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The R f  values found for sample OMBr2 with the mixture 
(MeCN + MeOH) and (i-PrOAc + EtOAc) were 0.41 and 
0.25, respectively. By making use of these values, eq 1 and 
2 were solved simultaneously to estimate T ,  and M, for 
OMB-2. The calculation yielded 0.76 and 59 x lo4 for Ts 
and M,, respectively, which were in fairly good agree- 
ment with those determined by nmr and viscometry, ie., 
T,  = 0.71 and M, = 63.3 X lo4. 

Chromatograohic Behavior of Sample 74MB20. With 
the knowledge of tlc results described above, we have in- 
vestigated the chromatographic behavior of sample 
74MB20. The development was first made with a mixture 
(i-PrOAc + EtOAc), whose composition was 8:25 by vol- 
ume, by the usual ascending method. Reference samples 
74MB and MB20 were developed simultaneously on the 
same chromatoplate. The chromatogram is shown in Fig- 
ure 4a, from which one finds that no chromatographic dis- 
tinguishment among the samples can be made. On the 
other hand, these samples were chromatographed with a 
mixture (MeCN + MeOH) by the concentration gradient 
technique. The development was started first with 20 ml 
of MeOH (initial solvent). When the solvent front reached 
a level a t  which the sample had been spotted, 20 ml of 
MeCN was admixed dropwise to the initial solvent a t  a 
constant rate. The chromatogram is given in Figure 4b. 
Appreciable separation of 74MB20 into two components 
takes place in contrast to Figure 4a. It is also noticed that 
from the chromatographic viewpoint, the component 
showing the higher R f  may be identified with MB20; 
while the other with 74MB. The identification was en- 
sured by GPC experiments on these samples. The elution 
curves indicated that 74MB20 consisted roughly of two 
species with different molecular weights, and the peaks a t  
the lower and higher elution volume found for 74MB20 
appeared closely to those for 74MB and MB20, respective- 
ly. 

In connection with this tlc result we will point out that 
appreciable separation accomplished for 74MB20 with the 
mixture (MeCN + MeOH) was certainly a piece of luck. 
In other words: if the sample were composed of one com- 
ponent having a higher Mw and T,, and the other having 

a lower M, and Ts, no separation would have occurred so 
far as this developer was employed (refer to Figure 3). 
Thus the tlc experiment made for 74MB20 should be re- 
garded as only a special example that demonstrates a lim- 
itation upon the applicability of tlc. Hence this result will 
not be useful to the practical problem. Despite such rec- 
ognition, we will emphasize that this tlc experiment 
suggests the urgent necessity of new development in sepa- 
ration science for polymeric substances. The reason will 
be clearly understood by taking a nmr spectrum for 
74MB20. The spectrum presents nothing but a conclusion 
that the sample has a tacticity of 0.66, 0.31, and 0.03 for 
the fractions of syndiotactic, heterotactic, and isotactic 
triads, respectively. 

Conclusion 
The tlc experiments performed so far suggest no devel- 

oper system for which the R f  value is dependent solely on 
T,  without interference of molecular weight. Even in the 
separation that  must be predominated by adsorption-de- 
sorption process,lZJ3 the R f  value did depend strongly on 
molecular weight. This means that the separation of syn- 
diotactic and atactic PMMA is a much more hazardous 
task than that  of syndiotactic and isotactic PMMA.z The 
reason may consist in too small differences between ad- 
sorptive forces onto adsorbent exerted by the syndiotactic 
and atactic macromolecules. Therefore the separation of 
syndiotactic and atactic PMMA may be one example 
which is indicative of the limitation of applicability of tlc 
as a separation tool for polymeric substances. 
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ABSTRACT: Inspection of the relationship between steric factor, u, and the crystalline unit cell volume per 
main-chain bond, Vc,  revealed the difference in behavior for polymers with an  extended conformation of mono- 
meric units in the crystalline state (EC polymers) and for polymers with a helical one (HC polymers), the resulting 
equations between respectively Vc = 14u and V, = 4 . 4 0 ~ . ~  (in A3). The origin of the observed difference is tentatively 
attributed to intrinsic differences in angles of internal rotation around single bonds. 

