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by taking into account the motion of the surrounding 
chains. The experimental data give Jeo a &I-z for the 
concentration dependence of the limiting compliance: that 
means that the average spacing between entanglements 
Ne varies as &I-1, in agreement with the reptation model 
with or without tube renewal effects. Our model explains 
reasonably the variations of the terminal relaxation time, 
its value being clearly influenced by tube renewal when 
the entanglement density is weak, i.e., &IM/Me lower than 
about 30-50. In the same range of concentrations, our 
model predicts correctly the empirical law for zero-shear 
viscosity: q o / t 0  0: #J3.4-3.6. But for strongly entangled so- 
lutions (#JM/M, > 60-50), the reptation is dominant and 
data of the literature show that, in this case a 4' and 
q o / t o  a: &I3. Within the same range, the molecular weight 
dependence remains to/ to a lM3.4-3.6, confirming that tube 
renewal is not an explanation for the discrepancy between 
experiment and theory as far as the molecular weight 
dependence is concerned. 
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ABSTRACT Lightscattering results from dissolved poly(diacety1ene) chains (Wenz, G.; Miller, M. A.; Schmidt, 
M.; Wegner, G. Macromolecules 1984,17,837) may be quite satisfactorily interpreted on the basis of a single 
rotational isomer undergoing twisting and bending fluctuations, their amplitude being directly derived from 
IR force constants. The usual rotation-matrix algorithm is adopted. Randomly introducing a 'Ie fraction 
of h90° rotations around the triple bonds of the structure -(CR=CR-C=C-)N to account for the specifically 
observed conjugation length, the mean-square chain size shrinks by less than 7% (the persistence length decreases 
from 190 to 177 A); inaccuracy in the force constant adopted for twisting around the C=C bond and perhaps 
excluded-volume effects may account for the difference. It is shown that both models are very well represented 
by an ideal wormlike chain with the proper persistence length. No significant amount of either the cis 
conformation of the double bonds or the cumulene structure =(CR-CR=C=C=)N is compatible with 
observation, in that  they would cause a drastic reduction of the chain size. 

Introduction Table I 
As first shown by Wegner in 1960,' poly(diacety1enes) 

(PDA) may be synthesized as macroscopic single crystals 

that the structure is close to a regular sequence of double 

Two Examples of Soluble Poly(diacety1enes) of General 
S t ruc ture  

by solid-state polymeri~ation.~-' X-ray analysis indicates R 

and triple bonds separated by single bonds, as shown in 
Figure la.8v9 Although additional evidence from spec- 
troscoDic investigations confirms this structure to be the 
most (mportant,>t suggests that the resonance structure 
reported in Figure l b  may also play some role, thus sta- 
bilizing chain planarity.1° More recently, it has been 
shown'l (henceforth quoted as paper 1) that suitably 
substituted PDA's may be dissolved in appropriate sol- 
vents, thus opening the way to a vast field of physico- 
chemical studies. In particular, in paper 1 extensive in- 
vestigations were reported on PTS-12 and PBBCMU (see 
Table I) dissolved in CHC13, CH2C12, and dimethylform- 

- 'R 

R 
PTS-12 (CHZ)~OSO&H~CH~ 
P3BCMU (CH2)30CONHCH&02-n-ClHg 

amide. Amid a series of interesting results, it was shown 
that both polymers (i) display features analogous to those 
of the wormlike (Porod-Kratky) chain model, the per- 
sistence length lpers being in the range 150-200 A for 
PTS-12, and (ii) may be described as consisting of seg- 
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Figure 1. Two possible resonance forms of PDA. 

Figure 2. Fully conjugated PDA chain may behave like a ribbon 
slowly twisting and bending (“ribbon wormlike chain”, also de- 
noted as model l in the text). 

3.92 A 
Figure 3. Scheme showing a cisoid conformation across the 
C-CS-C sequence. The indicated distance refers to the first 
C atoms of the side groups that are bonded to the chain (Cd; the 
same parameters as in Figure 4 are used, with (C=C--Cd = 120° 

ments of effective conjugation length approximately 
spanning 5-7 monomeric units, in contrast with the 
crystal-state results where this length is substantially 
larger. 

