part of their interaction energy, as well as the
static electric response. The dynamic electrodynamic response is modeled on the basis of these static
calculations, from which the nonlocal vdW interaction of the polymers is extracted0G5
American Institute of PhysicgDOI: 10.1063/1.1884987

I. INTRODUCTION vdW interaction in the intermediate to the asymptotic region,

where the polymers have a negligible electron-density
Density-functional theorfDFT) has proven successful overlap.

in describing the interaction of dense matter systems, e.g., We use traditional DFT calculations to obtain the equi-

the covalent atomic binding in molecules. However, forlibrium internal(geometrical and electronistructures of the

sparse matter systems with regions of small or no densitjhree polymers: polyethylend?E), isotactic polyvinylchlo-

overlap, the nonlocal van der WadledW) correlations are fide (PVC), and isotactic polypropylenéP. PE and PP are

important. The vdW interaction is an attractive correlation'Videly used in the industry and have well-described crystal

7
force due to instantaneous dipole and multipole interaction§tructures:” These polymers are examples of what we refer

that are mediated by the electric field. The vdW interaction isto assimple polymerspolymers that can be treated as linear

presently not included in the traditional DFT implementa—Ch‘tilns of rela’qvely gm_all repeated subunits and are compu-
. _ tationally feasible within the framework of DFT. The calcu-
tions, and has to be corrected for.

. . lated geometric structures of these polymers and a compari-
The crystals of polyethylene and isotactic polypropyl-

| ) son with other calculation as well as experimental results
ene, where the polymers are aligned in parallel, represent agj|| pe presented in Sec. Il A.

important class of sparse materials. The intramolecular bind-  The valence electron density of the polymers is the key
ings of the polymers are well described with the aid of tra-quantity for the calculation of the dispersive polymer-
ditional DFT, but the intermolecular bindings that keep thepolymer interaction, with thelectrodynamicesponse of the
crystals together are dominated by the long-range vdWholymer modeled on the basis of static DFT calculations of
interaction™®~® Hence, a systematic correction scheme forthe valence electron density and the electrostatic response.
the nonlocal interaction of parallel polymers, consistent withThis part is described in Secs. IlI-V.

the DFT framework, is of great importance. Several success- Finally, the numerical results of the vdW interaction are
ful schemes dealing with the interaction of extended objectspresented for the three polymers, and the interaction depen-
e.g., for the interlayer interaction in graphit8 and the dence on the orientations of the polymers will be further
nanotube-nanotube interactibt2 have already been devel- e]ucidated in terms of simple orientation-dependent expan-

oped; some of them applicable both to objects sufficiently>'0"S:

separated that the electron densities do not overlap and to

objects separated less than the binding distance witH- DFT RESULTS AND METHOD
electron-density overlap. This article generalizes the schem&. Structure determination

12 ; :

gsed for nanotubes™ to deal with the long-range interac- The internal geometrical and electronic structures of the
tion of parqllel polymers. . polymers are determined by traditional DFT calculations.

As a first step towards eventually treating polymer-q, . 5 hsequent calculations of the van der Waals interaction
polymer interactions at the typical binding distances of par,e hased on this DFT-determined electronic structure. The
allel polymers, the scheme presented here deals with th§rT implementation used in this article is a plane-wave
codé® with ultrasoft pseudopotentials, and all DFT calcula-
¥Electronic mail: kleis@fy.chalmers.se tions are carried out within the generalized gradient approxi-
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well as experimental dafd®?°while to our knowledge iso-
tactic PVC has not previously been treated in first-principles
calculations and the isotactic variant is not observed experi-
mentally.

PE is a linear polymer with a repeated segment consist-
ing of two C and four H atoms. PP and PVC, respectively,
have a CH group or a Cl atom substituting one quarter of
the H atoms in the PE chain. This asymmetry in PP and in
PVC makes each such substituted PE segment rotates 120°
with respect to the neighboring segments, by which PP and
PVC obtain a 3:1 helical structure. This is shown in Fig. 1.
Thus each unit cell consists of three ¢Hor Cl-substituted
PE segments.

