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gether with the values of the parameters EkT/Vo, K and 
{ that  characterize networks A and B, respectively (see 
text), one may evaluate x by solution of eq A-5. Results 
are given in Table 11. 

Equation A-10 in conjunction with A-7 may be solved 
iteratively for u i ,  given the network parameters, the value 
of x, and the extension ratio a, relative to the system 
swollen to equilibrium under isotropic conditions. The 
reduced force that would obtain if further swelling did not 
occur as a result of the elongation a, may be calculated 
according to eq 5 and eq 1-54 of the preceding paper, with 
VIVO therein equated to l l v ,  and with AI, and A, deter- 
mined by a, and VIVO according to eq 1-23. Repetition 
of the calculation with V'l Vo = 1 / v i ,  a,' given by eq A-8, 
A, given by eq A-7, and All the same as above, yields the 
calculated reduced stress for the semiopen system at  fixed 
length. The difference between the latter calculation and 
the former one gives the correction that should be sub- 
tracted from the observed reduced stress. Results shown 
in Figure 3 were corrected in this manner. 
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ABSTRACT T h e  model parameters of the helical wormlike chains corresponding to  various real polymer 
chains, both flexible and stiff, are determined from a comparison with the rotational isomeric state models 
or from an analysis of experimental data for equilibrium and transport properties. Then some general aspects 
of the behavior of the model parameters are discussed. This serves to guess their probable ranges for a given 
new polymer. T h e  results are useful in a study of the chain dynamics recently initiated on the basis of the 
discrete helical wormlike chain. 

I. Introduct ion 
In recent years, we have shown that the helical wormlike 

(HW) can mimic the equilibrium conformational 
behavior of real chains as well as the rotational isomeric 
state (RIS) model.4 However, the RIS model or conven- 
tional bond chains are not necessarily convenient for the 
treatment of steady-state transport and dynamic properties 
of real chains, both flexible and stiff. Thus, we have 

0024-9297/83/2216-1613$01.50/0 

evaluated the steady-state transport coefficients on the 
basis of the HW cylinder m 0 d e 1 . ~ ~ ~  Further, we have re- 
cently started a study of the dynamics of dilute polymer 
solutions on the basis of the discrete HW  hai in^-^ whose 
equilibrium conformational behavior is almost identical 
with that of the (continuous) HW chain. In order to 
proceed to make an extensive analysis of, for instance, local 
motions of various real chains, as probed from dielectric 
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6 = log (ML/MO)  (7 )  
where Mo is the molecular weight of the monomer unit. 
Thus, from best fits of the HW values of gY' plotted against 
log t to the RIS values pJotted against log x ,  we may de- 
termine K ~ ,  T ~ ,  6, and Q. Since &"is a dimensionless 
quantity, A-' and ML cannot be determined separately from 
eq 7. 

Finally, we note that the extent to which the relative 
orientation Q is restricted depends, in general, on the 
physical quantity to be considered. The restriction is most 
severe for the angular correlation functions, and_ it may be 
somewhat relaxed for the persistence vector. Q need not 
be considered for the mean-square end-bend distance and 
mean-square radius of gyration without any restrictions. 

Persistence Vectors. The persistence vector A of the 
HW chain is defined as the average of the end-to-end 
vector R with the orientation Qo of the initial localized 
coordinate system (eto, e,,, efo) fixed13; i.e. 

A = ( R h o  (8) 

In the remainder of this subsection, we omit the subscript 
0 referring to the initial localized system. The E ,  7, and r components of A in that system are given by eq 3 with 
eq 4 of SMHWC-IV13 with t = L and u = 0, which may 
be rewritten as 
(8 = 

~ ~ ( 4  + v2)-I - K ~ V - I ( ~  + u2)-1e-2L [v cos (vL) + 2 sin (vL)] 

~ ~ 7 ~ v - ~ e - ~ { f / ~  - (4 + v2)-'[2 cos (uL) - v sin (vL)]) 

v-2e-2L{f/2702 + K2(4 + v2)-'[2 cos (uL) - u sin (vL)]) (9) 

(10) 
Flory12 has defined the persistence vector A of the RIS 

model as the mean end-to-end vector with the first and 
second bonds fixed and used a molecular Cartesian coor- 
dinate system (ex,ey,ez) such that the x axis is taken along 
the first bond, the y axis is in the plane of the first and 
second bonds, and the z axis completes the right-handed 
system. (Note that the molecular coordinate system 
(e,,e,,e,) defined for amylose in section VI1 is different 
from that defined above.) We designate the components 
of A (RIS) in this system by ( x ) ,  (y) ,  and ( 2 ) .  

We wish to equate the A for the two models. Suppose 
that the (initial) HW localized coordinate system (ebe,,ef) 
is obtained by rotation of the (initial) RIS molecular-co- 
ordinate system (e,,e,,e,) through the Euler angles Q = (a,&$). If A(E,q,{) and A(x,y,z) are the column forms of 
A of the HW chain in the two systems, we have 

(7 )  = '/zKo70(4 + - 

(0 = Y 2 G  - 

with 
C, = (4 + 702)/(4 + K 2  + 70') 

A(~,T,{) = Q@,$,&).A(~,Y,Z) (11) 
with Q the rotational transformation matrix. Thus, the 
components of A(x,y,z) calculattd from the inverse of eq 
11 by assigning proper values to Q may be equated to ( x ) ,  

Following the procedure of SMHWC-IV,13 we analyze 
the HW and RIS values. The parameters to be determined 
are K,,, so, XI, ML, and a. Let A, be A for an infinitely long 
chain. We first equate A, = IA-1 of the HW chain to that 
of the RIS model 

( Y ) ,  and ( 2 ) .  

X-'A,(HW) = A,(RIS) (12) 
where the A of the RIS model has not been reduced by 
A-'. (Recall that all lengths of the HW chain are reduced 
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by A-'.) If K~ and T~ are given, A,(HW) may be computed 
from eq 9, and therefore A-l may be determined from eq 
12 with the value of A,(RIS). With these values of K ~ ,  70, 
A-l, and A,, fl may then be determined to give the coin- 
cidence between the directions of A, of the two models 
and also a best fit of the values of the components of 
A-'A(xyp) of the HW chain as a function of L to the values 
of ( x ) ,  (y) ,  and ( z )  of the RIS model. Starting with 
various sets of K~ and T ~ ,  we repeat this procedure until a 
fmal best fit is found. Finally, ML may be determined from 
the factor 6 in the relation 

log L = log x - 6 (13) 
where 6 is given by eq 7 and x is the total number of 
monomer units in the RIS model (not to be confused with 
the Cartesian coordinate x ) .  The factor 6 may be deter- 
mined from a best fit of the values of A-'A(HW) as a 
function of L to those of A(R1S) as a function of x (where 
A = IAI). 

We note that theoretically fi is uniquely related to fi 
introduced in the last subsection, but this relation is not 
necessarily satisfied exactly with their values determined 
as above. 