The paucity of theoretical results pertaining to dissolved 
polymer chains where the skeletal rotations are hindered 
by conjugation effects prompted us to undertake the 
present conformational and statistical investigation. Our 
analysis, aimed at  proposing an interpretation for the 
above reported facts, is based on models wherein most of 
the molecular flexibility derives from small, elastic de- 
formations of bond angles and rotation angles. 

Two Conformational Models 
According to current views, full a-conjugation extending 

throughout the chain would only be compatible with an 
essentially planar chain conformation, which continuously 
bends and twists as shown in Figure 2. Actually, in ad- 
dition to the transoid conformation across the C-C= 
C-C sequence, as represented in the figure, the cisoid 
arrangement might also preserve ?r-conjugation. In the 
latter case side groups belonging to neighboring units (R, 
and R4 in Figure 3) come sufficiently close to one another 
as to experience an appreciable reduction in their con- 
formational degrees of freedom, with a consequent decrease 
of the statistical probability. For this reason, unless oth- 
erwise stated, we will direct our considerations to the more 
probable transoid conformation; the cisoid hypothesis will 
be considered under a separate section, and it will be 
shown that the overall chain size is only marginally affected 
by the presence of the cisoid conformations. In either case, 

1 

and d(C-CR) = 1.50 A. 

1.22 

k I. I 
4.72 4.12 

Figure 4. (Above) PDA chain is represented as a sequence of 
a real C=C bond (A,) and of a virtual bond C-CM-C (A2). 
(Below) If no twisting or bending fluctuations are permitted, 
skeletal rotations localized within the virtual bonds cannot de- 
crease the end-to-end chain length below the limit of 4.72 8, per 
monomeric unit. (Distances in A.) 

the resulting model is a sort of wormlike chain with dif- 
ferent bending rigidities in and off its local plane, for which 
the term “ribbon wormlike chain” may be appropriate. 
Although at first this appears to be incompatible with the 
limited conjugation length derived from the optical ab- 
sorption spectra,” it is not unreasonable to expect that 
future theoretical interpretations may show that some loss 
of conjugation is entailed by a continuous deformation of 
the ideal chain geometry. Accordingly, in the following 
we shall regard the ribbon wormlike chain as a possibly 
acceptable model (model 1). However, we shall also con- 
sider an alternative model (model 2) wherein the loss of 
conjugation is produced by suitably chosen rotations 
around chain bonds according to traditional views. More 
precisely, assuming as a first approximation that the 
electronic structure is fully described by Figure la, internal 
rotations around either the single or the triple bonds are 
permitted, to the extent that they consist of cylindrically 
symmetrical localized bonding orbitals. It is apparent that 
such rotations would interrupt the electronic conjugation 
along the chain backbone, since, e.g., they would be in- 
compatible with the resonance structure of Figure lb. 
However, it is important to point out that they would not 
reduce substantially the chain mean-square end-to-end 
distance. This may be seen from Figure 4, where the 
crystalline chain conformation is represented as an un- 
symmetrical zigzag planar sequence of a C=C double bond 
and of a virtual bond spanning the four atoms (C-Cr 
C-C); when any flexibility of other chain parameters is 
neglected, it is easy to check that any set of skeletal ro- 
tations exclusively localized on the virtual bonds A, cannot 
reduce the overall chain length below (4.72“) A, with an 
upper limit of (4.87“) A for full extension, N being the 
number of monomeric units. (A similar conclusion was 
reached by Yoon and Briickner after a conformational 
analysis of n-alkane sequences adjoining rigid blocks in 
liquid-crystalline block copolymers.)12 

In conclusion, we shall concentrate on two limiting 
conformational models: 

Model 1. Only twisting and bending fluctuations from 
the planar, transoid chain structure will be considered, 
their amplitude being determined from the available vi- 
brational spectroscopy evidence.13-15 

Model 2. Equiprobable rotations of * g o 0 ,  concentrated 
on the triple bonds with an overall probability will also 
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rotations around the approximately collinear C=C bonds. 

