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ABSTRACT: Nonequivalent hybrid orbitals are constructed for a series of hydrocarbon polymers using bond over- 
laps as a criterion for the estimate of the relative contributions of s and p orbitals. A suitably weighted sum of bond 

.overlaps is maximized according to the procedure initially developed by, Coulson, RandiC, and others.2 The follow- 
ing systems have been investigated: polyethylene (I), 1,4-polybutadiene (II), 2-methyl-1,4-polybutadiene (1111, 2,3- 
dimethyl-1,4-polybutadiene (IV), polypropylene (V), 1,4-polyisoprene (VI), 1,2-polyisoprene (VII), and 3,4-poly- 
isoprene (VIII). It is found that for a given carbon atom small deviations from the idealized hybrid forms sp3, sp2, 
and sp exist. The magnitude of these deviations is determined by the structural groups bonding to the carbon atom 
in question. I t  is shown that although only small changes accompany similar structural groups, such changes cor- 
respond to known variations in bond prbperties. Taken cumulatively these small variations may become important 
in long-chain systems. The problems associated with orientational isomerization are considered in polypropylene 
where the calculations have been performed for a head to  tail and head to head-tail to tail sequences of the repeat- 
ing monomer unit. An interesting correlation between the calculated hybrid forms and spin-spin coupling constants 
is discussed 

The application of theoretical methods to studies of hy- 
bridization in macromolecules is a subject which has re- 
ceived relatively little attention by comparison with ef- 
forts directed a t  smaller molecules. The reason is that 
most quantum chemical methods are laborious and ex- 
pensive when applied to a relatively large system-if such 
an application indeed is possible. In this paper we consid- 
er hybridization in some common hydrocarbon polymers 
by a simple and reliable method which has already found 
widespread application in smaller systernszf but which 
has not previously been applied to polymers. The model 
abandons the usual description of carbon atoms bonding 
in terms of sets of equivalent hybrids: tetrahedral sp3, tri- 
gonal sp2, and digonal sp. It considers more general hy- 
brids of an spn type, where n is not restricted to integers 
and may take any positive value. The particular values 
reported here are based on a criterion of maximum over- 

l a ~ p i n g , ~  modified in order to take into account differ- 
ences in various bond types.4 It is important to  recognize 
that the usual description in terms of sp3, sp2, or sp hy- 
brids implies that the carbon atom in question is substi- 
tuted by four, three, or two equivalent groups-a condi- 
tion which is not generally realized in real hydrocarbon 
molecules. It has been demonstrated2f‘ that the hybrids 
constructed by the method adopted here provide surpris- 
ingly precise and accurate predictions regarding bond 
properties. The quantitative agreement between various 
calculated quantities and correlated experimental data 
justifies a further extension and application of the model. 
Here we apply the method to polymers. 

The purpose of the calculation is to provide a descrip- 
tion of the differences between similar bonds in related 
compounds. The description may not only be qualitatively 
correct but also quantitative. One may a t  first be sur- 
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prised that such a simple approach provides a useful basis 
for the discussion of molecular properties, but i t  is not un- 
usual for empirical and semiempirical methods to provide 
a useful simulation of bonding through a judicious choice 
of empirical parameters. A theoretically more satisfactory 
treatment suitable for application to large systems will 
probably not occur in the immediate future. This is par- 
ticularly true for all-electron SCF ab initio computations. 
Such calculations have in fact been recently reported for 
an  infinite polyenic chain5 which while indicating that ab 
initio calculations of the electronic structure of polymers 
is feasible, does not alter the fact that  their extention to 
more complicated polymers is far from being in sight. 
Semiempirical calculations of intermediate complexity, 
such as various MO schemes based on partial or complete 
neglect of many center integrals, are applicable to systems 
such as those considered in this paper, and some calcula- 
tions have been reported. However, their reliability is 
doubtful especially when applied to systems for which 
there exists only limited experimental data needed for 
parametrization. For instance a recent application of the 
CNDO/2 method to a discussion of the optical properties 
of polyethylene and its various conformers gave an exces- 
sive excitation energy.6 One remedy for this is to readjust 
some of the CNDO parameters,6 but such reparametriza- 
tion often results in poor predictions of molecular geome- 
try.7 