The structures are determined by varying the unit-cell
lengthl and at the same time relaxing the atomic positions by
minimizing the local Hellmann—Feynman forces on the at-
oms such that the sum of all forces within the unit cell is less
than 0.05 eV/A. Data characterizing the calculated and ex-
perimentally observed geometrical structure of the polymers

FIG. 1. The three polymers shown from the top and from the side. Theare given in Table 1 and the polymers are shown in Fig. 1.

hydrogen atoms are not shown in order to make the helical structure more
apparent. the gray spheres are carbon atoms and the dark gray spheres are
chlorine atoms. The bottom figures show the corresponding contour plots oé
the valence electron density averaged along the chain. The contour lines are
equally spaced by 0.15 efA

Electron density

The DFT calculations of the equilibrium structure also
provide the valence electron density. We use the density to
mation (GGA) in flavors PW91(Ref. 14 or revPBE™ We  determine the van der Waals interaction between the poly-
use a 400-eV cutoff of the plane-wave basis set and a iners at the intermediate to the asymptotic separations of the
X 1X12(1X 1% 4) Monkhorst—Pack sampliﬁ@of the Bril-  polymers. For simplifications in the following we use a va-
louin zone of our PEPVC and PPunit cell. The length of  lence electron density that is averaged along the polymer
the unit cell corresponds to the length of the repeated poly¢Fig. 1), but there is no general problem in retaining the full
mer segment. The calculations of the structures of the iscthree-dimensional density, besides an increased computa-
lated polymers are carried out in unit cells chosen such thaional cost and the absence of the symmetry-related simpli-
the polymers are surrounded by at least 10 A of vacuum irfications discussed later.
any direction. This approach of averaging the electron density along

The geometrical structures of both PE and PP have prethe polymer is reasonable when the polymers have a center-
viously been determined within the DFT framework and ourto-center separatioth much larger than a length representing
results agree well with the previous DFT calculatidrféas  the typical variation of the polarization along the polymer. It

TABLE |. Geometric data characterizing the polymers: the repetition lehgthit-cell length, the average
separatiord,g of atomsA andB, and the angley formed by the carbon atoms in the main chaif.dénotes a
carbon atom with an attached subgroupGi Cl, R stands for CH or CI.

dec dew dcr dcree decc |

A) A) A (deg (deg A)
PE (PW9)) 1.52 1.10 1.10 113.7 113.7 2.55
PE (revPBB 1.53 1.10 1.10 113.9 113.9 2.57
PE (PBE 1.52 1.11 1.11 113.0 113.0 2.57
PE (LDA®) 1.51 1.11 1.11 114.3 114.3 2.52
PE (x ray’) 1.53 1.09 1.09 112+0.8 112+0.8 2.54
PVC (PW9)) 1.52 1.10 1.81 115.4 113.3 6.50
PVC (revPBB 1.53 1.10 1.81 115.5 113.5 6.54
PP(PW9)) 1.53 1.10 1.52 117.4 111.5 6.53
PP (revPBB 1.54 1.10 1.54 118.3 111.7 6.57
PP(LDA®) 1.52 1.11 1.52 117.5 111.5 6.37
PP(GCY 1.53 1.10 1.53 117.9 111.8 6.50
PP (experimental 116.9 112.4 6.50°

*Reference 18.
PReference 19, x ray.
‘Reference 17.
YReference 20, x ray.
°Reference 8, x ray.
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is applicable to the vdW-interaction calculations at separaapplied electric field, is a key quantity for the vdW interac-
tions in the intermediate to the asymptotic regime, defined agon. The local field and, in turn, the local effective suscep-
the regime where we have no electron-density overlap of thébility are found by requiring that the charge is conserved
polymers, neither for the averaged electron density nor founder the action of an applied electric field when modeling
the full three-dimensional electron densftiscussed in Sec. the local response by Eq(l). This defines a three-
V B). This regime corresponds to separations larger than 8 Aimensional electrodynamical problem which is to be solved.
for PE and 10 A for PP and PVC, which will be the scope of  Since the electron density is averaged along the polymer,
this article. As shown in Sec. IV, this greatly simplifies the the electrodynamic problem is effectively reduced to a two-
computational problem of evaluating the interaction integraldimensional one. The translational invariance in zrgirec-
and will prove useful in finding the polarizability properties tion, along the polymer, leads to the requirement that no
along the polymer, as discussed in Sec. Il local charge can be induced in tkey direction due to a field
in the z direction or vice versa. Thus the corresponding com-
ponents of the susceptibility vanisl;“=xY*=x**=x"=0.
Furthermore, the electrodynamic solution requires that the