Characteristic Ratios and Mean-Square Radii of 
Gyration. The mean-square end-to-end distance ( R2) and 
mean-square radius of gyration ( S2) of the HW chain of 
total contour length L are given by eq 54 and 56 of 
SMHWC-I2 with t = L and u = 0, respectively, which may 
be rewritten in the forms 
( R 2 )  = C,L - f / 2 7 2 Y - 2  - ~ K O ' Y - ~ ( ~  - V2)(4 + Y2)-' + 

e-2L(f /272~-2 + 2 ~ ~ ~ v - ~ ( 4  + ~ ~ ) - ~ [ ( 4  - v2)  cos (vL) - 
4v sin (vL)]) (14) 

2 2 
- cos (37) - - cos (47) + 
r3L r4L2 .1 

cos (vL + 47) 

with 
r = (4 + v2) I j2  (16) 

(17) y = cos-' (2/r) 

Here, v and c, are given by eq 4 and 10, respectively, and 
(S2)Kp is the (S2) of the Kratky-Porod (KP) wormlike 
chain16 with the same A-' as that of the HW chain under 
consideration and is given by 

Note that the KP chain is a special case of the HW chain 
with K~ = 0 and that eq 18 has been derived originally by 
Benoit and Doty.17 

Let 1 be the bond length in the RIS model and reduce 
all lengths except 1 by A?, so that (R2)  and (s2) of the RIS 
model are also reduced. Recalling that (R2)(RIS) = 
X2C,n12, we set (R2)(RIS) equal to (R2)(HW), where C, 
is the characteristic ratio for the RIS chain of n bonds. 
Therefore, we have 
( R 2 )  / (R2)(c)(HW) = Cn/Cm ( = ( R 2 ) /  (R2)(c)(RIs)) 

(19) 
where (R2)(C) are the coil limiting values of ( R 2 )  and are 
given by 

(R2)(c) = c,L (HW) (20) 
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(R'),,) = A2C,n12 (RIS) (21) 

with C, the characteristic ratio a t  n = m. L is related to 
the total number x of monomer units by eq 13. The pa- 
rameters K , ,  T ~ ,  and 6 may be determined from a best fit 
of the values of (R2)/(R2)(C)(HW) as a function of L to 
those of CJC, as a function of x .  Equating the two (R2)(c)  
given by eq 20 and 21 with L = xXMo/ML and n = ng,  we 
also have the relation 

A-' = C,n&lLl2/c,M0 (22) 
where no is the number of bonds in the monomer unit. 
Thus, we may determine A-' and ML from eq 7 and 22. 
The analysis of ( S') is almost the same as above if ( R 2 )  
is replaced by (S2) in eq 19, and the relation (S2)(c) = 
(R2)(c)/6 is used. 

Some Other Experimentally Observable Quanti- 
ties. In this paper, we consider only the mean-square 
dipole moments and the temperature coefficients of ( R2) (c), 
and not other observable quantities such as electric bire- 
fringence and d i~hro ism, '~  optical a n i ~ o t r o p y , ~ ~  and 
steady-state transport coefficients,5,6y33 which may be used 
to determine the model parameters. 

Consider the HW chain of total contour length L and 
let m(s) be the local electric dipole moment vector per unit 
length at  the contour point s, expressed in the localized 
Cartesian coordinate system. (We assume that m(s) is 
independent of s.) Its mean-square dipole moment ( p 2 )  
is given by eq 18 of SMHWC-X;15 i.e. 

( p 2 )  = m2(R') (23) 

with m = Iml. (R') is the mean-square end-to-end distance 
of the HW chain of total contour length L such that the 
constant curvature and torsion of its characteristic helix 
are equal to iio and io, respectively, and i t  is given by eq 
14 with K~ = iio and T~ = io, where iio and io are given by 

iio = ( v 2  - i , 2 ) ' / 2  (24) 

io = (Komv + .somr)/m (25) 

with 

V = ( K o 2  + = ( i o 2  + (26) 
and m = (mt,m,,mr) in the localized coordinate system 

An analysis of ( p' )  may be made as follows. We consider 
double-logarithmic plots of ( p 2 ) / x  against x by use of the 
equation 

log ( ( p 2 ) / x )  = log ( ( f i2) /c^_L)  + log (m2c^,Mo/XML) 
(27) 

with eq 13, where E, is given by eq 10 with iio and io in place 
of K~ and T ~ ,  respectively, m being unreduced. The pa- 
rameters iio and 8, and the ratios ML/xMo and m2t,Mo/ 
AML may be determined from a best fit of double-loga- 
rithmic plots of the theoretical (R2) / t ,L  against L to 
double-logarithmic plots of observed ( p 2 )  / x  against x .  
However, it  should be noted that a determination of the 
individual parameters requires some assumptions. (See 
section IV.) 

Next, for the HW chain, if we assume that the unre- 
duced K ~ ,  T ~ ,  and L are independent of temperature and 
that A-' is proportional to T', with T the absolute tem- 
perature, we have3 

d In (R2)(c) 

(es,ev,er). 

16 - 4~~~ + (8 + K~~ + T ~ ~ ) T ~ ~  
= -  T1 (28) 

where (R2)(C) is unreduced. Thus, K~ and 70 cannot be 

d T  (4 + T O ' ) ( ~  + K o 2  + T O ~ )  
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determined separately from the observed temperature 
coefficient alone. However, it is useful in conjunction with 
some of the quantities mentioned above. 

IV. Symmetric Chains 
We have already determined the model parameters for 

polymethylene (PM), poly(oxymethy1ene) (POM), and 
poly(dimethylsi1oxane) (PDMS), which fall under the 
category of symmetric chains.'J1J3J5 In this section, we 
make an analysis of experimental data for ( F ~ ) ,  C,, and 
the temperature coefficient of the latter for poly(oxy- 
ethylene) (POE), although the RIS values are available. 
Note that POE also falls under this category but differs 
from the above polymers in the sense that its monomer 
unit is composed of three skeletal bonds. 

Poly(oxyethy1ene). For convenience, we take as a rigid 
body part in the monomer unit of POE the one composed 
of the successive C-0 and 0-C bonds. I t  is known that 
the preferred conformation of POE is ttg+ or ttg- for the 
bond sequence C-O-C-C,4 where t ,  g+, and g- denote the 
trans, gauche+, and gauche- states, respectively. For this 
bond chain, the { axis is taken along a line passing through 
the two C of C-0-C, the C; axis is in the plane of the C-0 
and 0-C bonds with its positive direction chosen at  an 
acute angle with the C-0 bond, and the 7 axis completes 
the right-handed system. Then, the real parts of gfj' for 
POE in this system have the same symmetry properties 
as those for the corresponding HW chain, irrespective of 
the value of T ~ . ' '  (If T~ = 0, the symmetry properties of 
g{J' for both chains completely agree with each other.) If 
the permanent dipole moment of POE is assumed to arise 
from the 0-C (and C-0) bonds, it follows that its local 
moment m is in the direction of et, so that it has perpen- 
dicular (type B) dipoles with m = me (m, = mr = 0). Then 
we also have iio = v and io = 0 from eq 24 and 25. 