Despite its unpromising appearance the situation is not 
this discouraging. Of course, one can carry just so far a 
simple approach in which one constructs a set of non- 
equivalent hybrids but, on the other hand, this procedure 
provides both a reliable and internally consistent descrip- 
tion of atomic environments. This is achieved not only a t  
minimal computational cost8 but also by utilizing only a 
few empirical parameters which have not been selected for 
the particular molecules in question but which have been 
used in all hydrocarbon molecules.s In this connection 
empirical and semiempirical methods should only be 
judged by their success in correlating different experimen- 
tal quantities and by their prediction of differences of one 
particular property from one compound to the next in a 
series of structurally related systems. The maximum over- 
lap method is very successful in predicting such systemat- 
ic trends even when the structural differences between 
one compound and the next in such series are very small. 
Numerous correlations between the calculated hybridiza- 
tion parameters and the relevant molecular property as 
measured experimentallyzf ,lo gives support to tbe meth- 
od. This includes correlations with spin-spin coupling 
constants,ll,z1 vibrational stretching frequencies,l3 proton 
chemical shifts and proton acidities, bond e n e r g i e ~ , ~  and 
bond lengths.12 However, such experimental data for hy- 
drocarbon polymers are lacking, except perhaps for nmr 
data. So, much of the predictive potential of the maxi- 
mum overlap method can not yet be fully exploited. A 
tabulation of the results for half-a-dozen systems when 
the accompanying discussion refers to most of them with 
only a sentence in the text may appear to some as a bad 
idea. This is however not a sign that there is little of value 
in the tables, but rather that  there is little experimental 
data currently available for comparison. The tabulated 
data are nevertheless of interest when close comparisons 
are made between the calculated parameters of similar 
structural units in different molecules. Of course, such 
comparisons are not going to show dramatic variations in 
the computed quantities-which would then contradict 
the supposition of similarity of such structural groups. A 
change for example in bond overlap of 0.005 corresponds 

to a change in CC distance of appr~x ima te ly l~  0.006 A. 
The detection of such a change may frequently be beyond 
the currently possible experimental means. To insist on 
the significance of a prediction on such a fine level for an 
individual bond may well be unjustified, but to assert 
that  such predictions are totally meaningless when con- 
sidering relative changes in bonds when their immediate 
environment is somewhat altered would be equally unjus- 
tified. The ability to predict small pertubations due to 
minor differences between nearest neighbors in a structur- 
ally related series is in fact an asset of the maximum 
overlap method. Such small changes have been found to 
be due to structural differences and cannot therefore be 
dismissed as not significant. For an illustration one may 
consult the calculations of hybrids in small rings where a 
systematic increase in bond overlap could be traced to the 
nature of the substitutents a t  the carbons forming the 
bond.15 

Outline of the Method 

The method has been described in the literature16 in- 
cluding presentation of a worked example. Essentially, the 
hybrid s-p content is not assumed prescribed, but is var- 
ied for all atoms until parameters are found which maxi- 
mize a suitable weighted sum of bond overlaps 

a l l  C C  a l l  CH 
bonds bonds 

The quantities SCC and SCH are bond overlap integrals 
corresponding to CC and CH bonds. The weighting proce- 
dure, suggested initially by C o ~ l s o n , ~  accounts for the 
fact that  equal bond overlaps in different kinds of bonds 
correspond to different bond energies. So in fact the above 
criterion for the maximum no longer present a spatial cri- 
terion but an energy criterion, though of a special form 
which is related to the former. The distinction however is 
important not only from a conceptual point of view but 
also as the source of substantial improvement in the qual- 
ity of the results and their predictive ability. 

The actual calculations are preformed as follows. One 
selects a molecular geometry and the basis atomic orbit- 
als. We adopted for CC and CH bond lengths values 
which take into account the variations of the immediate 
environments, i.e., values which follow from a classifica- 
tion of bonds into various spm-spn bond types.l7 For atom- 
ic orbitals we use double < functions.18 For convenience 
the basic overlap integrals have been t a b ~ 1 a t e d . l ~  All the 
hybrids of a same atom are constrained by orthogonality 
conditions 

ainJ + bib, cos e, ,  = f i i ,  

where a and b are the coefficients of the 2s and 2p orbitals 
involved related to the hybrid parameter n of the spn 
notation by: n = (b/a)Z Initially assumed values for the 
hybrid exponents n, are systematically varied in the range 
of interest and prescribed accuracy. In practice one can 
start with the idealized hybrids, namely sp3, sp2, and sp, 
and limit the accuracy in computed n values to 0.001. 
Thus when the input hybrids and optimal hybrids which 
maximize the weighted sum of bond overlaps differ by 
0.001 or less the search is discontinued. 