The origin of the vdW interaction is the interaction, me- potential is linear along the direction, and thus we find the
diated by electric fields, of local dipoles and multipoles susceptibility componen{r ; u) = x(r ; u).
spontaneously appearing in the electron density of the poly- The components of the effective local susceptibility in
mers. Thus the electrodynamic response of the polymers e x-y plane are given by the relation
essential for the calculation of their vdW interaction. The @ (x.y:U)
dipole-dipole interaction dominates the long-range interac- Xab(x,y;u)ng __ Ty,
tion and we will here neglect the more complex multipole o b
interactions. The dynamic response is modeled on the basig, indicesa,b=x,y. ®®(x,y;u) is the electrodynamic po-
of DFT calculations, from which the static polarization as__ . o o)
well as the electron density is obtained. The model containgentlal dL.Je to an _appl_led f|e|d_ of _magmtudﬁﬁapp over the
a single tunable parameter, which is chosen such as to reperlyrm.:}r in thea direction and is given by the charge con-
duce the static polarizability. From the dynamic response, iﬁervatlon
particular, from the polarizabilities, we are able to extractthe  v{(1 + 4zmy[n(x,y);u]) V d(x,y;u)} =0, (3)
attractive vdW interaction.

We model the local dynamic electron response to a locawith appropriate boundary conditions.

Ill. THE POLYMER ELECTRODYNAMIC RESPONSE

xoln(r);ul, (2)

field by a simple local plasmon-pole moledt with the bare The long-range interaction between polymers can be re-
susceptibility lated to the interaction of the spatial moments of the macro-
scopic susceptibility. In the asymptotic limit the vdW inter-
n(r) .
Xolr,r/;u)=8(r =r')———, (1) action depends only on the frequency-dependent
us+u; macroscopic susceptibility

wheren(r) is the electron density at positisnobtained from
DFT andu is related to the frequenay of the electric field a®(u) =L J dxdyx°(x,y;u), (4)
by u=-iw. All quantities are in hartree atomic units.

In order to remove the divergence at zero frequency angherea,b=x,y,z An explicit expression for the vdW inter-
instead reproduce the static polarization obtained from DFTtion in this limit is given in Sec. IV.
calculations we introduce a cut-off frequenay. However, Furthermore, since the local effective susceptibility is a
since the model is only an approximation of the response fofansor of rank two, we can easily treat rotations of the poly-
nonzero frequencies, the cut-off frequency thus determineg,er with respect to the local coordinate system and the ap-
varies with the orientation of the applied field relative to thepjieq field i.e., with respect to the neighboring polymers that
polymer. For simplicity we only consider a single cut-off give rise to the electric field Specifically, if the polymer is
value, which is chosen such that the angular average of thgjiated counterclockwise by an angleabout the center of

model polarizabilities reproduces the average of the DFTiass the local susceptibility transforms)ds S2xS where
calculated static polarizabilities. The model of the responsgne rotation operator is simply given as

(1) used here may be replaced by a more complicated func-

tional form, but preliminary calculations with more realistic cosf -sinfd 0O

response modelé® show that our results are not more sen-  g=| sing cosé O |. (5)
sitive to this choice than to the averaging of the electron 0 0 1

density?®

For convenience we describe all quantities in a Cartesian As an illustrative example we look at the orientation-
coordinate system local to the polymer. The repeated polydependent polarizability of PE. We choose to orient the poly-
mer segments are oriented along thairection, and the ori- mer such tha®=0 corresponds to the case where the poly-
gin in the(x,y)-coordinate system is located at the center-of-mer is widest in thex direction, and symmetry dictates that
mass line of the polymer. the off-diagonal components of the polarizability vanish. Us-

The local effective susceptibility tensogy, which de- ing the above transformation properties of the susceptibility
scribes the locally induced polarization due to an externalve get
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0.22 T T T T (n)
L ¢ DFT-calculations —vdw = - B—5 — % ..... &,
< — Xrotatea =S7XS T L d5 d6 dn
- - FEM-calculations
Z o where the first term describes the polarization-polarization
3 (a-a) interaction and can be explicitly written as
><§ 3 ©
Bs= 25,2 f du{41a el + 1603y + 9ai’as’
0
o
02l ° bo L ' + 15 a5 + %) = 24 oY o + oY)} (9)

