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in favor of highly branched h u g e  molecules. Thus a de- 
crease in the mean value  of r means that [ of ind iv idua l  
molecules decreases when the degree of cross-linking in- 
creases. This is confirmed by light scattering on the h igh  
molecular weight  fraction of an irradiated sample s h o w n  
i n  F igure  5. For the fraction, Zimm plot curves u p w a r d ,  
which means that < 1 whereas the nonfractionated 
sample has r > 1. 
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ABSTRACT: Rotational isomeric state models were constructed, based on the mcdel for poly(propy1ene) 
with five states per bond, and assuming mutually independent side groups, for poly(1-butene) (P lB) ,  poly- 
(1-pentene) (P lP) ,  poly(4-methyl-1-pentene) (P4MP), and poly[ (S)-4-methyl-l-hexene] (PS4MH). Values 
for the unperturbed dimensions were calculated and found to be in good agreement with experiment for P1B 
and PlP, and poor agreement with experiment for P4MP and PS4MH. T h e  reason for the poor agreement 
for P4MP and PS4MH was found to lie in the mutual interdependence between side groups. A remedy is 
offered by direct numerical integration; this approach, however, is limited by the amount of computational 
effort necessary that increases exponentially with the number of rotational degrees of freedom in the side 
chains. Conformational statistics for PS4MH, the optically active polymer investigated, were analyzed. 

Introduction 
The conformation of poly(  1-alkenes) with articulated 

side chains has been the subject of many investigations. 
Crystal structure analysis of  partially crystalline, isotactic 
samples revealed the helical nature of these chains shortly 
after the first stereoregular Since then very  
detailed crystal structures have been obtained, and poly- 
morphisms have been observed in several cases (see ref 3-9 
and references cited there in) .  Calculations of the intra- 
molecular potential energy of regular  conformations of 
poly(propy1ene) (PP) as a funct ion  of the torsion angles 
were first performed by Natta, Corradini, and Ganis.lo 
Their results were confirmed,” and the method was refined 

0024-9297/85/2218-0403$01.50/0 

and extended to isotactic p o l y m e r s  w i t h  longer side 
chain~.~J~-’* Agreement between experiment and calcu- 
lations was very good. These experiments and the corre- 
sponding  computations indicate a strong inf luence of the 
side chains on the m i n i m u m - e n e r g y  conformation w i t h  
regular  repetition of torsion angles. Unfor tuna te ly ,  these 
calculations are not directly applicable to polymers in melt 
or in ’solution. 

Experimental results on the conformational character- 
is t ics  of isotactic and atactic poly(1-alkenes)  in solution 
are also numerous. Foremost a m o n g  them are values for 
the characteristic ratio of the unperturbed end-to-end 
distance and its temperature t h e y  comprise 
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Table I 
Parameters Used in Energy Calculations 
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bond length. A 
C-C 1.53 
C-H 1.10 

bond angle, deg 
at CH, c-c-C 114.0 

C-C-H 108.5 
H-C-H 108.5 

at  CH c-c-C 112.0 
C-C-H 106.8 

Lennard-Jones 6-12 Potential Enerev Constants 
10-30, C, 

kcal mol-I kcal mol-’ 
Dair A’2 A6 

c, c 398 366 
C, H 57 128 
C, CH, 968 643 
H, H 7.3 47 
H, C H B  148 229 
CH,, CH3 2329 1137 

results for poly(propy1ene) (PP), poly(1-butene) (PlB),  
poly( 1-pentene) (PlP),  poly(4-methyl-1-pentene) (P4MP), 
and poly[ (S)-4-methyl-l-hexene] (PS4MH). The chiral 
side group of the last-mentioned polymer generates net 
optical activity, and optical rotation has been determined 
for atactic as well as isotactic  chain^.^^-^ Theoretical at- 
tempts to account for these results have also been many. 
It  was recognized some time ago that the contributions of 
the side groups to the partition function of the chain 
strongly influences the statistics of the backbone confor- 
mations and that for chiral side groups the populations of 
enantiomeric pairs of main-chain conformations are not 
equa1.27-32 In these early investigations helical conforma- 
tions were primarily considered. A comprehensive treat- 
ment in a full rotational isomeric state (RIS) model was 
introduced by Abe;33-35 an equivalent model was used by 
M a t t i ~ e . ~ ~ , ~ ’  Abe’s results were obtained by using three 
states per bond and statistical weight parameters from 
previous work on poly(ethy1ene) and ”simple” vinyl poly- 
m e r ~ . ~ ~ ~  Calculations agreed with experiment only when 
it was assumed that the so-called “highly isotactic” poly- 
mers contain at  least 2% racemo diads for PP and at least 
7 %  racemo diads for P1B and P l P ,  values we consider 
today unrealistically high. More recently, detailed con- 
sideration of PP revealed that a realistic RIS model for 
this polymer requires five states per bond and that the 
statistical weight parameters are larger than previously 
expected.41 

In the present work we present application of the five- 
state model to P lB,  PlP, P4MP, and PS4MH. To this 
end we investigate first the potential energy of diads as 
a function of the main-chain torsion angles, the side chain 
being adjusted to yield minimum energy. Then Abe’s 
method33 is used in the context of these results. Finally, 
the possible interdependence of the conformations of 
neighboring side groups is considered (such interdepen- 
dences are assumed to be negligible in Abe’s method, which 
considers interactions of first and second order only), and 
conclusions are drawn as to the limitations of simple RIS 
schemes. 