Results 
The polymers which we have chosen for investigation 

are: polyethylene (I), 1,4-polybutadiene (11), 2-methyl- 
1,4-polybutadiene (111), 2,3-dimethyl-1,4-polybutadiene 
(IV), polypropylene (V), 1,4-polyisoprene (VI), 1,2-poly- 
isoprene (VII), and 3,4-polyisoprene (VIII). (Molecular skel- 



Vol. 7, No. 5, September-October 1974 Construction of Nonequivalent Hybrids in Hydrocarbon Polymers 561 

etons and numbering of carbon atoms are shown in Table 
V.) In these molecules; the following bond types arise: sp3- 
sp3 and sp3-sp2 for single C-C bonds and sp2-sp2 for 
double C=C bonds.20 The C-H bonds are either tetrahe- 
dral or trigonal. The hybrid parameter rz indicating their 
s-p composition and bond overlaps are shown in Table I 
for molecules I-IV anid in Table I1 for monomer units of 
polymers VI-VII. Characteristic values for hybrids de- 
scribing C-C single bonds are closely grouped around 
sp3 06, sp3 14, and sp3 2o for methyne, methylene, and 
methyl carbons, respcxtively. The s-p content of quater- 
nary carbons is little altered from the sp3 form indicating 
approximate equivalence of the corresponding C-C bonds 
(sp2 g4-sp3 02). In the case of hybrids involved in C=C 
double bonds the calculated s-p content is considerably 
different from the symmetrical sp2 trigonal case indicating 
an inadequacy of the idealized model based on canonical hy- 
bridization. This is not surprising in view that the bonds 
involved are so different and the local trigonal symmetry 
absent. Hybrids partilcipating in the formation of a C=C 
double bond increase their s content and the typical forms 
are close to spl65. The increase in the s content is a t  
the expense of the hybrids involved in formation of C-C 
single bonds, not froin hybrids making a C-H bond if 

present, and the typical hybrids for C-C bonds are of the 
form: sp2 25. These results are in accordance with the ac- 
cumulated results of earlier applications on molecules 
having similar structural features.21 

Molecular Geometries and Bond Overlaps. The maxi- 
mum overlap method assumes a particular geometry for 
the system investigated. It may then appear that the 
method cannot discuss details of molecular geometries. 
The situation is similar however to that accompanying 
various a-electron calculations which also assume molecu- 
lar geometry (usually by taking all CC bond lengths 
equal). Subsequent use of a bond order-bond length cor- 
relation allows one to predict changes implied by the the- 
oretical model. The role of bond order is taken here by 
bond 0ver1aps.l~ One can use the bond lengths predicted 
from a correlation between bond overlaps and bond 
lengths and repeat the calculations now assuming the ge- 
ometry calculated in the first step as initial. This leads to 
an iterative procedure which will eventually result in in- 
ternal consistency between the assumed and calculated 
bond lengths. Such a procedure has been outlined14 and 
has been occasionally implemented.12 Experience has 
however shown that zf one adopts as the initial geometry a 
set of CC and CH bond lengths selected so to take into 
account variations in bond length due to an immediate 
environment, 1 e ,  if one distinguishes from the onset vari- 
ous spn-spm bond one speeds up the cover- 
gence of the iterative procedure. This seems to be particu- 
larly true if no strained small rings are present, in which 
case the results of the First step in the calculations are fre- 
quently in approximate agreement with the assumed bond 
lengths. Accordingly here we have not adopted an itera- 
tive procedure. 

The differences in bond overlaps are not only reflected 
in changes in bond length, but also in bond energy. For 
example, on the presuinption that a chain is as  strong as 
its weakest link, it  is appropriate to give attention to the 
relatzue differences in various calculated bond properties, 
even if they are not large. For example, a difference in CC 
bond overlap of typical sp3-sp3 and sp3-sp2 bonds is 
about 0.015 (cf 1,4-polyisoprene. Table 11). If we adopt 
the relationship9 

AE,,: = 218.5ASCc 

Table I 
Calculated Maximum Overlap Hybrids and Bond 

Overlaps for Polyethylene (I), Polybutadienes (11-IV) , 
and Polypropylene (V). 

Molecules I I1 I11 IV V 

cc 
Hvbrids 
ii 
12 
21 
22 
23 
32 
13 
31 
24 
42 
CH 

Hybrids 
1 H  
2 H  
3 H  
4 H  

CC Bond 
Overlaps 

11 
12 
22 
23 
13 
24 

CH Bond 
Overlaps 

1 H  
2 H  
3 H  
4 H  

3.168 
3.126 
2.266 
1.662 

2.845 2.882 
2.143 

0.6494 
0.6727 
0.7679 

0.7212 0.7206 
0.7411 

3,126 
2.228 

1.632 
1.662 
3.124 
2.226 
2.223 
3.196 

2.882 

2,143 
2.939 

0.6735 

0 ,7689 
0.6727 
0,6724 

0,7206 

0,7411 
0.7196 

3.126 
2.226 
1.634 
2.222 
3'. 196 

2.882 

2.939 

0.6735 
0.7697 
0 ,6724 

0.7206 

0.7196 

3.167 
3.080 

3.080 
3.261 

2.846 
2.779 
2.920 

0,6509 

0 ,6493 

0.7212 
0,7224 
0,7199 

a The coefficient of 2s orbital a and the exponent n of the 
notation s p n  shown in the table are simply related: n = 
(1 - a2)laZ. 