Experimental data for ( p')  are available for two series 
of POE homologues, one having hydroxyl terminal groups, 
HO(CH2CH20),0H,'8-20 and the other having ethyl ter- 
minal groups, C2H50(CH2CH20),-1C2H5.1g~21 The former 
series have the large bond dipole moments mHO = 1.7 D 
at  the chain ends, which are appreciably larger than the 
intermediate bond dipole moments mco = 0.99 D.4 
Therefore, we analyze the data only for the latter series 
for small x ,  at  which the end effects are appreciable. We 
adopt the data for the latter series at 20 OC19 and at 25 OC21 
and also the data for the former series with x 2 80 at  20 
OC20 and at  25 OC,19 all data having been obtained in 
benzene. Figure 1 shows double-logarithmic plots of ( p2)  / x  
against x with these data, ( p 2 )  being expressed in D2 
(where we have ignored the temperature difference). The 
ratio decreases with increasing x (for x 1 3), and the POE 
chain may be regarded as a typical HW chain. The curve 
in the figure represents the best fit theoretical values 
calculated from eq 27 with iio = 2.5, io = 0, log (ML/xMo) 
= 0.38, and log (m2c^,Mo/XML) = 0.06. Recall that a de- 
termination of the individual parameters requires some 
assumptions. 

If we set so = 0, as required by the symmetry properties 
of the symmetric (POE) chain,'' then we have iio = K~ = 
2.5 and io = T~ = 0 (25 "C) from eq 24-26. With these 
values of K~ and T ~ ,  we have d In (R')(c)/dT = 0.66 X 
deg-' (at 60 OC) from eq 28. However, this value of the 
temperature coefficient is larger than the observed value 
0.23 x deg-' (at 60 0C).22 Therefore, we ignore the 
restriction T~ = 0 and determine K~ and T~ from v = 2.5 (=to) 
and eq 28 with the observed value of the temperature 
coefficient. Then, we find K~ = 2.4 and T~ = 0.5. Finally, 
we obtain A-' = 12.0 A and ML = 8.8 .k' from eq 22 with 
log (ML/XMo) = 0.38 and the observed C ,  = 4.0 (at 40 
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0 I 2 3 
l og  x 

Figure 1. Analysis of the data for ( w 2 )  according to eq 27 with 
eq 13 for poly(oxyethy1ene) homologues C2H O(CH2CH20),1C2H5 

HO(CH2CH20),0H in benzene at 25 "C (b)19 and at 20 "C 
The curve represents the best fit theoretical values. 

0C),22 and then m = 0.22 D/8, from log (m2c^,Mo/XML) = 
0.06 with these values of A-' and ML (no = 3, Mo = 44, and 
the root-mean-square bond length 1 = 1.46 8,). 

V. Monosubstituted Asymmetric Chains 
We have already determined the model parameters for 

isotactic and syndiotactic polypropylenes (i- and s-PP)l 
and isotactic and syndiotactic polystyrenes (i- and s- 
PS).11J3 In this section, we analyze the RIS values of the 
angular correlation functions, the persistence vector, the 
characteristic ratio, and the mean-square radius of gyration 
for some other monosubstituted asymmetric chains fol- 
lowing the procedure of section 111. 

For convenience, we take as a rigid body part in the 
monomer unit of the asymmetric chain the one composed 
of the successive C-C" and C"-C bonds. As in SMHWC- 
VIII," our localized system (et,,e,,ef ) affixed to the xth 
monomer unit composed of the (k - 17th and kth skeletal 
bonds corresponding to the system (eE,e,,er) of the HW 
chain is taken as follows. etz is parallel to lk- l  + lk, with 
lk the kth bond vectcr, and eEx is obtained by rotation of 
e' through an angle $ about the Cx axis, where e' is a unit 
vector in the plane of lkwl and lk with e'.er, = 0, withAits 
positive direction chosen-at an acute angle with lk-l. D is 
then uniquely related to $. The angle $ is a parameter to 
be determined by a comparison of the RIS model with the 
HW chain. We take the C-C" and C"-C bonds as the first 
and second bonds, respectively, in the sequence to be 
considered and assume that first bond to be d-chiral, where 
we have adopted the new Flory convention23 to describe 
the stereochemical configuration of the asymmetric chain. 
(This choice corresponds to case i for the asymmetric chain 
mentioned in SMHWC-VIII.) 

The parameters required for the computation of the RIS 
values23 are the bond length lc-ce (=1.53 A), the two sup- 
plementary bond angles 0' and ," at  the CH2 and C", re- 
spectively, the rotation angles 4 about the bond in the 
trans (t), gauche (g), and gauche (g) and the energy 
parameters 7, 7, w ,  w', and w". For the RIS model, A, C,, 
and (S2) are computed by the matrix generation tech- 
n i q ~ e , ~ , ' ~ ? ~ ~  and gtJ following the procedure of SMHWC- 
VIII." All numerical work has been done with the use of 
a FACOM M-382 digital computer in this university. 

Poly(methy1 acrylate). The values of the RIS model 
parameters adopted for isotactic and syndiotactic poly- 
(methyl acrylate) (i- and s-PMA) chains% are the following: 

in benzene at 25 O C  (0)21 and at 20 "C (0)l I and for homologues 

0 c 
I I 

0 0.5 1.0 I .5 
log x 

Figure 2. .&I,+ #plotted against log x for isotactic PMA chains, 
where x is the number of monomer units. The points represent 
the RIS values, and the curves the HW values; the attached 
numbers in the parentheses indicate the values of (jj';y{"). 

h R 0 I I ,  - I ; 0.31 
, +  0.3 \ R ! ! -  - - 
.- .- - 

. 

I c 

-0.3 1 , \  I 

L I I I I 

0 0.5 I .o I .5 
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Figure 3. &'+ 74'' plotted against log x for syndiotactic PMA 
chains; see legend to Figure 2. 

8' = 66O and 6" = 68O; 4 = 10' (t) and 110' (g) (g being 
inhibited); and 1 = 1.60, w = 0.00235, w' = 0.0268, and w" 
= 0.126 at  300 K. 

The values of + rB', with y{J' being appropriate 
constants, are plotted against log x in Figures 2 and 3 for 
i- and s-PMA chains, respectively, where the numbers in 
the parentheses attached to the curves indicate the values 
of (i,j';y{j). The open circles, circles with pips, squares, 
and triangles represent the RIS_ values for &", &'(-'I, gi(-') 
and &')(-'), respectively, with $ = 3 ~ / 2  for i-PMA and $ 
= 0 for s-PMA. The values assigned to $ are 3*/2 and 0 
for all isotactic and syndiotactic chains studied in this 
section, respectively. The curves in these figures represent 
the best fit HW values calculated from eq 3 with K~ = 6.5, 
1701 = 11, and 6 = 0.89 for i-PMA and K~ = 0.35, 1.01 = 2.0, 
and 6 = 1.15 for s-PMA. The behavior of giJ' for i- and 
s-PMA is quite similar to that for i- and s-PS displayed 
in SMHWC-VIII, respectively. For i-PMA, &j' for the two 
models agree well with each other. On the other hand, for 
s-PMA, this is also the case except for gf')(-'). Since we 
cannot determine A-l and ML separately from the analysis 
of g'i', we determine them from eq 7 and 22 with no = 2, 
Mo = 86, the values of K~ and 70, and the RIS values of C, 
(=8.22 for i-PMA and 19.1 for s-PMA). Thus, we have A-' 
= 20.0 8, and ML = 33.4 A-' for i-PMA and A-' = 35.8 8, 
and ML = 33.9 A-' for s-PMA. 
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we note that the general behavior of all the quantities 
under consideration for i- and s-PMA is similar to that for 
the other isotactic and syndiotactic chains studied in this 
section, respectively. In the following, therefore, we do not 
repeat the details of the analysis and results. 