I t  is well knownl.2 that the most important property of ic factor, u, is often used as a quantitative measure of an 
macromolecules responsible for properties of bulk poly- equilibrium (thermodynamic) flexibility of polymeric 
mers3.4 is chain flexibility. The value of the so-called ster- chains. This value is defined as 5-7 nZ = (ro2)/(rf2), where 
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Figure 1. Double-logarithmic plot of u us. V, for some polymers. 
Numbers on the points refer to the following polymers: (1) poly- 
(tetrafluoroethylene), (2)  poly(acrylonitrile), (3) poly(viny1 chlo- 
ride), (4) poly(viny1 alcohol), ( 5 )  poly(hexamethy1ene dibutyl- 
sebactate), (6) poly(hexadecamethy1ene sebacate), (7) poly(hexa- 
methylene sebacate), (8) poly(ethy1ene adipate), (9) poly(deca- 
methylene oxide), (10) poly(tetramethy1ene oxide), (11) nylons 
6 and 66, (12) poly(decamethy1ene sebacate), (13) poly(hexa- 
methylene .oxide), (14) poly(hexamethy1ene maleate), (15) poly- 
(hexamethylene fumarate), (16) poly(hexamethy1ene succinate), 
(17) poly(propy1ene oxide), (18) poly(ethy1ene oxide), (19) poly- 
(epichlorohydrin), (20) poly(isobutylene), (21) poly(propylene), 
(22) polypentene-1, (23) polybutene-1, (24) poly(methy1 methac- 
rylate), (25) polystyrene, (26) poly(o-methylstyrene), (27) poly(1- 
vinylnaphthalene), (28) oolyacrylamide, and (29) poly(N-vinyl- 
carbazole). 

( r 2 )  and (r?) are, respectively, the mean-square end-to- 
end distances of an “unperturbed” macromolecule and of 
a model freely rotating chain. It has been suggested7 that 
the stiffness of macromolecules, as reflected through the 
parameter u, should increase with the increased size of 
pendant side groups. In fact, the existence of an approxi- 
mate proportionality between u and the volume of side 
groups, V, was experimentally confirmed7-10 for some 
polymer series. However, it was noticed7310 that the ex- 
perimental points for some polymers widely deviate from 
the general behavior. For example, very large deviations of 
experimental values of u for poly(viny1 alcohol) and poly- 
(acrylonitrile) from the correlation line c = f(v) for many 
vinyl polymers was interpreted as a result of a specific in- 
teraction between these polar polymers and solvents.1° It 
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is the purpose of the present note to demonstrate that this 
is not the only explanation of the observed effect. 

According to modern concepts,5-7 the magnitude of u is 
determined mainly by short-range intramolecular interac- 
tions involving about 2 to 4 main-chain bonds. On this 
basis, one may suggest that  the stiffness of a macromole- 
cule as a whole may be empirically approximated as a 
sum of “stiffness increments” per main-chain bond in the 
repeating unit.ll It can be deduced from the results in7-10 
that the magnitude of such a “stiffness increment” should 
vary proportionally to the volume of the side groups, V. 
Following this line of thought and recalling that the sta- 
blest conformations of monomeric units in the chain in 
solution are identical with those in a crystalline state,5 it 
is reasonable to expect the existence of a correlation be- 
tween u and the value of the volume of a crystalline unit 
cell per main-chain bond of polymer, Vc. 

In Figure 1 we show a double-logarithmic plot of u us. 
Vc for a number of polymers. Values of Vc were calculated 
using the unit cell parameters tabulated in ref 12 and 13. 
For the majority of polymers the values of u were taken 
from ref 7, 13, and 14. For polybutene-1 we used the value 
u = 2.2 calculated from the datal- of viscosity measure- 
ments. (To assure the internal consistency of the correla- 
tion, we used the values of u calculated according to 
Kurata-Stockmayer’ or Stockmayer-Fixma11~5~ methods 
using the data of intrinsic viscosity measurements and the 
value7 of the Flory constant, % = 2.87 X 1021 dl/g.) 
Values of u for poly(epichlorohydrin), poly( hexamethylene 
oxide), and poly(decamethy1ene oxide) were taken from 
the ref 16-18. Unit cell parameters for these polymers are 
given in ref 19 and 20. Values of u and Vc for poly(N-viny1- 
carbazole) are given in ref 21 to 23. 

Inspection of the data presented in Figure 1 clearly 
shows that the behavior of the plot u = f(Vc) is different 
for polymers with extended (planar) conformation of a 
monomeric unit (these will be referred to below as EC 
polymers) and for polymers with helical conformation in 
the crystalline state (HC polymers). It is convenient to 
express the dependence of u on V, for EC and HC poly- 
mers in the form of the empirical eq l a  and lb ,  respec- 
tively. 