which relates the change in the bond energy (Ecc)  in 
kcal/mol to the change in calculated bond overlaps (SCC)  
the difference in energy between the two bond types 
amounts to about 2.5 kcal/mol. This value is close to vari- 
ous empirical estimates (to the extent that they agree 
among themselves). Differences in bonds of the same type 
would be much smaller. For example in 1,2-polyisoprene 
(Table 11) bonds ClCz and CzC3 are both of the same 
type, but differ in the number of hydrogens attached to 
carbon. The difference in their CC bond overlaps is only 
0.001 which corresponds to a slight enhancement (0.2 
kcal/mol) of C-C bonds in C-CH2 in comparison with 
C-C bond in C-CH3. This difference of 0.2 kcal/mol 
may appear too small to be attributed any significance, 
but we shall show that such differences make sense and 
are not an artifact. Furthermore the small change in hy- 
bridization in the two sp3-sp2-type bonds of 1,2-polyiso- 
prene (to be found also in other systems investigated) pro- 
duces a change of 0.001 in C-C bond overlaps and causes 
similar differences in the corresponding C-H bond 
overlaps. These differences can be compared with the em- 
pirical bond energy estimated for such bonds. One such 
estimate is due to BernsteinZ3 which we will quote: to 
-CH3, CH2, and CH Bernstein attributes the following 
C-H bond energies (all in kcal/mol): 98.46, 97.57, and 
97.26, respectively. The differences between the individual 
types are quite small, being 0.9 and 0.3 kcal per mol. The 
results are quite close to the predictions of the maximum 
overlap method when a modified weighting procedure is 
a d ~ p t e d . ~  But if one wants to compare different kinds of 
C-H bonds, such as tetrahedral and trigonal C-H bonds 



562 Randic, Sutherland Macromolecules 

Table I1 
Calculated Max imum Overlap Hybrids and Bond Overlaps for Polyisoprenes Investigated 

Molecules V I  VI1 VI11 VI  VI1 VI11 

CC Hybrids Bond Overlaps 
12 3.134 3.112 3.112 0.6734 0.6586 0.6577 
21 2.228 2.994 3.046 
23 1.632 2.992 3.076 0.7689 0.6575 0,6744 
32 1.662 3.174 2.226 
34 2.266 1.630 0.6726 0.7679a 
43 3.132 1.694 
14 3,102 0.6568 
41 3.132 
24 3.020 
42 2.272 
25 2.223 0,6724 
52 3.196 
35 2.228 
53 3.196 
45 1.658 0.76710 
54 1.692 

1 H  2.889 2.894 2.894 0.7205 0.7204 0.7204 
2 H  2.841 0.7213 
3 H  2,143 2.945 0.7411 0.7915 
4 H  2.889 2.143 2.181 0.7205 0.7411 0.7403 
5 H  2,939 2.182 2.939 0.7197 0.7403 0.7196 

a Only u component of C=C double bond is shown. The contribution from T overlap is available from tables of overlaps 

CH Hybrids CH Bond Overlaps 

0.6744 

0.6723 

(ref 19). 

( e x . ,  the two CH bonds in 1,4-polybutadiene, Table I), the 
accompanied difference in bond overlaps is larger, ap- 
proximately 0.02, and the associated change in bond ener- 
gies of the two types of C-H bonds amounts to 4.5 kcal/ 
mol. Bernstein estimated for CH bond energy of the frag- 
ment (H)(H)C=C a value of 103.0 kcal/mol, and CH 
bond energy in methyl to have a value of 98.5 kcal/mol. 
The difference of the two empirical values is in full agree- 
ment with the above maximum overlap estimate. 