Poly(methy1 vinyl ketone). The values of the RIS 
model parameters adopted for isotactic and syndiotactic 
poly(methy1 vinyl ketone) (i- and s-PMVK) chains27 are 
the following: 6' = 66' and 6" = 68'; 4 = 10' (t) and 110' 
(g) (g being inhibited); and q = 2.5, w = 0.05, w' = 0.02, 
and w" = 0.008 at 300 K. From an analysis of @' with C,, 
we find K~ = 22, 1701 = 33, 6 = 1.35, A-' = 53.2 h, and ML 
= 29.5 A-' (C, = 18.7) for i-PMVK and K~ = 0.1, 1 ~ ~ 1  = 2.0, 
6 = 1.41, X-' = 65.1 A, and ML = 27.6 A-' (C, = 35.2) for 
s-PMVK. The values of the parameters determined from 
the various quantities fall in the ranges A-' = 49.5-53.2 A 
and ML = 27.5-29.5 A-' for i-PMVK and X-l = 65.0-67.0 

and ML = 26.8-27.6 A-' for s-PMVK. 
Poly(viny1 acetate). The values of the RIS model 

parameters adopted for isotactic and syndiotactic poly- 
(vinyl acetate) (i- and s-PVAc) chains28 are the following: 
8' = 66' and 6" = 70.5'; and q = 1.94, T = 0.174, w = 0.151, 
w' = 0.183, and w" = 0.145 at  300 K. The rotation angles 
are rather complicated: for the meso dyad, (4,4') = 
(21',21') for tt, (105',3') for gt, (-104',10°) for gt, (96',84') 
for gg, (91',-108') for gg, and (-102°,-1020) for gg; for the 
racemic dyad, (4,$') = (8',8') for tt, (96',8O) for gt, 
(-113'~lO') for gt, (104',104') for gg, (72',-108') for gg, 
and (-98',-98') for gg, where 4 and 4' are the rotation 
angles about the C"-C and C-Ca bonds in the dyad 
C"CCa, respectively. From an analysis of gi'' with C,, we 
find K~ = 4.0, 1 ~ ~ 1  = 8.6, 6 = 0.78, A-' = 15.1 A, and ML = 
34.4 A-' (C, = 6.7) for i-PVAc and K~ = 0.4, 1r01 = 2.5, 6 
= 1.23, X-' = 42.0 A, and ML = 34.7 A-' (C, = 21.9) for 
s-PVAc. The values of the parameters determined from 
the various quantities fall in the ranges A-' = 13.7-17.5 A 
and ML = 28.8-34.4 A-1 for i-PVAc and A-' = 41.5-43.4 A 
and ML = 33.6-34.7 A-1 for s-PVAc. 

Poly(viny1 chloride). The values of the RIS model 
parameters adopted for isotactic and syndiotactic poly- 
(vinyl chloride) (i- and s-PVC) chains29 are the following: 
6' = 6" = 68'; C#J = 0' (t), 120' (g), and -120' (g); and 7 = 
4.2, T = 0.45, w = 0.032, w' = 0.071, and w" = 0.032 at  298 
K. The characteristic ratios C, as functions of x were 
computed by Mark.29 However, we have also calculated 
C, since its values a t  large x are not available. From an 
analysis ofgq'with C,, we fiid = 6 . 0 , l ~ ~ l  = 16.5,6 = 0.93, 
X-' = 20.4 A, and ML = 26.1 A-1 (C, = 9.2) for i-PVC and 
K~ = 0.14, 1 ~ ~ 1  = 2.0, 6 = 1.49, A-' = 78.0 A, and ML = 24.8 
A-' (C, = 42.0) for s-PVC. The values of the parameters 
determined from the various quantities fall in the ranges 
A-' = 19.4-21.3 A and ML = 24.9-26.1 A-' for i-PVC and 
A-' = 77.1-79.6 A and ML = 23.6-24.8 A-' for s-PVC. 

Poly(viny1 bromide). The values of the RIS model 
parameters adopted for isotactic and syndiotactic poly- 
(vinyl bromide) (i- and s-PVB) chains30 are the following: 
6' = 66' and 6" = 68'; 4 = 0' (t), 120' (g), and -120' (E); 
and 7 = 1.28, T = 0.438, w = 0.0162, w' = 0.0369, and w" 
= 0.00263 a t  303 K. We note that C, = 14.3 for the iso- 
tactic chain is larger than C, = 11.3 for the syndiotactic 
chain. This is not the case with the other, polymers studied 
in this section. From an analysis of g" with C,, we find 
K~ = 17, lrOl = 25, 6 = 1.16, A-' = 37.6 A, and ML = 41.1 A-' 
for i-PVB and K~ = 0.7, 1 ~ ~ 1  = 1.9, 6 = 0.97, A-' = 22.9 A, 
and ML = 43.5 A-l for s-PVB. The values of the param- 
eters determined from the various quantities fall in the 
ranges A-' = 36.2-38.1 and ML = 39.7-41.1 A-' for i-PVB 
and X-' = 22.1-23.5 8, and ML = 41.4-43.5 A-1 for s-PVB. 

0 I 2 3 
l og  x 

Figure 4. Characteristic ratio C,/C,, relative to C,, plotted 
against log x for PMA chains, where x is the number of monomer 
units. The open and filled circles represent the RIS values for 
the isotactic and syndiotactic chains, respectively. The curves 
represent the HW values. 

Next, we analyze the persistence vector A. Its behavior 
for i- and s-PMA is also similar to that for i- and s-PS, 
respectively. (See Figures 4 and 5 of SMHWC-IV13 or 
Figures 3 and 4 of ref 26.) The components of A, are 
found to be ( x ) ,  = 5.09 A, ( y ) ,  = 7.66 A, and ( z ) ,  = 1.46 
A for i-PMA and ( x ) ,  = 15.8 A, ( y ) -  = 9.37 A, and { z ) ,  
= 2.73 A for s-PMA. If we use the values of K~ and 70 
determined from # as their first trial values, we find that 
the agreement between the RIS and HW values of the 
components of A is satisfactory. With these values of K~ 

and io, we obtain A-' = 21.5 A and ML = 31.6 A-1 for i-PMA 
and A-' = 37.5 A and ML = 33.1 k1 for s-PMA. We note 
that the orientations of the initial HW localized coordinate 
systems with respect to the initial Flory molecular coor- 
dinate systems (ex,ey,ez) are fi = (105.7',39.0',-136.4') and 
fl = (88.5',29.4',125.1') for i- and s-PMA, respectively. We 
note that the persistence vector for s-PMA exhibits many 
small oscillations, but the model parameters above have 
been determined neglecting these oscillations. This is also 
the case with other syndiotactic chains studied in this 
section. 