0 20 60 80

40

d . . . .
6 [degrees] Higher-order terms involving spatial moments of the suscep-
FIG. 2. The calculated static susceptibilif(6) of a segment of PE for  tibility are just as easily obtained but are cumbersome to
different angless. The orientationd=0 corresponds to the situation shown write down. However, by assuming the molecules to possess

in Fig. 1 when the electric field is applied in tledirection. The diamonds cyIindricaI symmetry the terms up to the ninth order have
are values obtained from DFT calculations and the full line is obtained by,

Eq. (6). The dashed line is found using the plasmon-pole approximation ampeen calculated in Ref. 24.
solving the electrodynamic equations with finite element mettfM)
technigues. The inset shows the graph in full scale.
V. NUMERICAL RESULTS AND DISCUSSION

(0 = [+ &Y + (7= YY) cos H]/2, (6) The interaction integrals and expansion coefficients in
. . . Sec. IV are numerically evaluated. For this we need all the
n _e_xcellen_t agreement with DFT cal_cula_tlons of the susceEp'components of the local frequency-dependent effective sus-
tibility at different angles, as shown in Fig. 2. ceptibility y. These are found by using the PW91 valence
electron density n(r) in the bare response function
xoln(r);u]. For each frequency and each independent di-

IV. THE POLYMER-POLYMER van der Waals rectionsx andy of the applied electric field we then solve for
INTERACTION the electrodynamic potential in Eq3) by finite element
methods(FEMS).

In order to evaluate the vdW interaction for two possibly By comparing the statitu=0) FEM calculation and the
different but parallel polymergoriented along the direction  pet_caiculated static susceptibility we determine the cut-off
and denoted by subscript 1,2) with center-to-center sepa- roquencyu,. For PE the cut-off frequency reproducing on
ration d, we introduce two local Cartesian coordinate SYS-average the DFT-calculated susceptibility is found to be

tems with the origin in the center of mass of polymend PE-( 429 Ha. This certainly reproduces the DFT calcula-
separated a distancgin the x direction. _ tions to the extent of the accuracy of the FEMas seen in
We emphasize that the polymers are restricted to be pagig 5 The method tends to slightly overestimate the differ-
allel, but the formalism allows for both free rotation around ence between the maximum and minimum polarizabilities as
the individual polymer axis as well as translation along thisggjiprated by the DFT determination of the static susceptibil-

axis. . . ity. However, the small disagreement is acceptable consider-
Now, since all quantities are averaged along the polymef,g that we use a simple plasmon model for the dielectric

the vdW energy per unit length in the dipole approximationresponse with a single cut-off frequenay.

4,25
reads The threefold rotational symmetry of PP and PVC makes
E,aw 1(” du their susceptibility almost constant under rotation. We find
L [f ZtrachITlﬂ(ZTZl} aP=0.97 e&/V anda"V°=1.01 eR/V. The corresponding
0

cut-off frequencies aref"=0.507 Ha andif'°=0.482 Ha.
“ du These calculations permit us to evaluate the vdW inter-
=" fo ZrdxldyldedyZd(zle)' (7)  action for the three polymers at the intermediate to the
asymptotic separations. To illustrate the general interaction
ab cd for all possible orientations of the polymers, we have evalu-
2 PDTedrr)xs ) Tadrary), (8)  ated the orientation-dependent expansion coefficients.
apedxy.z Of the three polymers, the PE-PE interaction is the most
where T;;=V;V;|r;=r;|™* and x; denotes the local effective influenced by the relative orientation of the polymers. This is
susceptibility of polymer. The integral inz,—z, can be per- to be expected from the polarization properties of PE, which
formed analytically' and the remaining integrals can be nu- are reflected in the orientation-dependent expansion coeffi-
merically evaluated. cients. For PE all even terms vanish due to symmetry and the
For physical insight and fast computation, it is useful tononvanishing coefficientB5 andB; are shown in Fig. 3. In
make analytic expansions as a function of inverse separatiothe asymptotic limit, described by thBs coefficient, the
This allows us to easily extract forces, find the orientationangle dependence is rather log@bout 3%. Evaluating
where the polymers have maximum or minimum interactionE\") (6,,6,) for 10-A separation of PE with PE, we find that
and to compare with other calculations. The following nota-the variation is more pronouncé@%) and the effect grows
tion is used: as the separation is reduced. However, the general depen-
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9 | a) ' ' ' W
:
3 -
ﬁ F
0 45 90 135 180
0, [degrees] o
650 20
g) FIG. 5. The PP-PP van der Waals interaction energy as a function of sepa-
3 rationd in different approximations. The full line corresponds to the evalu-
&' ation of the 2D-interaction integral while the dotted line shows the expan-
sion of the energy up to the seventh order in inverse distance. The inset
0 . . . . . . shows the PE-PE, PP-PP, and PVC-PVC van der Waals interaction energies
0 45 o 90 135 180 as a function of separatiah All the polymers are oriented as shown by the
i [degrees] density contours in Fig. 1 and separated in xhgirection.