Structural Model 
Calculations were performed on diads and triads (see 

Figure l), bond lengths and bond angles being fixed at  the 
values given in Table I.41*42 Methyl groups in side chains 
are represented as single spheres of van der Waals radius 
2.0 otherwise atoms are considered individually. 

Po I y m er C - R  

PP .‘C - CH3 

P I  P 

P 4 M P  

PS4MH 

x H  

Figure 1. Diads and triads of the polymers considered (all torsion 
angles are set to zero). 

The total conformational potential energy is assumed 
to be the sum of interactions between nonbonded atoms 
(“van der Waals interactions”) and from “intrinsic torsional 
energy”. Nonbonded interactions between atoms separated 
by more than two bonds are calculated with a Lennard- 
Jones 6-12 pair energy function which is truncated at  an 
interatomic distance of 5 A, replaced in the neighborhood 
of the cutoff (i.e., between 4.5 and 5.5 A) by a cubic pol- 
y n ~ m i a l . ~ ~ , ~ ~  This truncation roughly approximates the 
effect of surrounding molecules on the pair interaction 
energy of nonbonded atoms in condensed phase. A 
threefold intrinsic torsional energy function with a barrier 
of 2.8 kcal mol-I is assigned to each C-C bond.38 

For backbone torsion angles the all-trans position in- 
dicated in Figure 1 corresponds to c$] = 0. The sign of the 
torsion angles is chosen to give positive values for g con- 
formations and negative values for g conformations.44 For 
the side chains the conformations for which x, x’, and x” 
are zero are shown in Figure 1. Right-handed rotations 
in the side groups produce positive signs. 

Potential Energy Maps 
Maps of the potential energy of meso and racemo diads 

of P4MP were calculated by using the model described 
above. The conformational energy was computed for given 
values of the main-chain torsion angles + l  and 41+1, the 
side-group torsion angles xk+ f1+ x ~ + ~ ,  and x ’ ~ + ~  being 
adjusted with a quasi-Newton method to give the mini- 
mum possible energy. Contour maps of this energy as a 
function of q5k and 41+1 were produced, based on grids with 
intervals of 10”. To assure that the absolute minimum 
with respect to all x’s was found, the minimization process 
has been carried out with several different sets of starting 
values. The resulting contour maps are shown in Figures 
2 and 3. Lines of equal energy are drawn at  an interval 
of 1 kcal mol-’ relative to the absolute minimum (Ittl 
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-120 0 120 

+I 

Figure 2. Conformational potential energy contour map for a 
meso diad of P4MP. For each main-chain bond angle pair (,$i,,$i+l) 
the side-chain torsion angles were adjusted to give absolute 
minimum energy. Contours are drawn at intervals of 1 kcal mol-' 
relative to  the racemo-lttl minimum (see Figure 3). 

i 
t 

1-120 

1 - 120 0 120 1 
'I 

Figure 3. Conformational potential energy contour map for a 
racemo diad of P4MP. See legend to Figure 2. 

conformation of the racemo diad). Blank areas have en- 
ergies higher than 6 kcal mol-l. 

Both maps thus obtained for P4MP diads show 10 local 
low-energy minima; they are essentially identical with the 
maps for PP,41 the differences being insignificant. We 
conclude therefore that the influence of the side chains in 
their optimum conformation on the main-chain potential 
energy of diads is negligible. From this and inspection of 
models we deduce that the shape of the conformational 
energy maps of poly(1-alkenes) will be identical with those 
for PP as long as the side chain contains a CH2 in the 
a-position and its @-carbon is not quaternary. In any of 
the 10 troughs identifiable in Figures 2 and 3 (each), 
representing the accessible chain conformations of a diad 
of such a polymer, the side groups can always be accom- 
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modated in such a way as not to cause an increase in 
energy. 

The case of PS4MH illustrates the validity of this con- 
clusion. Here the strict symmetry about the line @L = @L+l 

in the meso map is lost because of the chiral center in the 
side chain, but deviations from this symmetry should be 
minimal. Indeed, calculations of these deviations show 
them to be small; the difference between the energies in 
the minima conformations of ltgl and Igtl, for instance, i.e., 
between helical sections of opposite handedness, is ca. 0.2 
kcal mol-'. 

The maps of the racemo and meso diads in Figures 2 and 
3 can almost be superposed by a simple rotation of the 
coordinate system by 90' about @L = i= 60'. This again 
indicates that the structure of the side chain has only a 
small influence on the shape of the maps, which is pri- 
marily determined by the structural segment 

- CHz, ,w- 
,CH-CHz-CH 

-CHz 'CH2- 

present in the meso as well as in the racemo diad. 
In summary, 10 rotational isomers are found at  the same 

backbone torsion angles in all the meso and racemo diads 
of the class of polymers considered here. The structure 
of the side chain can greatly influence their relative pop- 
ulations, however, as will be demonstrated below. 