Finally, we analyze C, and (S2). The characteristic 
ratios C,/C,, relative to C,, are plotted against log x in 
Figure 4. The open and filled circles represent the RIS 
values for i- and s-PMA, respectively. As seen from Figure 
4, C, increase monotonically with increasing x for i- and 
s-PMA. In such a case, we cannot determine K~ and 70 
accurately from an analysis of C,. Therefore, we use the 
values of K~ and T~ determined from the analysis of &J . 
The curves in the figure represent the HW values calcu- 
lated from eq 14 with K~ = 6.5, 1r01 = 11, and 6 = 0.90 for 
i-PMA and K~ = 0.35, 1701 = 2.0, and 6 = 1.16 for s-PMA. 
From eq 7 and 22, we then find X-' = 20.2 8, and ML = 33.7 
A-' for i-PMA and X-' = 36.1 A and ML = 34.3 k1 for 
s-PMA. If we analyze (S2) in a similar way, we have A-' 
= 19.1 A and ML = 31.8 A-' for i-PMA and X-' = 35.3 A 
and ML = 33.5 A-1 for s-PMA. 

As shown above, the consistency in the values of the 
model parameters determined from the various quantities 
is satisfactory. This is also the case with the other poly- 
mers studied in this section. The values of the model 
parameters determined above fall in the ranges A-' = 
19.1-21.5 A and ML = 31.6-33.7 A-' for i-PMA and A-' = 
35.3-37.5 A and ML = 33.1-34.3 A-' for s-PMA. Thus, we 
adopt as the values of K ~ ,  T ~ ,  A-', and ML those determined 
from g"' in conjunction with C,, for convenience. Finally, 
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Figure 5. &J' + yiJ' plotted against log x for isotactic PaMS 
chains: see legend to Figure 2. 
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Figure 6. #' + y(J' plotted against log x for syndiotactic PaMS 
chains; see legend to Figure 2. 

VI. Disubstituted Asymmetric Chains 
We have already determined the model parameters for 

isotactic and syndiotactic poly(methy1 methacry1ate)s (i- 
and S - P M M A ) . ~ J ~ J ~  In this section, we analyze the RIS 
values of the angular correlation functions, the persistence 
vector, the characteristic ratio, and the mean-square radius 
of gyration for isotactic and syndiotactic poly(a-methyl- 
styrene) (i- and s-PaMS) chains following the procedure 
of section 111. The localized system (eEx,eqX,eJ of the RIS 
model may be affixed to the monomer unit in the same 
fashion as for the monosubstituted asymmetric chains 
described in section V. 

Poly(a-methylstyrene). The values of the RIS model 
parameters adopted for i- and s-PaMS chains3' are the 
following: @' = 58' and @" = 70.5'; for the meso dyad, (4,4j) 
= (7',7') for tt,  (105',14') for gt, and (12Oo,12O0) for gg; 
for the racemic dyad, (4,#~j) = (14',14') for tt, (105',14') 
for gt, and (12Oo,12O0) for gg (g being inhibited); and the 
energy parameters are taken as a = 0.435 and ,i3 = 5.29 at  
300 K. 

Figures 5 and 6 show plots of &j' +, # against log x for 
i- and s-PaMS, respectively, where J /  = 7r for both i- and 
s-PaMS. The symbols in the figures have the same 
meaning as in Figures 2 and 3. The curves in these figures 
represent the best fit HW values calculated from eq 3 with 
K~ = 2.3, 1 ~ ~ 1  = 1.0, and 6 = 0.81 for i-PaMS and K~ = 4.4, 
1 ~ ~ 1  = 1.0, and 6 = 1.45 for s-PaMS. The behavior of gf' 
for i- and s-PaMS is quite similar to that for i- and s- 
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Figure 7. Characteristic ratio C,/C,, relative to C,, plotted 
against log r for PaMS chains; see legend to Figure 4. 

PMMA displayed in SMHWC-VIII," respectively. There 
is good a eement between the RIS and HW values except 

values of K~ and 70, and the RIS values of C, (=5.12 for 
i-PaMS and 9.09 for s-PaMS), we find A-' = 17.8 8, and 
ML = 42.7 A-' for i-PaMS and X-l = 76.5 8, and ML = 43.5 
8,-' for s-PaMS. 

Next we analyze the persistence vector A. Its behavior 
for i- and s-PaMS is also similar to that for i- and s- 
PMMA, respectively. (See Figures 6 and 7 of SMHWC- 
IV13 or Figures 5 and 6 of ref 26.) The components of A, 
are found to be ( x ) ,  = 3.06 A, (y), = 6.00 A, and ( z ) ,  = 
2.58 8, for i-PaMS and ( x ) ,  = 1.30 A, (y), = 15.8 A, and 
( z  ) , = -3.43 8, for s-PaMS. If we use the values of K~ and 
T~ determined from 22' as their first trial values, we find 
that the agreement between the RIS and HW values of the 
components of A is rather good. However, for s-PaMS, 
the agreement is further improved with slightly different 
values of K~ and T ~ .  In this case, we have K~ = 4.0, 70 = 0, 
A-' = 71.6 A, and ML = 39.5 8,-' for s-PaMS. 

Finally, we analyze C, and (S2). The characteristic 
ratios CJC,, relative to C,, are plotted against log x in 
Figure 7. The open and filled circles represent the RIS 
values for i- and s-PaMS, respectively. The characteristic 
ratio of s-PaMS as a function of x exhibits a maximum. 
(Figure 7 is to be compared with Figure 3 of SMHWC-I.2) 
The curves in the figure represent the best fit HW values 
calculated from eq 14 with K~ = 2.3, 1 ~ ~ 1  = 1.0, and 6 = 0.86 
for i-PaMS and K~ = 4.1, 1701 = 1.0, and 6 = 1.45 for s- 
PaMS. From eq 7 and 22, we then find A-' = 18.9 8, and 
ML = 45.2 8,-' for i-PaMS and A-' = 72.3 8, and ML = 45.9 

for s-PaMS. If we analyze (S2) in a similar way, we 
have K~ = 2.3, 1r0( = 1.0, A-' = 15.9 A, and ML = 38.0 A-' 
for i-PaMS and K~ = 3.8, 1 ~ ~ 1  = 0.6, A-' = 66.3 A, and ML 
= 42.6 8,-' for s-PaMS. Note that for i-PaMS, these values 
of K~ and 70 are the same as those determined from &J' and 
also A. 

As shown above, the consistency in the values of the 
model parameters determined from the various quantities 
is satisfactory. They fall in the ranges A-' = 15.9-20.7 8, 
and ML = 38.0-45.2 8,-' for i-PaMS and KO = 3.8-4.4, 1701 
= 0-1.0, X-' = 66.3-76.5 A, and ML = 39.5-43.5 8,-' for 
s-PaMS. Thus, we adopt as the values of K ~ ,  70, A-l, and 
M, those determined from &' in conjunction with C,, for 
convenience. 
VII. Other Polymers 

We have already determined the model parameters for 
poly(D1-alanine) (PDLA) ,32 poly( n-butyl isocyanate) 

for E!-')(- gr ). From eq 7 and 22 with no = 2, Mo = 118, these 
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Figure 8. Components ( y )  and ( 2 )  of the persistence vector A 
plotted against the component ( x )  for amylose. The filled and 
open circles represent the values of (y)(RIS)  and ( Z ) ( R I S ) , ~  
respectively, the attached numbers indicating the values of x ,  the 
number of virtual bonds. The full and broken curves represent 
the HW values in cases 1 and 2, respectively. The dotted lines 
connecting the circles trace the progression of increasing x .  