Evaluation of the Mean-Square Chain Size in 
Solution 

We have now enough data to evaluate the average ma- 
trices performing the rotation of the Cartesian frame as- 
sociated with one chain bond to bring it parallel with that 
associated with the following bond. Let us start from the 
general expres~ion'~ 

(2)  

Ti = sin 6 i  cos pi -cos ~i cos pi -sin pi ( i  = 1-4) 

where the meaning of the rotation and bond angles, cpi and 
e;, respectively, is shown in Figure 5 (pi = 0' for a cis 
conformation). In order to perform the average of Ti, let 
us first remark that the four average rotation angles ( p i )  
may be all set equal to 180°, while (e,) = (e,) = 120' are 
the only average bond angles differing from 180'. Using 
the harmonic approximation, neglecting fourth- and 
higher-order averages and remembering that ( AcpiABi) = 
0, we have from the above 

O I  

-cos e i -sin [ sin ei sin 9i -cos ei sin pi COS pi 

(f(qi)g(qj)) (f(qi)) (dq j ) )  

(i # j ,  f and g stand for cos or sin) 

(cos q )  cos (q) ( l  - 1/2(A2q)) (3) 

(sin q )  N sin ( q ) ( l  - Y2(A2q)) 

(q stands for either cpi or ei) 
(A2%) = 0 

From eq 2 and 3 and Table I1 we have the following 
average rotation matrices (see also Figure 5): 

-0.9880 0 
[o 0 -0.9959 O I  

0.9920 0 
(T,)= 0 

(Tz)l = (T,(p, = n))= 

Table I1 
Force Constants and Mean-Square Amplitudes of 

Intramolecular Coordinates q" 

(A%) = 
kBT/Kq, 

( q ) ,  deg Kqr mdmA rad2 
$0 (>C=c<) 180 0.5113 8.11 x 10-3 
9 (C-C) 180 0.5113 8.11 x 10-3 
0 (C=C-C) 120 0.5914 7.02 x 10-3 
0 (CGC-C) 180 0.2615 15.94 X 

a T = 300 K; cp and 0 respectively are rotation and bond angles. 
See Figure 4 and eq 1. *Assumed to be equal to the twisting force 
constant of the double bond of 1,3-butadiene, as determined in ref 
13. 

be permitted, thus accounting for the average observed 
conjugation length of 5-7 monomer units.'l 

In-plane bending fluctuations will be allowed to the four 
skeletal bond angles of each monomer unit, while twisting 
oscillations will be limited to the single and double bonds 
(see Figure la), and bond-length fluctuations will be dis- 
regarded. In view of the small amplitude of all the allowed 
fluctuations and of the absence of close intramolecular 
contacts between the chain backbone and the side-group 
atoms directly bonded to the chain, we shall neglect any 
correlation either between rotations or between bond an- 
gles; in addition, in our calculations we shall neglect 
long-distance interactions (unperturbed chain). Con- 
cerning the average correlation between the rotation angle 
around any skeletal bond and the valence angles adjacent 
to it, symmetry reasons make it vanishing. In fact, if Acp 
is the rotational fluctuation from the average planar con- 
formation and AB is the bond-angle fluctuation, ( AcpAB) 
= 0 because, given Ae, +Acp and -Acp are equally probable 
in view of the inherent planar symmetry of the chain. 
Accordingly, we are left with the problem of evaluating 
(A2cpi) and (AZOj), which we have solved through the 
knowledge of the associated force constants and the po- 
tential energy equipartition principle within the classical 
harmonic approximation. We obtain 

where k B  and Tare the Boltzmann constant and the ab- 
solute temperature, while Kq and Aq are the force constant 
and the displacement of the coordinate q from its average, 
respectively. Table I1 shows values of K,, deiived from 
best fitting of infrared data, where q corresponds to the 
torsion angles cp around the C=C and (C=)C-C(=C) 
bonds, both regarded as equivalent to the double bonds 
of 1,3 butadiene,', and also to LC=C--C'~ and LCEC- 
C.15J6 The associated ( Azq)'s at room temperature are also 
reported. Although to our knowledge no energy parame- 
ters for internal rotation around either (=)C-C or C 4  
bonds have been reported in the literature, for the former 
case we shall approximately adopt the same ( A2cp) as for 
the double bonds, while no rotational flexibility around 
the triple bonds will be assumed apart from the previously 
discussed rotations of f90' for model 2. In the absence 
of these rotations, the four atoms C-C=C-C are as- 
sumed to lie in the conjugation plane, from which the 
neighboring C=C bonds may slightly depart because of 
rotational fluctuations around C-C; this simplifying as- 
sumption may be justified in terms of conjugation max- 
imization. It should be noted that any inaccuracy con- 
cerning the estimated ( A2cp) for the rotations either around 
C-C or C=C reflects very little in the calculated results 
of the average chain size, both because they are only 
localized on the long virtual bonds (see Figure 4) and be- 
cause they may be coupled with the much larger &90° 