FIG. 3. The orientation-dependent expansion coefficidy®;,,,) and

B7(|01,02)_ fobr PtE;tShOWt” asfeqUidiStTar?t 99?tC|’U95j_St_the m]}?rt]ion alng'e of these only give small contributions to the interaction energy
pomer about s centrof ass. The il posions of e poimers <o . term contributes maximum 59% of the energy a
panels showa) BEEPReV A% and (b) BEEPFeV A?), respectively. 10 A). Thus the qualitative behavior is well described by the
constanBs andB- terms. In Fig 5 a comparison between the
Sf_uII numerical expansion for the PP-PP interaction and the
expansion up to the seventh order is given. The curves show
xcellent agreement fod>13 A and fair agreement for

maller distances. We obtain similar results for the PVC-

dence of the orientations in the intermediate to the semia
ymptotic regime can be concluded to be rather weak. Fur
thermore, we observe that the calculated expansioﬁ

coefficients are nearly symmetric under the transformatio ) . ) L :
b 1806 vy VC interactiorf:* Thus we find that the qualitative behavior
I I H

The success of the expansion of the energy in terms d the intermediate to the asymptotic region is well described

inverse separation for PE is evident from Fig. 4 where wein terms .Of an expgnsion of the energy in.inverse separation.
P g The inset of Fig. 5 shows the evaluation of the full 2D-

have compared the expansion in inverse separation to the full L
two-dimensional2D) evaluation of the energy for the orien- interaction integrals for the three polymers. We see the gen-

PE_ EPP— EPVC \which i
tations of maximum and minimum interactions, respectively.eral tendencyE"=< E™"< E™*" which is 1o be expected from

We see that in the case of maximum interaction the agreet-he polarization properties of the molecules.

ment is excellent down to polymer separatibaf 10 A. The
agreement is even better in the case of minimum interactiog\
when the nearest distance between fragments of the two’
polymers is effectively largegfor a givend). The small orientation dependence of the expansion coef-
The PP-PP and PVC-PVC interactions are even less sefficients for the three polymers, along with the approximate
sitive to rotations than the PE-PE interaction. We find thecylindrical symmetry of their length-averaged electron den-
odd-order terms to béindependent of rotationBEVCPVC  sity (Fig. 1), suggests that their asymptotic interaction can be
=133 eV &', BYVEPVC=6.6 keV A%, BEPP=119 eV A, and  roughly described on the basis of the cylindrical-averaged
BYPPR=5.8 keV A°. Due to the trianglelike shape of PVC electron density. This was utilized in Ref. 24 and a compari-
and PP, the even-order terms do not vanish, but in generabn between the “cylindrical” and the 2D-evaluated expan-
sion coefficients for the three polymers is given in Table IlI.
0 . . We see that the expansion coefficients in the cylindrical ap-
proximation typically underestimate the expansion coeffi-
cients by 15% compared to the 2D-evaluated coefficients.

Cylindrical approximation

g Much of this difference can be ascribed to the change in
2, |
Minimum interaction X i .
e% G a TABLE Il. Comparison between the expansion coefficients for the full 2D
w | | T @ evaluation and the expansion coefficients where cylindrical symmetry is
F Maximum interaction enforced.
2 ] l|2 1|6 A Bf5ull B(S:yl Bf7ull Bgyl
diAl (eV/A% (eV/A%Y (keV/A®) (keV/AS®)

FIG. 4. The PE-PE van der Waals interaction energy as a function of sepeEP 119 108 5.8 4.5
ration d for the two orientations schematically shown in the inset, corre-PVC 133 112 6.6 5.8
sponding to the minimum and maximum interactions, respectively. The fullPE (Max. inter) 47.5 40 0.65 0.76
lines are the results of the 2D numerical interaction integral, while the dottedPE (Min. inter.) 45 40 1.1 0.76

lines show the results for the seventh order expansiatin

Downloaded 02 May 2005 to 129.16.113.91. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