Other examples of useful comparison between proper- 
ties of different bonds and different molecules are possible. 
We will refrain from further elaboration of such more gen- 
eral conclusions. However, a particular discussion would 
be of interest when discussing polymers and polymer 
strength, as it pertains to changes in bond overlaps of the 
bonds forming the polymer backbone. An example is pro- 
vided by 1,4-polybutadiene and its methyl-substituted de- 
rivatives I11 and IV (Table I). The repeating structure in 
these systems is a C=C double bond flanked by C-C 
single bonds. The differences between the individual poly- 
mers is solely due to the pertubation of the methyl substi- 
tuents, which will alter the hybridization slightly. From 
Table I we see that each methyl substitution increases the 
C=C bond overlap by about 0.001, and a similar increase 
occurs in adjacent C-C bonds. The overall increase in 
CC bond overlaps of the backbone correspond to about 
0.85 kcal/mol on going from 1,4-polybutadiene to di- 
methyl-substituted polybutadiene. The effect is additive, 
Le., the increase for the methyl substitution is half that  
found for dimethyl substitution. This is a comforting re- 
sult, and in 'an agreement with experience, but i t  should 
be noticed that the maximum overlap procedure optimi- 
zes the weight sum of bonded overlaps without making 
provision to secure the simple additivity. That the contri- 
butions of the two methyl groups are to a high degree addi- 
tive simply suggests that the major effects in rehybridiza- 
tion in encountered structural units are due to nearest- 
neighbor pertubations only. 

A summary of the geometrical data based on the maxi- 
mum overlap calculations is as follows: C-C single bonds 
of the sp3-sp3 type, having bond overlaps in the range 

0.654-0.659 are associated with a range of C-C bond 
lengths from 1.534 to 1.530 A. These values are somewhat 
smaller that  the usually assumed C-C bond lengths of 
1.545 A. The sp3-sp2 bond lengths are also somewhat re- 
duced relative to their usual values (1.513 A as opposed to 
1.520 A) .  

The changes in hybrid composition are also reflected in 
small deviations from the tetrahedral and trigonal bond 
angles characterizing local environments of appropriate 
symmetry (109'28' and 120", respectively). Although the 
changes in bond angles do not exceed a few degrees, for 
example, in polyethylene the CCC angle is decreased by 
1 3 ,  the HCH angle being correspondingly increased, in 
polybutadiene and polyisoprene the reduction in the CCC 
angle is smaller, about 0.5". The differences are larger a t  
the trigonal carbon atoms which are characterized by 
larger changes in s-p content of their hybrids. Thus the 
angle (C)(C)C=C is calculated to be only 117" as a conse- 
quence of the drift of the s content to the hybrid involved 
in forming the C=C bond. 

On the Calculations of the Strength of Polymers. 
Calculations of the strength of polymers and theoretical 
determinations of the elastic modulus, the breaking 
strength, and the breaking strain have been associated 
with electronic properties of polymers. Without going into 
the problem of distinguishing between intramolecular and 
intermolecular contributions the former aspect has re- 
ceived some theoretical attention,24 and, for example, 
CNDO-type calculations have been made for polyethylene 
and polyethylene with side chainsz5 One of the results of 
such calculations is that  increasing or decreasing the 
length of the side chain has very little effect on the elastic 
modulus. Such a conclusion is consistent with the general 
properties of the maximum overlap calculations which are 
baied on the concept of localized orbitals. According to 
this approach, lengthening the side chain will have little 
effect on hybridization a t  the branching site, since hybrid- 
ization depends primarily on nearest-neighbor interac- 
tions. However, there is one important difference between 
the conclusions drawn from CNDO calculations and ours. 
According to BoudreauxZ5 the physical interpretation of 
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the results of CNDO calculations on polyethylene and 
branched polyethylenes is that  the presence of an  addi- 
tional carbon atom draws away some of those electrons 
participating in the backbone bonds, hence weaking them. 
Accordingly it seems appropriate to expect a reduction in 
strength of the backbone.25 In contrast, the maximum 
overlap procedure shows that methyl substitution of the 
backbone increases the overlap of adjacent backbone 
bonds and hence strengthens them. This is interpreted as 
meaning that the replacement of a hydrogen by a carbon 
more closely approximates idealized sp3 (or sp2) hybrid- 
ization in which all CC hybrids are similar. The s content 
is increased in all CC bonds, the increase resulting from 
the absence of C-H bonds which normally tend to have 
higher s content. This trend has been observed in numer- 
ous situations in the investigation of hybridization in hy- 
drocarbons. Whenever bonds can attain higher s content, 
they will do so and rehybridization  follow^.^^,^^ We are 
therefore justified in concluding from the hybridization 
model that branching of the polymer backbone, a t  least 
due to methyl and related alkyl substitutions, will 
strengthen the elastic modulus. However, if nonbonded 
interactions which are currently disregarded in the maxi- 
mum overlap procedme should become important appro- 
priate corrections will have to be made. We suspect that 
minor electronic migrations may have been exaggerated or 
inadequately treated in CNDO-type calculations and that 
this will become apparent in the future. Recent comparison 
of hybridization in a number of hydrocarbons28 indicates 
substantial agreement in hybridization predicted by the 
two schemes, though the maximum overlap results are 
somewhat more consis tent when hybrids in different mol- 
ecules are compared. 