-0.8267 0 
-0.8333 

[ o  0 -0.9959 1 = (T,) (4) 

In the above, (Tz)l and (T2)2 are the rotation matrices 
around 12k (see Figure 5 )  with and without the f90' ro- 
tations, respectively, Le., respectively suited for models 1 
and 2. Accordingly, we shall define as follows the matrices 
for the overall rotation associated with one monomer unit 
in the two cases: 

(4') 

Let us note that the two models imply very small de- 
formations of the chain geometry within any given mo- 
nomer unit. Accordingly, it will be convenient to adopt 

= 1 O I  

0.4982 -0.8630 0 
(T,)= -0.8595 -0.4962 0 

7 1  = (Tl) (TZ)l (T3) (T4) 
7 2  = (Tl)(TZ)Z(T3)(T4) 
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( r2 )oN = N12C, (9) 

( r 2 ) o N  = 2LlperB 

lpers = lCJ2 (10) 
where L = N1 is the chain contour length. Equation 9 gives 

Temperature Coefficient of the Mean-Square 
Chain Length 

From eq 7, it is not difficult to see that the temperature 
dependence of C, is mainly embodied in the factor (E - 
T ) - ~ .  From eq 3-6 and either model the structure of the 
matrix T is of the type 

I - E l I  € 1 2  

0 -  E Z 2  0 t a , b  < 1) (11) 
O I  b - E 3 3  [o 0 

r =  E Z 1  

where tij are linear combinations of the mean-square 
fluctuations ( A 2 q )  and ( A20j) and a and b are tempera- 
ture-independent constants on the order of unity although 
smaller than unity. In view of eq 1 we may write 

(12) 

where cij is temperature independent; the inequality is 
easily justified considering the figures reported in eq 4. 
Neglecting tij in comparison with (1 - a ) ,  (1 - b ) ,  and 
products thereof, we get from the above 

ti, = cij T << 1; (T = 300 K) 

( E - T ) - ' = F ~ ; '  i:' i ]  (13) 

'4 33 

Here, Aij are constants on the order of unity, therefore 
much smaller than From eq 7 it is now possible to 
see that C, is given by a sum wherein the dominating term 
is utll-l, and in view of eq 12 we get 

C, N constant/T (14) 
Accordingly, the current expression of the temperature 
coefficient of C, gives 
d In C,/dt = -1/T (-3.33 X at T = 300 K) 

(15) 
which agrees within three significant digits with the figure 
obtained by our numerical results of C, from eq 7 around 
T = 300 K, for both models 1 and 2. 

It may be interesting to point out that eq 14 and 15 are 
in full agreement with the conclusions derived from the 
ideal wormlike model, within the assumption that the 
squared curuature of the chain is proportional to its local 
intramolecular e n e r g ~ . ~ ~ , ~ O  (It should be pointed out, 
though, that in the original definition of the Porod-Kratky 
model the intramolecular degrees of freedom are assumed 
to have all the same (zero) internal energy,21,22 so that C, 
should be temperature independent.) 

In the absence of suitable experimental data, eq 15 must 
be regarded as a prediction; obviously enough, it is hoped 
that adequate testing may be provided in the near future. 
Results and Comparison with Experiment 

Using eq 7 and 10, with the definitions and numerical 
data given in eq 4, 4', and 6, we get 

model 1: C, = 78.1; lpers = 190.2 8, 

model 2: C, = 72.8; lper. = 177.3 8, 

Both results are in fair agreement with the value ( -  150 
A) reported in paper 1 from viscosimetric measurements 
on several polydegraded samples of PTS-12 (see Figure 17 
of paper 1 and Table I11 of this paper). However, we 

// \ ,I "--.L:P_ 
4 

Figure 5. Scheme showing bond vectors, bond and internal 
rotation angles, virtual bond vectors, and intrinsic Cartesian 
frames within the kth monomeric unit (z axes are always or- 
thogonal to  the paper). 

the virtual bond lk spanning the kth monomer unit (see 
Figure 5) to describe the distance between any two units; 
these virtual bonds will be regarded as rigid, while the 
atomic mass of the kth monomer unit will be formally 
concentrated at  the common end of lk-l and lk. Under 
these assumptions, according to a well-known statistical 
result far chains with independent geometrical parameters, 
we have 