Statistical Weight Matrices Following Abe's 
Method 

Statistical Weight Matrices. Following Abe33 the 
contributions of the side chain to the conformational 
partition function of the chain are incorporated in the 
interdiad matrix U' only. The intradiad matrices U", and 
U", for all polymers considered here can be identified with 
those for PP4I (Flory's notation is used40) 

W *  7 W *  li (1) 

u t c m = l w *  0 0 0 W *  0 0 

u p p = [ ;  i k :] ( 2 )  

0 q w *  0 rl 

0 0 0 

7 w *  7 W *  0 0 

0 q w *  0 0 
0 0 W *  0 ' T W ' :  7 W * ]  

U " =  V U *  0 0 
W *  0 1 0 [ T W *  T W *  0 0 

where 7 and T are first-order statistical weights describing 
the weight of t and g with respect to g. w* is associated 
with a "four-bond interaction" and is an effective sec- 
ond-order parameter. 

For PP the interdiad matrix U' is41 
1 1 1 1 1  

1 1 1 1 0  

Abe multiplied every element in U', ukl, with a statisticid 

(3) 

where S, is the statistical weight matrix for the j t h  bond 
in the side group which consists of n relevant bonds. The 
rotational isomeric state of the first side-group bond (angle 
x) is named according to the relative position of the fol- 
lowing bond, in reference to the preceding bond of the 

weight factor @ k l ,  attributable to the side chain 
@kl = S [ l ( k l ) S 2  ... Sl...Snj = Sf1(kl)(")  
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Table I1 
SI l (k l )  for all Combinations of Backbone Rotational Isomeric States of Bonds i - 1 and i 

bond i 
l = t  1 = t* 1 = g' l = g  1 = g  

bond i - 1 
k = t  [ T  0 0 w 01 
k = t* [T w 0 w 01 
k = g* [T 1 0  w 01 
k = g  [T 1 0  w 01 
k = g  [7w 1 0  0 01 

[T 0 w 0 w]  
[T w 0 0 w]  
[ T  1 0  0 w ]  

[ T U  1 0  0 01 
[ T  1 0  0 01 

main chain, e.g., bond i + 1 for the second side group in 
a diad (see Figure 1). 

For P1 B the side-chain torsion angle x assumes essen- 
tially three values, O', +130', and -130', corresponding 
to states g+, g-, and t, respectively. Anticipating the ne- 
cessity for five torsional states for the polymers with longer 
side chains, considered below, we introduce five different 
torsion angles 

x = (0, +130', +170', -170', -130') (4) 
corresponding to states g+, g-, g;, t,, and t, in this order, 
according to Abe's c ~ n v e n t i o n . ~ ~  Using the statistical 
weight parameter T for the g+ state (x = 0), and the weight 
w for conformations where the methyl group is juxtaposed 
to CHR ("four-bond interaction"), the statistical weight 
matrices of order 1 X 5 of the side-group bond, for each 
of the 25 combinations of main-chain rotational isomeric 
states of bond i - 1 and i, are given in Table 11. With 

s,, = col (l,l,l,l,l) (5) 

and P k l  = S, , (kl)S, ,  we obtain u' for P1B multiplying every 
element in U'pp (eq 2) with the appropriate Pkl ,  viz. [U'plBlkl 

= [U'PPlklPkl. Thus .[; :] ( 6 )  

u a b b c  

c'  c' d d 0 

with 
a = 7 + 2  

b =  b ' =  1 + 7 + w  

c = c' = 1 + 0 + T U  

d = 2 + ~ u  ( 7 )  
In PIP  the first side-group bond assumes the same ro- 

tational isomeric states as the analogous bond in PlB, and 
the statistical weight matrices from Table I1 apply ac- 
cordingly. The five states of the second bond are assigned 
at 0' (t), +70° (g:), +120° (g+), -120' (g-), and -70' (gi). 
Taking u as first-order statistical weight for the gauche 
states with respect to trans,45 the statistical weight matrix 
for the second side bond is 

1 ul.G 0 0 ( J C L  

s2 = [ 1 1 [ !'" ;I ( 8 )  
1 f i  0 (1 w 

Here Phi = S, , (k l )S ,S , , ,  where Snl comes from eq 5 and 
[ d p l p l k l  = [dpp]&k/.  ulPlp is then given by eq 6 with 

a = 7 + 2w + 2uw + 2u7w 
b = b ' =  1 + u + 7 + w + 2uw + 2 a ~ w  

c = c' = 1 + u + w + 2aw + 7w 

d = 2 + 20 + 200 + TO (9) 

[T 0 0 0 11 
[T W 0 0 11 
[ r  1 0 0 11 
[ r  1 0 0 11 
[ T O  1 0 0 11 

neglecting terms in w2. 
For P4MP the rotational isomeric states of the second 

side-chain torsion angle (x') are located at  values of 10' 
(t), 50' (t*), 70' (g*), 110' (g), and -120' (g), as for a main 
chain of PP. Torsion angles for the first bond in the side 
chain are the same as those in eq 4; the corresponding 
statistical weight matrices are those from Table 11. When 
the statistical weight matrix s2 and the factors P k l  are 
evaluated as above (terms in w 2  again being neglected), 
U'P4MP is given by eq 6 with 

a = 2w + 27w 

b = b' = 1 + 2w + 37w 
c = c' = 1 + 2w + 7w 

d = 2 + 20 + 27w (10) 

No distinction was made between w ,  as it is used for n- 
alkanes,38 and u* (as used in the conformational analysis 
of PP) since their numerical values are very similar. 