Orientational Isomerization 
Experimental evidence indicates that  corresponding 

pairs of orientational isomers differ somewhat in their 
physical properties. N mr spectroscopy29 has proved par- 
ticularly useful in deriving information about the sequen- 
tial orientation of the monomer units, owing to the sensi- 
tivity of nuclear spin-spin couplings to the nuclear envi- 
ronment. Nmr has been used, for example, to determine 
the sequence characterizing the predominant configura- 
tion, meso or racemic, in vinyl polymers.29 The monomer 
addition step may be random, i.e., independent of the 
stereochemical configuration of the chain already formed. 
The accompanying statistics is Bernoullian. In other sit- 
uations the monomer addition propagates such that  orien- 
tation within the chain is influenced by the stereochemis- 
try of the chain end, so that the addition constitutes a 
first-order Markov process. The theoretical study of sys- 
tems and conditions leading to one or the other situation 
appears to be beyond the present capabilities of theoreti- 
cal models, but the ch,aracterization of the polymer ends 
and the consequent differences in physical properties re- 
sulting from the orientation of the preceeding monomer 
unit may already be within reach of examination.30 Here we 
examine such differences by the maximum overlap meth- 
od, bearing in mind that even if they need not be decisive 
in regulating the generation of a polymer these differences 
may be helpful in drawing correlations between properties 
which depend on the structure and sequence of mono- 
mers. 

The effects of structi~ral isomerizations are illustrated 
by the differences in calculated hybridization parameters 
of 1,4-polyisoprene, 1,2-polyisoprene, and 3,4-polyisoprene 
(Table 11). Similar effects of orientational isomerization 
originate due to the relative orientations of subsequent 

Table 111 
Hybrids,  Bond Overlaps, and Interhybrid Angles for  
Head to Head and Tail to Tail Orientat ion of the 

Repeat ing Unit  in Polypropylene 

Head t o  Head, Tail to  Tail Polypropylene 

Interhybrid 
Angles 

Hybrid a n Overlap (deg) 

11 0.4899 3.166 0.6495 CI-CI-Cl 108.40 
12 0.4899 3.167 0.6511 Ci-C?-C* 109.03 
21 0.4959 3.067 Ci-C2-C? 109.04 
22 0.4926 3.121 0.6510 H-Ci-H 110.57 
23 0.4960 3.065 0.6496 H-C3-H 110.03 
32 0.4844 3.262 C2-C3-H 108.91 
1 H  0.5099 2.846 0.7212 
2 H  0.5152 2.767 0,7226 
3 H  0.5051 2.920 0.7199 

monomer units in a head to head, tail to tail manner, 
-(-**-)n-, as opposed to a uniform head to tail arrangement, 
-(-*)n-. Polymerization in vinyl polymers such as the po- 
lyisoprenes or polybutadienes seldom proceeds in a purely 
head to tail ~ r i e n t a t i o n . ~ ~  The changes in the hybridiza- 
tion are of the same order of magnitude as in structural 
isomerization and may be too small to be experimentally 
detected. However, even small alternations in a monomer 
unit may become important in a long-chain system. We 
have selected for examination one of the simplest poly- 
mers with an unsymmetrical repeating unit, polypropyl- 
ene. The terminal carbon atoms in this case have approxi- 
mately sp3 hybridization and the differences resulting 
from reversing the monomer orientation will be small, but 
if we can detect such small perturbations in this case the 
method will presumably be even more useful when the 
terminal atoms show larger differences in their environ- 
ment. 

Instead of one single bond along the chain (c1-C~) 
characteristic of the head to tail arrangement, the head to 
head isomerization in polypropylene leads to three distin- 
guishable C-C single bonds. The hybrids, bond overlaps, 
and bond angles are given in Table 111. The smallest over- 
lap is that of C1-C1 which is reduced by an amount of 
0.0015 and corresponds to a bond energy reduction of 0.3 
kcal/mol. Changes in bond energy of such magnitude have 
been already found and appear reasonable. The finding 
indicates a weaking of the chain a t  the C1-C1 junction. 
Differences in other bond overlaps are smaller, but even 
these may have a cumulative effect and can possibly be 
indirectly detected when the actual physical properties 
are examined. 