164902-6 J. Kleis and E. Schroder J. Chem. Phys. 122, 164902 (2005)

dielectric model response when the electron density is furfABLE lll. Comparison of theBs coefficients for the PE-PE interaction
ther averaged around the polymer center-of-mass line obtained by other methods with those obtained by our method. Underlined
o S ' titi timated usi 0).
Thus, the cylindrical approximation proves useful for quantities are estimated using &40
§imple egtimateg of the magnityde and behla(fwen 'in the Ce I, Bs
intermediate regimeof the effective polymer interaction, but Interacting group (eVIA®) A) (eVIA®)
in order to study the behavior in more details we have to

resort to the 2D-evaluated interaction. CH, (Force-field parametBr 8 L.27 !
C,Hy (Similar metho) 210 2.55 39
h ) N C,Hg (TDFT% 239 2.55 45
B. Length averaging approximation Max. Bs in our calculations 264 2.55 47.5
The comparison of the 2D approximation and the cylin-Min. Bs in our calculations 248 2.55 45

drical approximation illustrates the point that any averagindreference 26.
procedure in general will alter the local dielectric model re-"Reference 24.
sponse and in turn the magnitude of the interaction. ‘Reference 25.

In the same manner the length averaging, leading to the
2D approximation, is expected to alter the magnitude of theield calculation’ and sum up the Ck+CH, interactions.
interaction compared to the full three-dimensiof@D) in-  This approach gives, as shown in Table Ill, an asymptotic
teraction. We have investigated the effect of the length averinteraction parameter slightly largé20%) than our interac-
aging by evaluating parts of the susceptibility for both thetion parameters. This difference is fully acceptable, consid-
2D- and the 3D-electron densities and estimating the differering that the force-field parameters are adapted for calcula-
ence these densities give rise to in the resulting interactiotions at the crystal binding distance, and thus only provide
energy. We find that for our polymers the effects of the av-estimates for the asymptotic interaction parameters.
eraging procedure are of minor importance in the intermedi- To sum up, the relatively crude estimates of the
ate to the asymptotic regime. A more detailed comparison oaAsymptotic interaction parameters described above are in
the 2D approximation with the 3D interaction will be carried good agreement with our calculations. The vdW interaction
out in a forthcoming papér. of parallel polymers from the intermediate distance to their

binding distance will be the scope of a forthcoming paper.
VI. COMPARISON WITH OTHER METHODS

The direct comparison _to other _calc_ulat!ons and Mea;, ~ONCLUSION
surements of polymer binding energies is difficult because
most results are from polymer crystals where the polymers We have presented a general approach based on first-
are packed at their natural binding distance. The scheme prerinciples electron density calculations for computing the in-
sented here does not apply at the binding distances in polyfermediate to long-range interactions of parallel, geometri-
mer crystals and it is not possible to validate the accuracy ofally simple polymers.
our approach from experimental data on such polymer crys- \We have applied the scheme to polyethylene, isotactic
tals. However, for PE it is possible to directly compare ourpolypropylene, and isotactic polyvinylchloride, and the inter-
present calculation for the intermediate to the asymptotiGiction energy for these polymers has been evaluated. Fur-
separations to the asymptotic interaction parameters exhermore, we have found orientation-dependent expansion
tracted from other calculations. This will be described below.coefficients up to the seventh order ', which give a

The asymptotic ethane-ethane interaction might be usegualitative description of the orientation-dependent polymer-
to estimate a PE-PE asymptotic interaction by approximatingolymer interaction, and for PE give quantitative correct val-
PE as a long row of ethane molecules. The ethane moleculggs ford”E> 10 A (dPP> 12 A anddPVC>12 A). These ex-
are thought of as oriented along tlzeaxis with a repeat pansions are consistent with other studies in the asymptotic
distancel, that equals the length of our unit cell, and by |imit.
summing up all the asymptotic ethane-ethane interactions we
obtain an approximate value for tigg value.

The asymptotic ethane-ethane interaction is on the forrACKNOWLEDGMENTS
E3YMP=—C,/d® such that
Bs J‘” Cel?  3wCg1l

_3mCel 10
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