(PBIC),15 DNA,g and some other stiff-chain polymers.33 In 
this section, we analyze the RIS values for those polymers 
that may be regarded as chains of virtual bonds. 

Amylose. Jordan et  al.34 calculated the persistence 
vector A and the characteristic ratio C, (= (R2) /x12)  as a 
function of the number x of virtual bonds of length I (=4.25 
A) for amylose in aqueous solution at 25 "C. The molec- 
ular Cartesian coordinate system (e,,e,,e,) is affixed to the 
first glucose residue as follows:35 the x axis is taken along 
the first virtual bond, which connects successive glycosidic 
oxygens, the y axis is in the plane of that virtual bond and 
the O p c 4  bond in the first glucose residue with its pos- 
itive direction chosen at  an acute angle with that 04+C4 
bond, and the z axis completes the right-handed Cartesian 
coordinate system. In Figure 8 the components (y )  and 
( z )  of A are plotted against the component (x ). The filled 
and open circles represent the values of (y)(RIS) and 
( z )  (RIS), respectively, the attached numbers indicating 
the values of x. These values have been taken from Figures 
11 of ref 34. The components of A, are (x), = 13.6 A, (y), 
= -11.6 A, and ( z ) ,  = -21.8 A. The dotted lines con- 
necting the circles trace the progression of increasing x. 
In a comparison with the HW chain, we consider the 
following two cases: case 1, the contour of the HW chain 
is taken along the actual helical sequence; case 2, the chain 
contour is taken along the helix axis, assuming the larger 
length scales. The full curves represent the best fit HW 
values in case 1 calculated from eq 9 and 11 with K~ = 28, 
TO =_12, 6 = 1.465, A-' = 141 A, ML = 33.4 A-' (Mo = 162), 
and Q = (99.1°,23.30,-118.90). The broken curves represent 
the best fit HW values in case 2 with K~ = 0.2, T~ = 2.0, 6 
= 1.46, A-l = 56.5 A, ML = 82.7 A-', and fi = 

Next we analyze the characteristic ratio. Figure 9 shows 
plots of the characteristic ratio C,/C,, relative to C,, 
against log x .  The open circles represent the values of 
C,/C, of Jordan et  al.,34 where C, has been found to be 
4.8 by an extrapolation of C, to x-' = 0. The full and 
broken curves represent the HW values calculated from 
eq 14 with 6 = 1.46 in case 1 and 6 = 1.44 in case 2, re- 
spectively, and with the values of K~ and 70 determined 
from the persistence vector in each case. From eq 7 and 
22, we then find A-' = 125 A and ML = 37.3 A-1 in case 1 
and A-' = 48.9 8, and ML = 91.3 in case 2. As seen from 
Figure 9, for both the RIS model and the HW chain in case 
1, C, exhibits oscillations in the range x 5 30 and then 

(136.7',-39.4",-54.2"). 
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Figure 9. Characteristic ratio CJC,, relative to C,, plotted 
against log x for amylose, where x is the number of virtual bonds. 
The points represent the RIS values.34 The full and broken curves 
represent the HW values in cases 1 and 2, respectively. 

increases monotonically to C, as x is increased. In this 
connection, we note that case 2 is to be adopted in an 
analysis of the steady-state transport coefficients as dis- 
cussed in ref 33 and also that (P) / M  in dimethyl sulfoxide 
has been observed to decrease with increasing molecular 
weight M,36-39 showing the typical HW behavior.'S2 

Polycarbonate of Diphenylol-2,2'-propane. The 
spatial configuration of the polycarbonate of diphenylol- 
2,2'-propane (PC) chain may be expressed in terms of 
virtual bonds that extend from the quaternary C to the 
intersection (X) of the extensions of the CP"0  bond^.^"^ 
In order to adapt the HW chain to the PC chain, the 
localized coordinate system (et,e,,ef) of the latter corre- 
sponding to that of the former should be affixed to the 
(monomer) unit composed of two adjacent virtual bonds 
in such a way that et  is in the direction of the sum of the 
two adjacent virtual bond vectors. Then, the HW chain 
can mimic the PC chain only on the relatively large length 
scales, so that we consider only the characteristic ratio. 

The rotation about each virtual bond is considered to 
be subject to a twofold symmetric potential. Therefore, 
the PC chain obeys freely rotating chain statistics as far 
as the characteristic ratio is concerned. The values of the 
RIS model parameters adopted are the following:42 virtual 
bond length 1 = 6.86 A and supplementary bond angles 6' 
(at the quaternary C) = 70.5" and O2 (at the X) = 46'. The 
characteristic ratio C, ( = ( R 2 ) / x 1 2 )  for this (freely rotating) 
chain composed of x virtual bonds (X+quaternary C) 
(with x even) is given by 

(1 + cos 6 J ( l  + cos 6,) 
1 - cos 61 cos 62 

- c, = 

Thus, the PC chain may be represented by the HW chain 
with K~ = 70 = 0 (Le., the KP2 chain43) on the length scales 
mentioned above, and we find 6 = 0.46, A-' = 20.0 A, and 
ML = 18.3 A-' from an analysis of C, (C, = 2.94) (no = 1 
and Mo = 127). 
Poly(2,6-dimethyl-l,4-phenylene oxide). For a poly- 

(2,6-dimethyl-1,4-phenylene oxide) (M2PPO) chain, the 
situation is similar to that of the PC chain. Its spatial 
configuration may be expressed in terms of virtual bonds 
that connect successive ether  oxygen^.^^,^^ The M 2 P P 0  
chain also obeys freely rotating chain statistics. The values 
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Table I 
Values of t he  Model Parameters for 

Various Polymer Chains 

temp,  
polymer K K~ ITo I k-', A M L ,  A - l  

Parameters of Helical Wormlike Chains 1621 

Symmetric Chains 
PM 413 0.3" 0" 14.5" 
PDMS 298 2.6b O b  20.7 
POM 303 1 7 "  25" 22.3 
POE 298 2.4c 0.5c 12.OC 

Monosubstituted Asymmetric Chains 
i-PP 413 3.7 5.0 11.9 
s-PP 413 0.6 2.4 23.9 
i-PS 300 11" 15" 26.4" 
s-PS 300 0.8" 2.3" 37.5 
i-PMA 300 6.5 11 20.0 
S-PMA 300 0.35 2 .o 35.8 
i-PMVK 300 22 33 53.2 
S-PMVK 300 0.1 2.0 65.1 
i-PVAc 300 4.0 8.6 15.1 
S-PVAC 300 0.4 2.5 42.0 
i-PVC 298 6.0 16.5 20.4 
S-PVC 298 0.14 2.0 78.0 
i-PVB 303 17 25 37.6 
S-PVB 303 0.7 1.9 22.9 

Disubstituted Asymmetric Chains 
i-PMMA 300 1.7" 1.4" 32.7" 
S-PMMA 300 4.4" 0.8" 65.6" 
i-PaMS 300 2.3 1 .o 17.8 
s-PaMS 300 4.4 1 .o 76.5 

Other Polymers 
PDLA 300 6.5d O d  28.3 
PC 298 0 0 20.0 
M,PPO 300 0 0 14.8 
amylose 298 2Be 12e 141e 

298 0.2f 2.0f 56.5f 
298 

4 f g  
1.08 630; 

PBIC 296 0 1890 1440 
DNA 293 0' 200' 1100' 

10.1" 
19.6 
13.1 

8.BC 

16.1 
16.8 
41.2" 
41.9 
33.4 
33.9 
29.5 
27.6 
34.4 
34.7 
26.1 
24.8 
41.1 
43.5 

33.5" 
35.7" 
42.7 
43.5 

14 .7d  
18.3 
20.4 
33.4e 
82.Tf 
79g 
55.1 

195 

" See ref 11. 
From experimental data;  see the text .  