For PS4MH the first two side-chain torsion angles, x 
and x', are assigned rotational isomeric states as for P4MP 
above, and the same statistical weight matrices apply. For 
the third bond only three rotational isomeric states need 
be considered, i.e., t (-IO'), g (-llO'), and g (+120'), where 
the torsion angles are measured in a right-handed system, 
but the states are labeled as in PP. S3 is then a 5 X 3 
matrix, and S,, = col ( l , l , l ) .  U'pS4MH is obtained from eq 
6 with 

[T 0 W 0 11 
[ T  w 0 0 11 
[T 1 0  0 I ]  
[ T  1 0  0 11 
[ T U  1 0  0 11 

[TO 0 w 0 11 
[TU w 0 0 11 
[ T U  1 0 0 11 
[ T U  1 0 0 11 
[ T U 2  1 0 0 11 

a = w + 27w + 47w + V T W  + 272w 

b = 1 + 3w + 27w + T + 67w + 77w + 2 r 2 w  

b' = 27 + 2w + 77 + 77w + 2r2w 

c = 1 + 3w + 27w + T + 3TW + 7 r w  

c' = 27 + 2w + 77 + 4 7 W  

d = 1 + 27 + 4w + 7 + 77 + 67w (11) 

terms in w2 and higher powers of w being neglected. 
Characteristic Ratios. For the calculation of the 

characteristic ratio, C, = limn-, ( r2),/n12, standard gen- 
erator matrix methods were used.46 Bond angles were set 
according to Table I and torsion angles as for PP,41 i.e., 
15' (t), 50' (t*), 70' (g*), 105" (g), and -115' (g). The 
statistical weights u, 7, T, and w = w* were taken as38,41 

u = 1.0 exp(-250/T) 

7 = 1.0 exp(-35/T) 

7 = 0.5 exp(-250/T) 

w = w* = 0.9 exp(-900/T) (12) 

with T in kelvins. A t  400 K, for instance, u = 0.53, 9 = 
0.92, 

Calculated characteristic ratios for atactic PP with 
Bernoullian distribution of the diad configuration and (m) 
-i: 0.5 were in good agreement with available experimental 

= 0.27, and w = w* = 0.09. 
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Table I11 
Temperature Coefficients of the Characteristic Ratio, 
limn-- ( r 2 ) o / n 1 2 ,  for Atactic PP, PlB, PlP, PIMP, and 

PSIMH 
i03(d In 

(r’)ddV, K-’ 
polymer calcd exptl (ref) method 
PP -0.9 -1.8 (22) d In [718/dT (306-419 K)  

P1B -0.1 -0.4 (22) d In [q],/dT (295-414 K) 

P1P -0.1 -0.3 (22) d In [?ls/dT (306-421 K) 

-0.1 (17) 

+0.5 (18) (df/dT)p (413-473 K) 

+0.5 (18) (df/dVp (313-413 K)  
P4MP -0.01 
PS4MH -0.2 

values.41 Calculations with the same configurational sta- 
tistics for the other chains considered in this paper yield, 
independent of the structure of the side group, values of 
C, of ca. 4.5 for ( m )  = 0.5; experimental values are 
available for atactic P1B and PlP, and they are ca. 7 and 
8, respectively.22 Since little is known about the distri- 
bution of diad configuration of these stereoirregular sam- 
ples, the differences between experiments and computa- 
tions are probably insignificant (exploratory calculations 
show that C, is sensitive to the distribution of diad con- 
figuration). Regardless of these distributions the calculated 
temperature coefficients d In (r2),,/dT for the atactic 
polymers are always negative. Values are listed in Table 
111. These values roughly match the experimental data 
obtained by viscosity measurements a t  different temper- 
atures. 

Calculated values for the isotactic polymers are shown 
as lines in Figure 4. Experimental results are indicated 
by dots; citations can be found in the legend. For isotactic 
PP and isotactic P l B  agreement of the calculations with 
experiment is good. For isotactic P1P the magnitude of 
the calculated characteristic ratio is in satisfactory 
agreement with experiment; the magnitude of the calcu- 
lated temperature coefficient of C, is larger, however, than 
that found experimentally by Moraglio and G i a n ~ t t i . ~ ~ , ~ ’  
The characteristic ratio of isotactic P4MP has been de- 
termined by two groups: Tani, Hamada, and Nakajima2s 
estimated values for C, that  are about twice as large as 
those of Neuenschwander and  pin^,^^ who held the in- 
sufficient range of molecular masses of the samples used 
by Tani e t  al. responsible for the discrepancy. Our cal- 
culations agree satisfactorily with Neuenschwander and 
Pino’s datum. 