(5) 

1 = [ff, ffy 011 (6) 

and 1 = 4.87 A, a, = 0.9681, a,, = -0.2507, and r is either 
T~ or r2 (see eq 4') according to whether model 1 or model 
2 is being considered. In eq 6 1 is represented in the 
intrinsic Cartesian frame pertaining to the first bond of 
the general monomer unit (i.e., I l k  in Figure 5). From the 
above we have18 

(Ikmlk+h) = (in matrix form) l&lT 

where 

( 7 )  
and 

1 
N +  1 
-(E - 

2 
r ) -*  t ~ r Z ( E -  

( N  + 1)' r)-3 - 

N ( N +  2 1)2 T ~ ( E -  r N ) ( E -  r ) -$Fi]  ( 8 )  

where E is the unit matrix of order 3, N is the number of 
monomer units of the chain, 7 is either T~ or T ~ ,  (?) ,N and 
( s ~ ) , ~  respectively are the mean-square end-to-end dis- 
tance and the mean-square radius of gyration in the un- 
perturbed state, and C, is the unperturbed characteristic 
ratio defined with respect to the virtual bonds (i.e., (r2)oN 
= CJVZ2). The connection between C, and the persistence 
length of the corresponding wormlike chain is easily 
obtaine through the two equivalent expressions of ( r 2 ) o N  
in the high molecular weight limit (cf. ref 18, Appendix 
G )  
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Table I11 
Values of Persistence Length Obtained from Fitting Experimental Data Reported in Reference l lo  

section polymer N w  MWIMi? exptl method 4mra, A 
A (Dolvdegraded samples) PTS-12 several -2 intrinsic viscosity* 150 i 5 
B (poiydegraded samples) PTS-12 
C (pristine sample) PTS-12 

PTS-12 
PTS-12 
P3BCMU 
P3BCMU 
P3BCMU 
P3BCMU 
P3BCMU 

several 
1253 
1425 
2850 
2830 
1020 
1700 
2300 
1800 

-2 light scattering 
2.66 light scatteringd 

light scattering 
light scattering 
light scattering 

5.0 light scattering 
3.33 light scattering 
3.94 light scattering 
3.75 light scattering 

195 * 5 - 165 - 165 - 200 - 130 

- 290 - 300 - 360 

900 f 500 

“Equations 7-10, 16, and 17 of this paper are used. *See Figure 17 of ref 11. cSee Figure 16 of ref 11. dSee Table VI of ref 11. eSee 
Table VI1 of ref 11. 

Table IV 
Model 1: Comparison of ( S ~ ) ~ ~ / N I * ~  

KN = 6 @z&/N/2 
__.__ ~ _____... -.---- --yF==- 

1000 1500 * b o 2  doo 
N, Nw 

500 

Figure 6. Plots of KN and KN, calculated according to eq 8,16, 
and 17 for the unperturbed chains (dashed and solid lines for 
models 1 and 2, respectively). Black dots are the experimental 
values of KN, for PTS-12.” 

believe these measurements give less accurate information 
than the light-scattering results also reported in paper 1 
in view of the several approximations implicit in the so- 
lution-viscosity theory. Light-scattering measurements 
were performed on the above-referred polydegraded sam- 
ples, the molecular weight distribution of which may be 
reasonably well described by the Schulz-Flory equation, 
reading ( M  = Nw, w is the molecular weight of the mo- 
nomer unit) 

p ( N )  = (2/Nw)(1 - 2/NWlN-l; :p(N)  = 1 (16) 

which gives M,/M, = 2. Light-scattering measurement 
of the mean-square radius of gyration leads to the z-av- 
erage ( s ~ ) ~ :  

(s2 ) z  = (s2)Nflp(N) / cwp(N) (17) 

(Note that the zero suffix, standing for “unperturbed 
value”, is reserved to the calculated results.) Figure 6 
shows the calculated plots of both KN = vs. 
N according to eq 8 (limN,, KN = C,) and KN, = 
~ ( S ~ ) ~ ~ / N , P  vs. N, according to eq 16 and 17 (limNwT, KNw 
= 3/2C,), together with the experimental points equivalent 
to KNw (see Figure 16 of paper 1, where KN, is denoted Cp). 
The asymptotic trend of these data gives C, N 80, and 1,- 
= 195 A (see also Table 111, Section B), with an excep- 
tionally good agreement with model 1 and a reasonably 
small discrepancy, although beyond experimental error, 
from model 2 as may be seen in Figure 6. Values of (s2), 
are also given in paper 1, Table VI, for samples of PTS-12 
and P3BCMU, directly obtained from solid-state polym- 
erization. These data are reported in Table 111, Section 
C, together with the best-fitting values of lw,; we believe 
the poorer consistency among these results may be partly 