Correlations between Hybridization Parameters  and  
Nmr Spin-Spin Coupling Constants 

As mentioned earlier several experimental quantities 
have been found to be strongly correlated with the calcu- 
lated hybridization parameters2 including CH and CC 
bond lengths, CH acidities, CH ir stretching frequencies, 
and, to a limited extent, proton chemical shifts. The most 
significant correlations, however, are those between the 
spin-spin coupling constants of directly bound nuclei and 
the s orbital composition of their respective hybrids. For 
CH coupling constants Muller and Pritchard found the 
following experimental relations hi^^^ 

J(l3C--H) = 500a2 
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Table IV 
Experimental and Calculated Spin-Spin Coupling 
Constants J(W-W) for Several C-C Single and 

G=C Double Bonds in Smaller Hydrocarbons 

Molecule Expt Ref INDO Ref Overlap Ref 
Max, 

C-C Single Bonds 
Ethane 34.6 a 41.5 b 33.1 e 
Propdne 33 .O b 42.1 b 33.1  

Propylene 41 .8 c 55.3  c 46.6 
Isobutene 41.9 c 53.2 c 46.4 
Butadiene 53.7 d 61.2 

f 2  

C=C Double Bonds 
Ethylene 67.6 U 85.6  
Butadiene 68.8 d 84.5 
Propylene 70.4 b 79.4 c 85.4 
Isobutene 72.6 b 81.5 c 86.4 

a R. M. Lynden-Bell and N. Sheppard, Proc. Roy. Soc., 
Ser. A ,  264, 385 (1962). * V. J. Batruska and G. E. Maciel, 
J. Magn. Resonance, 5, 211 (1971). c V. J. Batruska and G. 
E. Maciel, J .  Magn. Resonance, 7 ,  36 (1972). d G. E. Maciel, 
J. W. McIver, N. S. Ostlund, and J. A. Pople, J .  Amer. 
Chem. SOC., 92, 11 (1970). e M. RandiC, Tables of Maximum 
Overlap Hybrids (to be published), a sample available on 
request. 

where a is the coefficient of the s orbital in the hybrid (4 
= (as) + (bp)). Using this relation and the experimental 
coupling constant for the methyl group in isotactic poly- 
propylene,33 J = 124 Hz, one finds the corresponding CH 
hybrid to be sp3.032. Alternatively, using the theoretical a 
value and deducing the coupling constant one obtains J = 
127.5 Hz. A slightly better value (J = 126.3 Hz) results 
from the modified correlation in which changes of bond 
overlap with bond type are taken into account.11%34 

We turn now to discuss the J(13C-13C) values. Gutow- 
sky and Juan35 obtained from theoretical considerations a 
simple proportionali'ty between the spin-spin coupling 
constant of directly bound nuclei and the s content of the 
two hybrids involved measured by and ag2 

J A B  = XaA2aB2 

An expression specifically for 13C-13C coupling was de- 
rived by Frei and B e r n ~ t e i n ~ ~  and 0 the r s . l l 9~~  Maximum 
overlap hybrids show satisfactory agreement with experi- 
ment where the Frei-Bernstein relationship is used. When 
the maximum overlap data are fitted by least squares to 
experiment the following more general relationship is ob- 
tained3* 

The dependence on the bond overlap, See, derives from 
the normalization of the bond wave function. This expres- 
sion can be used for prediction of the 13C-13C spin cou- 
pling constants of the molecules considered here. Since, 
however, spin-spin data are not available for these poly- 
mers we give in Table N the experimental constants for 
structurally similar systems: butadiene, propylene, and 
isobutene. For some of these molecules theoretical values 
based on INDO calculations are available (Table V, col- 
umn 2). These are compared with our results (Table V, 
column 3). 

These results indicate that the coupling constants ob- 
tained via the maximum overlap method are accurate for 
C-C single bonds. Those for C=C double bonds are 
about 10 Hz (1-1.5'9") too large. A possible explanation for 
this discrepancy is that the maximum overlap procedure 
as applied here used the same kcc scaling factor for both 

Table V 
Calculated Spin-Spin Coupling Constants J(W-W) 

for Polymers Investigated 

J (13C-13C) 
Maksib, 
Eckert- 
MaksiC, Frei- 

Bond Rand% Bernstein 
Molecule Bond Type (Hz) (Hz) 