For PS4MH, however, these calculations do not agree 
with experiment. One might suspect that  the statistical 
weights assigned to the third side-chain bond (x”), the only 
structural difference compared to P4MP, are responsible 
for the failure of the calculations to reproduce the ex- 
perimental values. The parameter 7, weighting t vs. g for 
the third bond, might not be appropriate. However, cal- 
culations with 7 set to unity in U’pSIMH (eq 11) yield the 
results represented by the dashed line in Figure 4; the 
change in C, with changing 7 is marginal, indicating that 
the discrepancy between experiments and calculations do 
not originate in subtleties of the treatment of the last bond, 
but must have other reasons. 

The failure of the simple five-state scheme to account 
for the conformational statistics of PS4MH led us to expect 
that side groups of this size cannot be treated independ- 
ently of one another (in the method used here it is assumed 
that the contribution of a side group to the conformational 
partition function of the chain is independent of neigh- 
boring side groups). Obviously, neighboring long flexible 
side chains will mutually exclude some of their accessible 

-1 __ ~ 2 2  \---- 

4 
L 

P 
e 4 

4 4  

2 ‘  1 
300 350 400 450 500 

T, K 

Figure 4. Characteristic ratios, limn-- (?),/nP, for isotactic PP, 
PlB, PlP, P4MP, and PS4MH, calculated with the simple 
five-state scheme (Abe’s method); see text for details. Points 
represent experimental data and are taken from (a, c, g) ref 19, 
(b, e, j-m, 0-r) ref 22 and references cited therein, (d) ref 15, (f) 
ref 20, (h) ref 21, (i) ref 16, (n) ref 18, (s, t, v) ref 23, (u, w-y) ref 
24. 

space; in the above calculations which consider only first- 
and second-order interactions, however, they were effec- 
tively allowed to overlap. PS4MP might be a polymer 
where such overlaps occur to different extent in confor- 
mations of otherwise low energy and therefore need be 
accounted for. 

Statistical Weight Matrices by Direct Integration; 
Method and Application to P4MP and PSIMH 

Method. The above-mentioned failure of the simple 
five-state scheme to yield correct values for the charac- 
teristic ratio, C,, of isotactic PS4MH led us to proceed to 
a method for the evaluation of conformational averages 
that takes proper account of interdependences between 
side-group conformations. This method rests on the com- 
putation of statistical weight matrices by direct integration. 

First, a conformational isomeric state is assigned to each 
trough of low potential energy in the diad contour maps 
in Figures 2 and 3. Partial partition functions, z k ,  average 
energies, ( E)k,  and average torsion angle values, ($])k,  of 
the kth state are given by 

where 4 = [+i,4i+ll, x = [xi-i,xi+i,x’i-i,x’i+i,...l, and the 
integration range for main-chain torsion angles, (&, is the 
area of the corresponding trough, while the range of the 
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Table IV 
Results of Direct Integration for PSIMH Diads 

Macromolecules, Vol. 18, No. 3, 1985 

2 ( E ) ,  kcal mol" (&),  ( A + ~ ) ,  deg 
300 K 400 K 500 K 300 K 400 K 500 K 300 K 400 K 500 K 

1.95 2.15 2.16 0.33 
1.82 1.80 1.75 -0.01 
0.10 0.21 0.32 1.86 
0.11 0.23 0.34 1.80 
0.06 0.13 0.18 1.80 
0.05 0.11 0.16 1.82 
0.02 0.05 0.07 1.88 
0.02 0.04 0.07 2.14 
0.02 0.06 0.10 2.30 
0.03 0.06 0.11 2.35 

1 1 1 0 
1.50 2.06 2.35 0.83 
0.05 0.12 0.19 2.23 
0.04 0.11 0.18 2.21 
0.02 0.06 0.10 2.52 
0.01 0.03 0.05 2.62 

side-chain torsion angles, {x}, covers the entire range from 
0" to 360" for each angle. The partial partition functions 
zk can be used as elements of new statistical weight ma- 
trices U", and U",, which contain now the contribution 
of mutual interactions of neighboring side groups. The 
differences in conformation space available to a side group 
in different conformations of the adjoining main-chain 
bonds are not properly taken into account in the elements 
of these U"s, however, since the side groups (being located 
at the ends of the diads used for 13-15) enjoy too large a 
conformational freedom, independent of the diad confor- 
mation. The influence of the proximate main-chain con- 
formations must be incorporated into the interdiad matrix 
U'. 

For the estimation of the elements of U' a triad is used. 
The main-chain torsion angles of the triad of the chosen 
stereostructure are assigned values of conformational 
isomeric states, obtained above with eq 15. The first and 
third side groups in the triad are assigned conformations 
found to give minimum energy in the diad computations 
above (in our applications these conformations always 
turned out to be such that the first and third side groups 
were "folded away" from the central, second side group). 
The entire triad is then kept rigidly in this conformation, 
except for the central side group; the central side group 
is rotated around all torsion angles in order to span all of 
its conformation space. The potential energy of the triad, 
averaged over all conformations of the central side group 
in a given main-chain conformation, is then obtained by 

where xi-1 = [xi-l,x'i-l,...]. From this average energy the 
averaged energies of the two diad conformations com- 
prising the triad (calculated by eq 14) are subtracted, and 
the resulting "net energy" is used for the corresponding 
statistical weight in the matrix U'. 