N=l 

N N 

( sz )oa/N1z 
N from ea 8 from ea 18 % diff 
128 6.321 6.278 0.68 
256 8.650 8.601 0.57 
512 10.492 10.459 0.31 

1024 11.649 11.640 0.07 
2048 12.310 12.303 0.05 

Evaluated through the rotation-matrix algorithm and com- 
pared with the figures obtained for the ideal wormlike chain with 
the same persistence length. 

ascribed to departures from the assumed Schulz-Flory 
distribution. In particular, the systematic increase of l,, 
over the average, when M,/M, > 2, may be easily ra- 
tionalized. 

In spite of the better agreement of model 1 with the 
experimental results, we want to point out that either some 
amount of excluded-volume effects or some inaccuracy in 
the force constants adopted by us (see following) could 
deceive a higher chain stiffness from the light-scattering 
data. Therefore it appears premature to favor one or the 
other model on the basis of these comparisons alone. 

A comment concerning the electronic structure reported 
in Figure l b  may be of some interest. If we assume that 
it represents the actual chain structure, it would seem 
appropriate to consider the single bond as having the same 
twisting force constant as found for the central bond of 
1,3-butadiene, i.e., K, = 0.109 mdymA from ref 13 (see 
Table I1 for the other force constants). With no change 
in the other parameters, this would produce C, = 52.0 and 
lpam = 127 A (from eq 7 and 10, respectively), with a very 
substantial disagreement from experiment. This result 
may be regarded as still another evidence that the struc- 
ture of Figure l b  is a minor component. 

Adequacy of the Wormlike Model 
I t  should be stressed that in spite of the adoption of a 

matrix treatment that is currently applied to flexible 
polymer chain with independent skeletal rotations, our 
results are in excellent agreement with those expected for 
an ideal wormlike chain with the appropriate value of lwm. 
This is shown in Table IV where the values of (s2)oN/N12 
from eq 8, model 1, are reported for some typical lower 
values of N ,  together with those evaluated for the ideal 
wormlike chain according to the equation 

(y = L/lpers, L = Nl,  lpers = 190.22 A, 1 = 4.87 A) 
The average disagreement is about 0.3% and is obviously 
tending to 0 for large N. Accordingly, it must be concluded 



404 Allegra et ai. Macromolecules, Vol. 19, No. 2, 1986 

consisting of a single rotational isomer, which may only 
undergo twisting and bending oscillations around the 
conformational energy minimum (model 1). Alternatively, 
a limited amount of *90° rotations around the triple bonds 
may be assumed (model 2), with a limited reduction of the 
mean-square chain size (<7%). However, both models are 
based on a few approximations, among which is the neglect 
of excluded-volume effects, that might cast some doubts 
on the significance of the present calculations as related 
to the experimental data. Unfortunately, the pronounced 
polydispersity of the samples and the insufficient accuracy 
of our data do not allow a Sharp-BloomfieldZ3 analysis of 
the radius of gyration, which could help, e.g., to estimate 
the influence of the excluded volume, yielding a more 
realistic “unperturbed chain stiffness”. This fact prevents 
our favoring any of the conjugation models under consid- 
eration by means of the molecular dimensions, the more 
so because of their relatively small difference (see also 
Figure 6; note that results for the less probable models 
where a cisoid conformation is allowed are virtually in- 
distinguishable from model 2). However, it should be 
pointed out that model 2 appears to give a more satis- 
factory interpretation of the effective conjugation length 
according to the current views, while the slight deviation 
from the experimental chain size may be attributed either 
to a small excluded-volume expansion or, perhaps more 
likely, to some uncertainty about the value of the torsional 
force constant K,  for the double bond, which plays a very 
critical role in determining the molecular dimensions (see 
above). Model 2 is therefore the one that describes both 
the molecular dimensions and the spectroscopic data to 
a satisfactory degree. Incidentally, the cross-vector 
characteristic ratio (see Table V) yields a cross-vector 
persistence length = C c , J / 2 ,  whence a cross-vector 
correlation degree Cc,,/2 (in monomer units) may be ob- 
tained. While this parameter is 6.65 for model 2, i.e., 
corresponding to the assumed conjugation length, for 
model 1 we have 30.45, which might be roughly taken as 
an “effective” conjugation length for the ideal ribbon 
wormlike model. 