Polyethylene 
N Cl-C1 te-te 33.1 

1,4-PoIybutadiene 
C1-C2 te-tr 43.9 u.. 2 2  C2-Cz tr-tr 82.4 

C1-C2 te-tr 44.5 
C2-C3 te-tr 43.8 
C2-C2 tr-tr 84.2 

2-Methyl-1,4-polybutadiene 
Cl-C2 te-tr 44.5 
C1-C3 te-tr 44.0 

c2-c3 tr-tr 83.3 

C1-C2 te-te 34.0 
C2-C3 te-te 32.9 

C1-C2 te-tr 44.9 
C3-Ca te-tr 43.9 
c1-c4 te-te 33.8 

5 C2-Cs te-tr 43.8 
C2-C3 tr-tr 83.3 

C1-C2 te-te 35.1 
cZ-c3 te-te 34.6 
cZ-c4 te-tr 46.0 
C4-C5 tr-tr 81.6 

C1-C2 te-te 34.6 
C2-C3 te-tr 45.1 
C3-Cs te-tr 43.7 
C3-C4 tr-tr 82.4 

2,3-Dimethyl-l,4-polybutadiene 

Polypropylene 

1,4-Polyisoprene 

1,2-Polyisoprene 

3,4-Polyisoprene 

29.7 

39.3 
77.8 

39.8 
39.1 
79.5 

39.8 
39.3 
39.1 
78.7 

30.4 
29.7 

39.7 
39.2 
30.7 
39.1 
78.7 

31.6 
31.1 
40.3 
77 . O  

31.2 
40.3 
39.1 
77.8 

u and T carbon overlaps. On the other hand, the INDO 
 calculation^^^ based on the approach of Pople, McIver, 
and O ~ t l u n d ~ ~  give J(13C-13C) constants which are about 
10-15 Hz too large for both singly and doubly bound car- 
bons. Thus, the maximum overlap hybrids appear as good 
if not better for predicting 13C-13C coupling constants 
than those based on the more elaborate INDO procedure. 
Of course, the maximum overlap method in its present 
form is applicable only to hydrocarbons while the INDO 
procedure has more general applicability and should not 
in any case be judged solely by its performance on such a 
small selection of molecules. 

We believe the foregoing indicates the predictive poten- 
tial of this procedure and justifies our presenting in Table 
IV theoretical J( 13C-13C) values for the polymers consid- 
ered here. The results are similar to those of Table V and, 
in view of the preceding discussion, are expected to be ac- 
curate for C-C single bonds and about 10 Hz too large for 
C=C double bonds. Confirmation of these predictions 
awaits experiment and i t  will be particularly interesting 
to see whether small differences between the coupling 
constants of similar bond types will be detected. 
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ABSTRACT: To determine the effect of polymer-film thickness on thermodynamic properties, capillary columns 
and packed columns were used to measure polymer-solvent interactions. Experimental retention volumes a t  50- 
175" are reported for several solvents with poly(isobutylene), poly(viny1 acetate), and poly(dimethylsi1oxane). The 
capillary-column results are often strongly sensitive to gas flow rate, probably because of the large time required to 
attain equilibrium between solvent and a polymer film whose thickness is in the range 104-105 A; in packed col- 
umns the film thickness is about two orders of magnitude smaller. When capillary-column data are extrapolated to 
zero flow rate, the retention volumes differ from those obtained with packed columns, sometimes by as much as 
20%; this difference, however, decreases to 5% or less a t  higher temperatures. For poly(isobuty1ene) with benzene 
and with cyclohexane, Flory x parameters obtained with capillary columns appear to be in better agreement with 
those obtained from static data than are those measured in packed columns. The results obtained in this work 
suggest that. polymer-solvent interactions for a bulk polymer may be different from those for a thin polymer film 
adsorbed on a granular packing. 

Gas-liquid chromatography (glc) shows much promise as 
a technique for rapid measurement of polymer-solvent in- 
teractions in highly concentrated polymer solutions. Sever- 
al recent articles have discussed application of the meth; 
~ d . ~ - ~  In all previous work, thermodynamic measurements 
for polymers with glc have been made exclusively in packed 
columns, where the podymer is coated onto a solid support. 
These columns are easy to prepare with an accurately 
known amount of polymer and, with a little experience, 
much data can be obtained rapidly. Their primary disad- 
vantage is that  the maximum attainable film thickness is 
only about lo2 or lo3 i\, which is the order of magnitude of 

the length of a polymer molecule. The important question 
therefore arises whether the polymer-solvent interactions 
in such a thin polymer film, adsorbed on a granular solid, 
are the same as those in a bulk polymer. I t  appears likely 
that the morphology, or the degree of order, in a thin film 
of polymer, adsorbed on a solid support, is different from 
those of a bulk polymer. 

To determine the effect of polymer-film thickness on 
polymer-solvent interactions, we report here thermody- 
namic measurements with glc in capillary (open tubular) 
columns. These columns are prepared by coating the poly- 
mer onto the inside wall of a small-bore tube; no granular 


