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ABSTRACT 

The second stage of autohesion involves bond formation after con- 
tact is established by elastic, viScous, or viscoelastic deformation of 
the surfaces. The interfacial bonding for polystyrene is mainly through 
van der Wads intermolecular forces. Molecular re eat units across 
the interface interact to yield an attractive force. TEe intermolecular 
forces are derived from a 6-12 Lennard-Jones potential. The two un- 
known constants for this potential are determined from the equi- 
librium distance and comparison of the computed lattice energy with 
the cohesive energy. 

INTRODUCTION 

VISCOELASTIC contact theory has been developed that controls the first A stage of autohesion [l]. The second stage of interfacial bonding will be 
developed in this paper and the one that follows. 

Wherever contact is established, interfacial bonding takes place due to 
primary or secondary bond forces. In case of non-polar polymers such as 
polystyrene. the intermolecular attraction is mainly due to van der Waals 
forces. Molecular repeat units on the two sides of the interface interact with 
each other to result in a net attractive force. 

The strength of the secondary bonds is not known for polystyrene. They 
consist of an attractive and a repulsive component. The long range attrac- 
tive component is a London dispersion force 121, the potential governing 
this is proportional to the inverse sixth power of the distance up to about 
2OOO Angstroms. Beyond this distance the variation is to the inverse seventh 
power of the distance due to electromagnetic retardation [3]. The repulsive 
force due to the overlap of electron clouds is a short range force decreasing 
exponentially with distance. The potential for this may be approximated 
by an inverse twelfth power [4]. Thus, the net potential between molecules 
may be given by the well-known 6-12 Lennard- Jones potential. 

1. ADHESION, Vol. 1 (January 1969), p. 24 
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Figure 1. Type I helical conformation of isotactic poly- 
styrene. Small circles represent the backbone units 
such as A H  or 4 H a ;  the large circles represent 

This potential involves two unknown constants. The values of these con- 
stants are determined from a knowledge of the single crystal lattice structure 
of isotactic polystyrene and its cohesive energy density. The procedure 
followed is similar to the one developed for polyethylene [S]. 

POLYSTYRENE CRYSTAL STRUCTURE 

Configuration of isotactic polystyrene is 
H H H H H H  
I I I O I  -c-c-c-c-c-c- 

which shows three chemical repeat units. The molecule has type I, 3-fold 
helical conformation as shown in Figure 1 and 2. 

The crystal structure is rhombohedra1 [S] with cell constants a = b 
= (21.9 f 0.1) A, and c = (6.65 f 0.05) A. The axis c is along the polymer 

Figure 2. Conformation of a unit of 
polystyrene showing the C-C bond 
angles involved. 
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Figure 3. Molecular packing showing the hexagonal unit cell 
structure. 

Figure 4. General shape of the 6-12 Len- 
nard-Jones potential curve. Also shown is 
the force curve in dashed line. 

chain and is normal to the (a, b )  or (001) plane. Figure 3 shows the pro- 
jection of moIecular packing onto the (001) plane where lattice points occu- 
pied by the molecules are shown as small circles. As can be seen, the unit 
cell or the molecular packing is hexagonal in nature with lattice parameter 
a' = 7.3 A. 

LENNARD-JONES POTENTIAL 

A chain lying along the c-axis may be considered to consist of repeat 
units ( -CH,-CH C,H,-) without loss of generality. The force between 
these units is determined by the intermolecular potential. The latter may be 
approximated by a 6-12 Lennard-Jones curve, as shown in Figure 4. If r is 
the'distance and + ( r )  the potential, we may write 

A B  
TI2 TB 

+ ( r )  =--- 
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I 

Figure 5. Lattice structure in the (a,b) plane used for com- 
putation of lattice energy. 

where A and B are the unknown Lennard-Jones constants. Gradient of +( r )  
gives the force F (  r )  as 

d+ 12A 6B 
dr r13 r7 ( 2 )  F ( r )  = --E--- 

Figwe 4 also shows the F (  r )  curve. The force F (  T )  being zero at the equi- 
librium distance, I,, for polystyrene of 

r0 = 7.30 A 
determines the ratio 

A 1  p = - = -(r,,)6 
B 2  (3 )  

Thus, one need obtain only one of the Lennard-Jones constants, since their 
ratio is fixed. 

It is possible to determine the constants by computing the crystal poten- 
tial or lattice energy and comparing it with the experimentally determined 
value of cohesive energy. 