As a final remark, we recall that any “softening” of the 
twisting force constant around the double bond of the 
electronic structure reported in Figure la, as required if 
the cumulene structure of Figure l b  is to have any sig- 
nificant weight, leads to a dramatic decrease of Z,, (>30% 
if the pure cumulene structure is considered). For the 
same reasons, a cis conformation of the double bonds, as 
sometimes discussed in the literature, can be considered 
only in a very small amount (i.e., less than one in a per- 
sistence length, or = 2.5%). 
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Table V 
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model I* 60.9 78.1 190.2 A 
model zc 13.3 72.8 177.3 A 
fictitious modeld 6.6 72.1 175.6 A 

Osee text. *Ribbon wormlike model; see Figure 2. ESame as 
model 1, with 1/6 overall probability for f90’ rotations. dOverall 
probability of 2/3 for f90° rotations. 

that in spite of ita ribbonlike structure, the chain is quite 
adequately described by the wormlike model. If the same 
comparison is applied to model 2, the disagreement in- 
creases to an average of 0.6% and shows an opposite sign. 
In other words, models 1 and 2 respectively appear to be 
(slightly) more and less flexible than a wormlike chain with 
the corresponding value of Ipers. (Note that “flexibility” 
here stands for rapid loss of correlation between vectors 
1k of consecutive monomer units, see Figure 5.) 
Longitudinal and Lateral Chain Flexibility 

Given the local ribbon wormlike structure of the chain, 
it appeared of some interest to compare the overall degree 
of correlation among vectors tangential to the chain axis 
(Ik in Figure 5), as embodied in the characteristic ratio C,, 
with that among vectors lCk at  right angles with lk, con- 
tained in the plane defined by the four skeletal bonds of 
the general monomer unit. Referring to Figure 5, the 
components of the general unitary cross vector lCk in the 
framework of skeletal bond Ilk are (see eq 6) 

lc = [-ay a, 01 (19) 

The characteristic ratio Cc,, of these cross vectors is given 
exactly as in eq 7 except for the substitution of lc for the 
vector [a, ay 01 (and its transpose). As expected, 
Cc,, is strongly influenced by the existence of rotations 
around the triple (or the single) chain bonds, unlike C,; 
this is shown in Table V where a fictitious model with 
equiprobable rotations of Oo, +goo, and -90° around the 
triple bond is also considered together with models 1 and 
2. In principle, Cc,, might be revealed by measuring the 
mean-square dipole moment in solution of suitable PDA 
chains with one dipolar substituent per monomer unit. 
Allowing for the Cisoid Conformation 

As previously discussed, such a conformation appears 
to be statistically unfavored with respect to the transoid 
one; in fact, the distance between the two C atoms directly 
bonded to the main chain within the side groups R1 and 
R4 (see Figure 3) is -3.9 8, which must inevitably entail 
some decrease in steric freedom of the groups themselves. 
Nevertheless, we have also evaluated C, and CC,, for two 
models containing cisoid conformations. Specifically, in 
addition to all the parameters of the previous models, we 
have assumed either (i) equal probabilities for the transoid 
and the cisoid conformation or (ii) same as in (i) plus f W O  
rotations with 1/6 overall probability. We soon realized 
that both models lead to the same result; in fact, they have 
the same matrix (T2) consisting of the same (1,l) element 
as in eq 4, all other elements being 0. The results are C, 
= 72.0, Cc,, = 5.7 (compare with Table V), and we have 
verified that the corresponding curves calculated for KN 
and KN, are virtually indistinguishable from those related 
to model 2 (solid lines in Figure 6). 
Concluding Remarks 