From experimental data;see ref 15. 
See ref 32. 

e From RIS data in aqueous solution in case 1 ; see the 
text.  f From RIS data in aqueous solution in case 2; see 
the text.  g From experimental data in dimethyl sulfoxide; 
see ref 33. From experimental data;  see ref 15. ' See 
ref 9. 

of the RIS model parameters adopted are the following:41 
virtual bond length 1 = 5.50 A and supplementary bond 
angles = 8, (at the ether oxygens) = 61O. Then, the 
characteristic ratio C, ( = ( R 2 ) / x 1 2 )  for the MzPPO chain 
composed of x virtual bonds (with x even) is given by eq 
29. It may also be regarded as the HW chain with K~ = 
70 = 0, and we find 6 = 0.40, X-' = 14.8 A, and ML = 20.4 
A-' from an analysis of C, (C, = 2.88) (no = 1 and Mo = 
120). 

VIII. Model Parameters 
We have determined the HW model parameters, from 

a comparison with the RIS model with respect to gi'' with 
C, (or A) in most cases and from an analysis of experi- 
mental data in some cases. In this section, all the results 
obtained thus far (here and previously) are summarized, 
and some general aspects of the behavior of the model 
parameters are discussed. In Table I are given the values 
of K ~ ,  70, A-l, and ML a t  the indicated temperatures. We 
may assume that the unreduced K~ and 70 are independent 
of temperature T and that A-l is proportional to T1.3 
Recall that A-' is proportional to the bending force constant 
but is not equal to the Kuhn segment length AK for K~ # 
0, the latter being defined by 

AK = c,X-' (30) 

where c, is given by eq 10 (c, = 1 for K~ = 0). (Therefore, 
(2X)-' is not equal to the so-called persistence length for 
K~ # 0.) Recall also that the shift factor ML is closely 
related to the length scales adopted for a given polymer 
(see below).l 

First, we make some remarks on the results for POM, 
s-PS, and i- and s-PP given in Table I. The values of A-l 
for POM and s-PS were determined previously from g"' 
assuming the values of ML determined from A." However, 
the values of K~ and 70 from g'i are somewhat different 
from those determined from A, especially for s-PS, because 
of the difference in the length scale adopted in these 
analyses.ll Therefore, the values of X- l  and ML redeter- 
mined here from #' and C, are listed in Table I. For i-PP 
and s-PP, the,model parameters also have been redeter- 
mined from gli and C,, since they were determined pre- 
viously from A.' We note that the values of the temper- 
ature coefficient of the unperturbed chain dimension 
(R2) (o  for i-PP and s-PP in Table I of ref 3 remain un- 
changed with these new values of K~ and 70. 

Next, some comments are required on the results for 
Other Polymers (except for PDLA) of Table I. First, we 
reconsider the adaptation of the HW chains to the PC and 
MzPPO chains, for which we have chosen K~ = 70 = 0. We 
have affixed the localized coordinate system to the rigid 
body part composed of two adjacent virtual bonds. How- 
ever, in the real PC and MzPPO chains, the chain con- 
formation depends on the rotation of the phenylene group 
about the virtual bond, and this fact cannot be taken into 
account by the above adaptation. Therefore, on the basis 
of the discrete HW chain, we cannot study the local 
motions such as the rotation of the phenylene group about 
the virtual bond, as probed from nuclear magnetic relax- 
ation. Thus, the HW chain can mimic these polymers only 
on the relatively large length scales. We also note that the 
K P  chain3 cannot explain the experimental fact that 
(R2)fC) of these polymers are independent of tempera- 
tur e .45-48 

Second, the three sets of the model parameters are given 
for amylose. The first two are valid for amylose in aqueous 
solution,34 and the difference between them arises from 
the length scales adopted, as mentioned in section VII. 
The third have been determined from an analysis of the 
sedimentation coefficient for amylose in dimethyl sulfoxide 
a t  25 0C,33 corresponding to the relatively large length 
scales. In this case, it is clearly seen that, in general, ML 
is larger on the larger length scales for a given polymer. 

Third, we must discuss the values of 7 0  for PBIC and 
DNA. It is well-known that DNA may be represented by 
the K P  chain (with K~ = 0). However, we must also de- 
termine the value of 70 if we want to study, for instance, 
the cyclization and dynamic problems of DNA. In the case 
of DNA, this can be achieved if a localized Cartesian co- 
ordinate system is affixed to each base pair, representing 
it by the KP1 chain43 with K~ = 0 and 70 # 0. Since its 
one helix turn contains 10 base pairs, we then have 70 N 

200,9 assuming A-' = 1100 A (in 0.2 M NaCl) and the 
distance between base pairs equal to  3.4 A. Similarly, in 
the case of PBIC, if a localized system is affixed to its 
monomer unit, we have 70 N 1890, assuming A-' = 1440 
A and ML = 55.1 A-1, as determined previously,15 and the 
Tro~el l -Scheraga~~ and Shmueli-Traub-Rosenheck50 83 
helices. We note that for the KP chain ( K ~  = 0), C,, ( S 2 ) ,  
( p 2 )  (for parallel dipole polymers), and the steady-state 
transport coefficients are independent of 70. 

Now, it is convenient to plot the values of K~ and 70 in 
a (K0970)  plane as in Figure 10, where the points with K~ I 



1622 Fujii et al. Macromolecules, Vol. 16, No. 10, 1983 

Table I1 
Values of the CoefficientsAk ( k  = 2-7) as Functions of K~ and I T , ,  in Eq A4 of Ref 9 

6.5 11 -1.0337(-3)‘ -2.1958(-1) 2.8242 5.7896 -2.9010(1) 3.2462(1) 
4.0 8.6 -1.8954(-3) -1.0864 1.4980 (1) -5.2381(1) 7.6711( 1 )  -3.4028( 1 )  

’ a ( n )  means a x 10“. 