A natural consequence of this procedure is the depen- 
dence of the interdiad matrix U' on diastereomerism in 
the main chain: we anticipate three distinct matrices, 
U',,, U',,, and U'rr (and a fourth, U'rm # U',, for poly- 
mers with chiral side groups) that have to be evaluated. 

The practical limitation of the method outlined above 
lies in the rapidly increasing number of conformations 
necessary for the evaluation of the integrals in eq 13 -15 
as the length of the side group, and with it the number of 

0.12 -0.08 113, 11 111, 13 
-0.08 -0.14 11,112 14, 111 
1.71 1.57 114, 73 113, 73 
1.62 1.47 73, 113 72, 113 
1.53 1.31 5 3 , l l  53, 11 
1.59 1.41 11,53 12,54 
1.79 1.72 77, -110 77, -111 
2.02 1.92 -111, 76 -111, 76 
2.04 1.82 52, -120 51, -120 
2.09 1.84 -120, 52 -120, 52 

110, 14 
15, 110 

113, 73 
72,112 
53, 1 2  
12. 5 4  

# 1 ,  -111 
-111,76 

51, -120 
-120, 51 

-- 

0 0 10,lO 13, 13 15, 15 

1.99 1.76 51, 115 51, 115 51, 115 
2.00 1.79 12,73 13, 72 14, 72 

0.63 0.42 110,110 110,110 110.110 

2.29 2.07 -120, 75 -120, 75 -121, 75 
2.42 2.23 -110, 51 -110, 51 -110, 51 

side-group torsion angles, increases. If integration is 
performed on an equidistant mesh, for instance, the num- 
ber of conformations of which a calculation of the potential 
energy is necessary for the evaluation of U", is roughly 
0 . 1 5 ( 3 6 0 " / A ~ ) ~ ~ + ~ ,  where m is the number of relevant 
torsion angles in a side group, A x  is the spacing in the 
mesh, and the factor 0.15 designates the fraction of area 
of low energy in the maps in Figures 2 and 3. If A x  is 
chosen as lo", for instance, chains with two relevant 
side-group torsion angles (e.g., PlP, P4MP) require the 
inspection of more than 3 X lo8 individual conformations. 
For PS4MH, with three side-group torsion angles, that 
number increases to more than 4 X loll; even the fastest 
of today's computers would be too slow by several orders 
of magnitude for such an undertaking. However, it is 
possible to reduce the number of conformations required 
significantly by using larger values for Ax, and by omitting 
a priori from consideration those ranges in x which gives 
rise to excessively high energies and which therefore do 
not contribute significantly to the integrals in eq 13-15; 
in this fashion one can still obtain approximations for the 
statistical weight matrices for PS4MH, as we demonstrate 
here. 

Application to Isotactic P4MP and Isotactic 
PS4MH. Application of the method of direct integration 
to P4MP and PS4MH required a series of exploratory 
calculations; grids of various mesh sizes and with different 
spacings were used in the integrations in eq 13-15, and the 
following argument values for torsion angles were chosen: 
4,, dr+l ,  grid of mesh size 10" in all areas of diad energy 
less than 6 kcal mol-'; x ~ + ~ ,  -140°, -120°, -loo", loo", 
x " [ - ~ ,  x " [ + ~ ,  -120°, O",  120" (PS4MH only). 

Even though this afforded only a very coarse sampling 
of conformation space, it still required the evaluation of 
more than 3 X lo6 single diad conformations for both 
polymers considered. The trapezoidal rule was chosen for 
all integrations. 

Results of the diad computations for PS4MH are shown 
in Table IV. The entries for the partial partition functions 
a t  temperatures of 300, 400, and 500 K are identified at 
these temperatures with the matrix elements in U", and 
U", (10 nonzero elements each, compare also eq 1). The 
values for the average torsion angles, listed in the three 
final columns of Table IV, lead to the adoption of rota- 
tional isomeric states a t  $ = 15" (t), 50" (t*), 75" (g*), 110" 
(g), and -115" (E), in very close agreement with the values 
found for PP (see above and ref 41). 

120°, 140"; ~ ' ~ - 1 ,  ~ ' ~ + l ,  -140°, -120°, -looo, -20°, O o ,  20'; 
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Table V 
Intradiad Statistical Weight Matrices U’” for PS41lH, Obtained by Direct Integration 

0 
0.001 
0 
0.017 
0 
0.002 
0 
0.005 
0 i 0.001 

0 
0.004 
0 
0.025 
0.003 
0.006 
0 
0.018 
0 
0.004 

0 
0.012 
0 
0.033 
0.008 
0.013 
0 
0 .039  
0 I 0.010 

(I SeeJext for details. 
I?t*I, / gg* l .  