Through the use of the classical rotation-matrix algor- 
ithm we have shown that the dimensions of PDA chains 
in solution may be described surprisingly well by a model 
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ABSTRACT Conformational energy calculations have been carried out for monomeric and trimeric oligomers 
of PMMA and for four-bond segments (embracing two repeat units) embedded in stereoregular PMMA chains, 
including both isotactic (meso) and syndiotactic (racemic) stereoisomeric forms. All incident interactions 
were taken into account. In each conformational domain the energy was minimized with respect to all bond 
angles and torsion angles including the torsional rotation x of the ester group about the bond joining i t  to 
the chain backbone. Although in most of the conformations the plane of the ester group tends to occur 
approximately perpendicular to  the plane defined by the adjoining skeletal bonds, substantial departures 
occur when one of these bonds is in a gauche g state. In consequence of this departure from x = 0 or x ,  the 
energy of the g conformations is not excessive, as was originally concluded. The intradiad bond angle 7' = 
124 h 1' in all conformations after energy minimization. The interdiad bond angle 7 = 106' when both adjoining 
skeletal bonds are trans t, 7 = 111' when one bond is t and the other g or g, and 7 = 116' when both are 
g or g. The spatial configurations found to be of lowest energy for stereoregular chains are in excellent agreement 
with crystallographic studies on i-PMMA and with results of wide-angle X-ray scattering of s-PMMA. The 
backbone torsional angles for the various energy minima can be represented approximately by six discrete 
states that form the basis for a rotational isomeric state treatment. Conformations near trans are preferred; 
the preference is pronounced for s-PMMA. Characteristic ratios and their temperature coefficients calculated 
according to the six-state scheme are in satisfactory agreement with experimental results. Parameters used 
in these calculations follow directly from the conformational energy calculations; adjustments are not required. 

Introduction 
The conformations accessible to poly(methy1 meth- 

acrylate) (PMMA) chains were investigated by Sundara- 
rajan and Flory' on the basis of a simple rotational isomeric 
state (RIS) scheme with each skeletal bond assigned to 
either the trans t or the gauche g conformation. The al- 
ternative gauche g state was dismissed on the grounds that 
steric repulsions between atoms of the ester group and 
groups attached to the neighboring substituted skeletal 
carbon Ca (see Figure 1) were found to be acute in this 
conformation. Additionally, the skeletal bond angle ~ k ,  
defined in Figure 1, was assumed to be 110' irrespective 
of the conformations of the adjoining skeletal bonds. 

The steric repulsions operative in the g conformation 
depend on the orientation of the ester group2 specified by 
the angle xk that measures the torsion about the C"-C* 
bond; see Figure 1. Orientations x = 0 or K, in which the 
plane of the ester group is perpendicular to the plane 
defined by the adjoining skeletal bonds, were originally 
consideredl to dominate all other possibilities owing to 
influences of steric interactions involving the skeletal 
methylene groups. This premise appeared to be supported 
by infrared absorption spectra of syndiotactic PMMA3 and 
of model compounds4 in the 1050-1300-cm-* region. On 
the other hand, dielectric and mechanical relaxation 

'Permanent address: Dipartimento di Chimica, Universitk di 
Napoli, Via Mezzocannone 4, 80134 Naples, Italy. 

measurements5 indicate a greater diversity of orientations 
for the side groups. Conformational energy calculations 
subsequently carried out by Sundararajan2 show that re- 
laxation of the restriction of x to values of 0 and K may 
facilitate occurrence of the g state in the vicinity of 4 = 
-100' to -120' (see ref 6 on conventions pertaining to the 
signs of torsional angles 4). Furthermore, recent FTIR 
 investigation^^^^ on hydrogeneous and deuterated PMMA 
samples cannot be reconciled with the two-state scheme 
used previously; additional gauche states for the skeletal 
bonds are required to account for these  result^.^^^ 

Recent calculations on polyisobutylenelO demonstrate 
that reliable conformational analysis of disubstituted vinyl 
polymers requires explicit allowance for the variability of 
the bond angles with conformation and for orientation 
correlations between substituents separated by several 
bonds. We present in this paper the results of a confor- 
mational analysis of PMMA in which all the bond angles 
and torsion angles have been treated as free variables 
subject to optimization. Using the outcome of preliminary 
calculations on simple models as starting point, we have 
minimized the energies of all eligible regular conformations 
for both isotactic and syndiotactic PMMA. The results 
are discussed in terms of a six-state RIS scheme. 
Energy Calculations 

Intramolecular conformational energies were calculated 
as sums of contributions f rom bond angle deformations, 
inherent torsional potentials, nonbonded interactions be- 
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