5 and T o  I 3 are not shown in its insert. The polymers 
listed in Table I (except with K~ = 0) are identified by the 
numbers attached to the points (see the caption of Figure 
10). The (K0,TO) plane is divided into three domains, I, 11, 
and 111, where the broken curve a is the boundary between 
the domains I and I1 and the chain curve b is the boundary 
between the domains I1 and III.51 The ratio (R2) /c ,L  
(=C,/C,) as a function of L exhibits a t  least one maximum 
in the domains I and 11, and the first peak (occurring as 
L is increased) is higher and lower than the coil limiting 
value of unity in I and 11, respectively. In the domain 111, 
the ratio is an increasing function of L but exhibits in- 
flection in some cases. For example, s-PaMS, amylose in 
aqueous solution in case 1, and PMA lie in the domains 
I, 11, and 111, respectively (see Figures 4,7,  and 9). We note 
that the oscillations of &J as functions of t become re- 
markable for large v beyond the shaded domain (10 I v 
5 15) in the insert of Figure 10 and also that the HW 
chains with positive temperature coefficients of unper- 
turbed chain dimensions belong to the domain I with T~ 

It is seen that the points corresponding to the values of 
K~ and T~ for the asymmetric chains are rather systemat- 
ically distributed in the ( K ~ , T ~ )  plane. The points for the 
isotactic monosubstituted asymmetric chains are nearly 
on a straight line passing through the origin. This is not 
difficult to understand, considering the fact that the 
preferred conformations for these chains are (tg+), and 
(tg-),, leading to right- and left-handed 31 he lice^,^ so that 
they have almost the same unreduced K~ and T~ (i.e., the 
ratio T ~ / K ~  is constant). Recall that the reduced K~ and T~ 

are equal to the unreduced ones multiplied by X-l. Thus, 
polymers with larger v a t  constant T O / K O  have larger X-l. 
We note that the larger h-l, the larger C,, as far as these 
polymers are concerned. The points for the syndiotactic 
monosubstituted asymmetric chains are in the neighbor- 
hood of the point with K~ = 0.5 and T~ = 2. The points for 
the syndiotactic disubstituted asymmetric chains are in 
the domain I, indicating that these chains are the typical 
HW chains.51 Their helical nature arises from the two 
different bond angles in conjunction with the predomi- 
nance of trans,trans conformation for racemic  dyad^.^^^^ 
On the other hand, the points for the isotactic disubsti- 
tuted asymmetric chains are located between those for 
syndiotactic monosubstituted and disubstituted asym- 
metric chains. 

Finally, it is pertinent to note that the calculated values 
of the temperature coefficient are positive for PDMS, POE, 
s-PMMA, s-PaMS, PDLA, and amylose in dimethyl sul- 
foxide, and so are the observed values for the first three.3 
IX. Concluding Remarks 

In this paper, we have determined the model parameters 
of the HW chains corresponding to various real chains from 
an analysis of the RIS values or the experimental data and 
discussed some general aspects of their behavior, especially 
for monosubstituted and disubstituted asymmetric chains. 
Thus, we can guess the probable ranges of the model pa- 
rameters for a given new polymer, especially as far as it 
belongs to this category. 

Besides the polymers listed in Table I, we have already 
made an analysis of experimental data for (S2) and the 
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Figure 10. Values of the model parameters plotted in a ( K ~ , T ~ )  

plane. The plane is divided into three domains, I, 11, and 111, by 
the broken (a) and chain (b) curves, and the oscillations of g“‘’ 
as functions of t become remarkable for large Y = ( K ~ ’  + ~2)’f ’  
beyond the shaded domain of the insert (see the text). The 
numbered points are identified with (1) PM, (2) PDMS, (3) POM, 
(4) POE, (5) i-PP, (5’) s-PP, (6) i-PS, (6’) s-PS, (7) i-PMA, (7’) 
s-PMA, (8) i-PMVK, (8’) s-PMVK, (9) i-PVAc, (9’) s-PVAc, (10) 
i-PVC, (10’) s-PVC, (11) i-PVB, (11’) s-PVB, (12) i-PMMA, (12’) 
s-PMMA, (13) i-PaMS, (13’) s-PaMS, (14) PDLA, (15) amylose 
in dimethyl sulfoxide, (15’) amylose in aqueous solution in case 
2, and (15”) amylose in aqueous solution in case 1. 

steady-state transport coefficients for cellulose acetate, 
poly(phthaloyl-trans-2,5-dimethylpiperazine), and poly- 
(terephthaloyl-trans-2,5-dimethylpiperazine) on the basis 
of the HW chain33 and found that the first two may be 
better represented by the HW chain, but the third by the 
K P  chain. However, the model parameters thus deter- 
mined for them cannot necessarily be used for the study 
of local chain motions associated with smaller length scales 
and therefore have not been included in Table I. (Note 
also that they are not very accurate.) Further, we know 
some polymers, such as poly(a1kene sulfone) and poly- 
(styrene oxide), whose local motions are gaining a great 
i n t e r e ~ t , ~ ~ ” ~  but we have not attempted to determine their 
model parameters because of the present lack of the de- 
tailed conformational information. 

In the dynamics of the discrete HW chain, it is necessary 
to evaluate the mean reciprocal (end-to-end) distance 
(R-l( t ) )  for chains of contour length t. Although the sim- 
ple analytical expressions for ( R 2 ) ,  ( S2), A, and go have 
been given, the evaluation of (E1) is very laborious. Very 
recently, a useful interpolation formula for it as a function 
of t ,  K ~ ,  and T~ has been constructed to be valid in the 
domain of 0 < v < 8 and ( K ~  - 8)2 + 702 2 4 and in the 
domain I11 for v 2 20 of Figure Thus, this formula 
applies to the polymers listed in Table I except i-PMA ( K ~  

= 6.5, ( ~ ~ 1  = 11) and i-PVAc ( K ~  = 4.0, 1 ~ ~ 1  = 8.6). Therefore, 
an interpolation formula for these two polymers has been 
constructed here following the procedure of ref 9. Then, 
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(R-I) for them is given by eq A1 with eq A2-A4 of ref 9, 
where A, in eq A4 of ref 9 is given by eq A5 of ref 9 and 
the values of Ak (k = 2-7) are given in Table 11. 
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ABSTRACT: Expansion is considered for finite, regular polymethylene stars perturbed by the excluded volume 
effect. A rotational isomeric state model is used for the chain statistics. The  number of bonds in each branch 
ranges up  to  10 240, and the functionality of the branch point ranges up  to  20. The  form of the calculation 
employed here provides a lower bound for the expansion. If the number, n, of bonds in the polymers is held 
constant, expansion is found to  decrease with increasing branch point functionality. Two factors dictate the 
manner in which finite stars approach the limiting behavior expected for very large stars. These two factors 
are the chain length dependence a t  small n of the characteristic ratio and of (a5 - ~ ? ) / n ~ / ~ .  In very good solvents 
these two factors reinforce one another, bu t  they tend to cancel in solvents in which polymer expansion is 
small. 

Rotational isomeric state theory permits construction 
of realistic models for polymer chains.l These models 
incorporate expected values for bond lengths, angles be- 
tween bonds, and short-range contributions to energy 
barriers to rotation about bonds. Matrix methods provide 
the formalism required for rigorous evaluation of statistical 
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mechanical averages of configuration-dependent physical 
properties for the unperturbed chain. Generator matrix 
calculations require negligible computer time even in the 
case of long chains. The theorem on direct products 
permits rigorous extension to branched  polymer^.^-^ Un- 
perturbed tri- and tetrafunctional polymethylene stars 
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