0 
0.01 0 
0 
0.058 
0.006 
0.002 
0.001 
0 .046  
0 
0.01 0 

0 
0.051 
0 
0.124 
0.030 
0.01 0 
0.005 
0.146 
0 
0.037 

0 
0.127 
0 
0.191 
0.077 
0.026 
0.016 
0 .272  
0 
0 .082  

0 0 
0.102 0 
0 0 
0.001 0.001 
0.001 0 
0.024 0.014 
0 0 
0.035 0 
0 0 
0.006 0 

0 0 
0.186 0.002 
0 0 
0.004 0.003 
0.003 0.002 
0.046 0.031 
0 0 
0.070 0 
0 0 
0.015 0 

0 0 
0.272 0.006 
0 0 
0.009 0.008 
0.009 0.008 
0.068 0.050 
0 0 
0.108 0 
0 0 
0 .026  0 

At T =  300 K 
0.210 0.051 
0 0 

0 0 
0 0 
1.0 0.298 
0.146 0.047 
0 0 
0 0 
0 0 

0.010 0,002 

At  T =  400 K 
0.255 0.085 
0 0 
0.027 0.007 
0 0 
0 0 
1.0 0.401 
0.252 0.103 
0 0 
0 0 
0 0 

A t T =  5 0 0 K  
0.290 0.113 
0 0 
0.050 0.015 
0 0 
0 0 
1.0 6.471 
0.346 0.160 
0 0 
0 0 
0 0 

0.562 
0 
0.001 
0.271 
0 
0.077 
0.024 
0 
0.031 
0 

0.553 
0 
0 .006  
0.355 
0 
0.151 
0.067 
0 
0 .061  
0 

0.542 
0 
0.014 
0.419 
0 
0 .220  
0.119 
0 
0 .088  
0 

0.003 
0 
0.001 
0 
0 
0 
0.015 
0 
0.001 
0 

0.011 
0 
0.005 
0 
0 
0 
0.051 
0 
0.004 
0 

0.026 
0 
0.013 
0 
0 
0 
0.102 
0 
0.010 
0 

0.003 
0.191 
0.028 
0 
0 
0 
0.119 
0 
0.001 
0 

0 .009  
0.375 
0.040 
0 
0 
0 
0.177 
0 
0.003 
0 

0.018 
0.537 
0.049 
0 
0 
0 
0.218 
0 
0.006 
0 

0.207 
0.035 
0.002 

0.011 
0.389 
0.041 
0 .120  

0.253 
0.109 
0.007 

0 
0 .031  
0.573 
0.073 
0.207 

0.281 
0.208 
0.016 

0 
0.057 
0.717 
0.098 
0 .285  

Rows and columnsare indexed in the order: /tt*l, l tgl ,  It*t/, It*sI, / g * g / ,  Ig*g1, lg t l ,  /gg* l ,  

The elements of the isotactic interdiad statistical weight 
matrix, U’, were then estimated following the procedure 
described above. Integration over all degrees of freedom 
of the central side group in an otherwise rigid triad con- 
former (eq 16 and 17) were performed on regular meshes 
with uniform spacing of 20’. These calculations showed 
that the “net energy”, obtained by subtracting the corre- 
sponding two average diad energies (from Table IV, for 
PS4MH) from the average triad energy, is strongly de- 
pendent not only on the conformation of the bonds im- 
mediately adjoining the central side group (i.e., bonds i - 
1 and i, see Figure 1) but also on the conformation of the 
bonds next to them (i.e., bonds i - 2 and i + 1, see Figure 
1). Consequently, a conformational isomeric state scheme 
with diad conformations, leading to 10 x 10 statistical 
weight matrices, was adopted. The resulting matrix U’- 
for an isotactic triad of PS4MH, computed for tempera- 
tures of 300,400, and 500 K, is displayed in Table V, states 
are indexed in the order Itt*(, (tg(, It*t(, It*gl, Ig*gl, Ig*gl, 
(gtl, Igg*(, I@*[, (gg*I. The chirality of the side group makes 
conformations, which are usually of identical weight, 
unequal. The strongest discrepancy seems to appear be- 
tween meso-ltgl and meso-lgtl, i.e., the “helical” diad con- 
formations; still, the ratio between statistical weights is 
smaller than expected from the simple scheme (eq 6 and 
11) (only 1.07 a t  300 K, and 1.23 at 500 K). To make the 
intradiad matrices (U”, and U”,) compatible with this 
scheme they are written as diagonal 10 X 10 matrices, the 
diagonal elements being taken from the correspondingly 
labeled entry in Table IV. 

The interdiad matrices for triads of other than isotactic 
configuration (U”,*, U”,, and U”, for PS4MH) were not 
calculated, since the experimental data available pertains 

24 ,  1 “.q 2 0  

4l 2 

300 350 4 0 0  45c  5 0 0  

T. K 

Figure 5. Characteristic ratios, limn-- (r2)o/n12, for isotactic 
P4MP and PS4MH, calculated with the direct integration scheme: 
solid lines. Experimental points are taken from Figure 4. The 
dashed lines represent the calculations with the simple five-state 
scheme, taken from Figure 4. 

almost exclusively to isotactic chains. 
Similar results have been obtained for P4MP. Here, the 

symmetry of the side group requires “symmetry” in the 
weights of rotational isomeric states; e.g., in U”, the sta- 
tistical weights for ltgl and lgtl must be identical, and this 
fact was used to monitor the accuracy of the computations. 
Results for P4MP are not displayed. 