Figure 5 shows the lattice structure in the (a, b ) plane that will be used 
for computation of the lattice energy U .  Letting 

el = a’ @ 7 2  = 6.32 A 
e, = a’/2 = 3.65 A 
e3 = c /3  = 2.22 A 

(4) 
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The distance rlmn of a point (Z,m,n,) from the origin (O,O,O) is 

It may be observed that when 1 is odd, m has the values 3 + 6i and -1 + 6i, 
and when 1 is even, m has the values + 6i and 2 + 64 where i is a positive 
or negative integer. Also, all the units for which both Z and m are zero should 
be excluded since they belong to a single chain and do not count in the 
cohesive energy. 

It follows from (1) which gives the energy of a pair of units that the 
lattice energy U of a unit (O,O,O) is 

1 " )  I U = -  

1 A B 
=- 2 +--) Qmn *lmn 6 =-[ 1 (A+)] 8 B 

2 Tlmn *lmn 

This reduces the problem to one of calculating sums of the type 

A,= 2 T ~ ~ ~ - ~  (7)  
l,m,n =- m 

for s = 12 or 6 and with 1, m, and n taking values discussed above. 
We may rewrite U in the form 

LATTICE AND COHESIVE ENERGY COMPARISON 

If M is the molecular weight of the repeat unit occupying the lattice 
points, then M g m s .  of polystyrene will contain N A  such units where N A  the 
Avogadro number = 6.0249 x lW3. Thus, the crystal potential energy E is 

E = N , U  ( 9 )  
The cohesive energy per mole A is 

M62 
A = -  

P 
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where ti2 the cohesive energy per cm3 is [71 

ti2 = 74 caVcm3 
= 3.09 x erg/Aa 

The value of M is 

and the density p is [Sl 
M = 1 0 4  

p = 1.12 x lo-” p / A 3  

Comparing (9)  and ( lo),  we get 

A computer program has been written to evaluate the sums A12, A6, and 
compute the values of the L-J constants A and B. The series sums are very 
fast converging and only a few terms have to be included. 

Substitution of the numerical values of the various factors in (11) and 
(3) yields the value of the constants as 

B = 1.428 dynes A7 
A = 1.080 dynes At3 

DISCUSSION 

Values of the Lennard- Jones potential constants determined here have 
the same order of magnitude as for rare gases. This is to be expected 
because the lattice energy is of the same order of magnitude [S]. 

The intermolecular forces of polystyrene arise from the interaction 
between the hydrogen atoms which are attached to the carbon atoms by 
covalent bonds formed by sharing a pair of electrons. Thus, the valence 
electron of hydrogen spends most of the time between the carbon and hydro- 
gen atoms and very little time outside this region. The result is that the 
dispersion type of van der Waals forces, which arise from the time varying 
instantaneous electron configurations, are very weak-a condition existing 
in rare gases too. 

The Lennard- Jones potential determined here is used to compute the 
bond strength of two flat plates of polystyrene in self-adhesion. This forms 
the subject of the next paper. The values compare well with those experi- 
mentally determined value of the yield stress of polystyrene. 
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NOMENCLATURE 

a, b, c, a’ = Lattice parameters 
4 = Potential 
F = Force 
r, ro  = Distance 
A, B = Lennard-Jones constants 
P = Ratio of A to B 
el, e2, e3 = Units of distances along the three axes a, b, and c 
1, m, n, i = Integers 
rlmn 
U = Lattice energy 
8 = Summation 
A* = Summation for power s 
E = Crystal potential energy 
NA = Avogadro number 
A 
8 = Solubility parameter 
M 
P = Density 

= Distance of the unit (2, m, n) from (0, 0,O) 

= Cohesive energy per mole 

= Molecular weight of the repeat unit 

REFERENCES 
1. J. N. Anand, H. J. Karam, “Interfacial Contact and Bonding in Autohesion I-Contact  

2. F. London, “The General Theory of Molecular Forces”, Trans. Faraday SOC. 33, 

3. H. B. G. Casimir, D. Polder, “The Influence of Retardation on the London-van der 

4. J. E. Lennard-Jones, “Cohesion”, Proc. Phys. SOC., 43, (1931), p. 461. 
5. J. N. Anand, ‘Molecular Forces and Elastic Constants of Polyethylene Single Crystals”, 

6. P. H. Geil, “Polymer Single Crystals”, Interscience, ( 1963). 
7. P. A. Small, “Some Factors Affecting the Solubility of Polymers”, J. App. Chern. 3, 

8. M. Born, K. Huang, “Dynamical Theory of Crystal Lattices”, Oxford, ( 1954). 

Theory”, J. Adhesion, Vol. 1 (Jan. 1969), p. 18. 

(19371, p. 8, 

Waals Forces”, Phys. Reu., 73, ( 1948), p. 360. 

J .  ,MacromoZ. Sci.-Phys., B7( 3) ,  ( 1967), p. 445. 

(1953), p. 71. 

30 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
4
9
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1