Characteristic Ratios. The characteristic ratios, C,, 
were calculated by using the standard generator matrix 
technique, with the 10 X 10 matrices obtained for isotactic 
P4MP and isotactic PS4MH, as described above and with 
the bond angles set to the values in Table I. Torsion angles 
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rence of diads in these conformations; but the nonhelical 
conformations seem to most often occur in isolated diads. 
These values indicate that, even though helical confor- 
mations comprise 77-8470 of all diad conformations, a 
system in which left-handed and right-handed segments 
alternate is not in agreement with the values computed. 
We therefore calcdated the probabilities of transition from 
a helical segment of given handedness to another helical 
segment (regardless of the length of the nonhelical section 
between them). These values are also listed in Table VI. 
It is astonishing to realize that a t  lower temperatures the 
end of a left-handed helical section will most probably lead 
again to a left-handed helix, while this tendency is strongly 
diminished, and even reversed, as temperature increases. 
From right-handed sections, however, one usually will go 
to a left-handed section. 

Conclusions 
Comparison between calculation and experiment for the 

characteristic ratio of isotactic poly(a-olefins), shown in 
Figure 4, led us to conclude that Abe’s method of taking 
account of the influence of articulated side chains on the 
statistical weights of main-chain rotational isomeric states 
is accurate and useful for short side chains. Experimental 
results for PP and P1B are very well reproduced without 
the benefit of adjustable parameters. Chains with three 
consecutive carbon atoms in the side chain (P1P and 
P4MP) are marginal cases; calculations give acceptable 
results. For longer chains, i.e., PS4MH, this method fails, 
however. I t  is our contention that this failure is due to 
an increased frequency of overlaps between neighboring 
side chains, which is ignored in models disregarding third 
and higher order interactions. In reality the side chains 
mutually exclude each other from otherwise accessible 
space. Of course, the longer the side chain, the more 
relevant this space exclusion must become. We therefore 
predict that  the simple rotational isomeric state scheme 
will generally fail for vinyl polymers with long side chains 
of comparable “flexibility”. 

The method of direct integration, introduced above for 
the numerical evaluation of the statistical weights of chains 
with longer side groups, accounts properly for the inter- 
dependences between adjacent side groups. Its application 
to P4MP and PS4MH gives excellent agreement between 
experiment and calculation (see Figure 5 )  and substanti- 
ates our contention of “mutual overlap”. The method is 
limited by the amount of computational work required. 
The amount of numerical effort increases exponentially 
with the number of rotational degrees of freedom in the 
side group. Even for PS4MH the amount of work is so 
high that only relatively approximate computations were 
feasible (giving, however, quite satisfactory results). For 
vinyl polymers with flexible side chains that are substan- 
tially longer than those of PS4MH the evaluation of the 
conformational characteristics is therefore still an unsolved 
problem. 
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ABSTRACT The  effect of alkyl group size on the cooperativity of the conformational transition of hydrolyzed 
copolymers of maleic anhydride and alkyl vinyl ethers, observed by potentiometric titration, has been studied. 
An improved method for estimating the cooperative unit size yielded values of 19 and 13 for the butyl and 
pentyl copolymers, respectively, in 0.2 M LiCl. Two other, more qualitative, treatments of the data confirmed 
this inverse relationship between the cooperativity and the alkyl group size. The  apparent contrast with the 
direct relationship between micelle and hydrocarbon size usually found for ordinary amphiphiles is attributed 
to  differences in the ionization ranges in which the transitions of the copolymers occur. 

Introduction 
The hydrolyzed 1-1 copolymer of maleic anhydride and 

butyl vinyl ether undergoes a conformational transition 
upon ionization.’ We have recently shown that this 
transition can be described in terms of a cooperative 
breakup of uniformly sized small micelles formed from 
adjacent chain elements and have developed a method for 
estimating the size of these micelles from potentiometric 
titration data for the case where the micelles are much 
smaller than the polymer.2 

During the study to be reported in this paper we were 
surprised to find that the micelle size characterizing the 
conformational transition of the corresponding pentyl 
copolymer was smaller than that of the butyl copolymer. 
In the course of our investigation we developed an im- 
proved method for estimating micelle sizes. We shall begin 
with a brief description of this refined method. 

Modified Method for Evaluating Cooperative Unit 
Size 

For a large polymer chain in which noninteracting mi- 
celles (each containing n adjacent repeat units) and ran- 
dom coil portions of any size alternate, the negative 
standard molar free energy of forming a micelle from n 
adjacent residues obeys the equation2 

(1) 
1 - 0  n0 

- n In A G O m i c  

RT 
-- - In 

no + (1 - 0) no + (1 - e) 
The quantity 0 is the fraction of residues in  the random 
coil form, obtained from the  relation'^^ 

(2) 

where a,  a,,,, and cy, are the degrees of deprotonation of the 
actual polyacid and its hypothetical micellar and random 

o = ( a  - a,) / (a ,  - am) 
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