Vc = 14u (A3) ( l a )  

v, = 4.4u3.5 (1b) 

Straight lines (a) and (b) in Figure 1 (log scale) were 
drawn according to eq 1. The results obtained clearly 
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show that for EC polymers the increase of the chain stiff- 
ness with the increase of the bulkiness of side groups is 
much more pronounced than for HC polymers. In light of 
this finding the apparently “anomalous” behavior of poly- 
(vinyl alcohol) and poly( acyrylonitrile) becomes quite nor- 
mal. In fact, the experimental values of u for these poly- 
mers which enter the group of EC polymers, were com- 
pared by Dondos and Benoitlo with those for HC poly- 
mers, and on this basis were judged as anomalously high. 
However, evidence presented above suggests that  in spite 
of an unquestionable influence of a solvent polarity on un- 
perturbed dimensions of many polar polymers, 7910.24 in 
the case considered here the influence of a crystalline con- 
formation of a monomeric unit seems much more signifi- 
cant. I t  is worth noting that the points A, a,  and b in Fig- 
ure 1 of ref 10 corresponding to the EC polymers, poly- 
(ethylene), poly(viny1 alcohol), and poly(acrylonitrile), 
perfectly fall on the straight line as they should. More- 
over, the point of intersection of the straight lines (a) and 
(b)  in Figure 1 has the coordinates Vc = 22.4 A3 and u = 
1.6 which nearly coincide with the experimental fig- 
u r e ~ , ~ ~ ~ ~  Vc = 22.9 A3 and u = 1.63, for a linear polyethyl- 
ene. This phenomenon, also found in the analysis of de- 
pendence of some other properties of bulk linear polymers 
on the chain flexibility,4 suggests that  linear poly(ethy1- 
ene) can be thought of as an “initial” member of “homol- 
ogous” series of EC and HC polymers. 

The relationships found in this work might be of value 
in qualitative discussion of some experimental results. For 
example, the point 1 for poly(tetrafluoroethy1ene) in Fig- 
ure 1, which has the coordinates, Vc = 39.5 A3 and25 u = 
3.3, lies close to the line (a )  for EC polymers, although the 
crystalline conformation of this polymer is not perfectly 
planar but rather is slightly helica1.5J2.13 Evidently, this 
is a reflection of a slight opening of backbone valence an- 
gles due to the repulsions between neighboring fluorine 
atoms. This leads to the increase in identity period per 
bond which approaches the value characteristic of EC 
polymers. Moreover, one might expect that  the values of u 
for a great number of polyethers, polyesters, and poly- 
amides should be in the vicinity of the value, u = 1.63, for 
poly(ethylene), because all these polymers have approxi- 
mately the same Vc values. Therefore, the scatter of ex- 
perimental values of u for these polymers seen in Figure 1 
should be attributed to specific solvent effects. 
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Inspection of the Figure 1 reveals, further, that  eq l b  
rather adequately accounts for the observed dependence of 
u on Vc for HC polymers with different types of helices, 
for example, 3/1 helix (isotactic polypropylene, polysty- 
rene, etc.) as well as 4/1 helix (poly( 1-vinylnaphthalene)). 
In our opinion, this means that the most stable conforma- 
tions of monomeric units in isolated chains are identical 
with the most stable crystalline conformations for these 
polymers.5 This conclusion makes one to believe that the 
wide deviation of u value for poly(isobuty1ene) (point 20 
in Figure 1) from the line (b) for HC polymers might be 
caused by differences in chain conformations of this poly- 
mer in the crystalline state and in solution. This hypothe- 
sis seems to be qualitatively confirmed by the fact that  for 
poly( isobutylene) there exist a t  least six almost equiener- 
getic conformations of a monomeric unit which correspond 
to a minimum of intramolecular interaction energy.5 
Thus, in this case the choice of the preferred type of con- 
formation for a crystalline state will be controlled by re- 
quirements of an optimum intermolecular packing.Z6 The 
values of u, calculated with the aid of parameters of some 
possible crystalline forms, of,poly(i~obutylene),~ are in the 
range from 1.4-2.5, whereas according to our scheme (Fig- 
ure 1) the existence in an unperturbed state of poly(isobu- 
tylene) molecules of a 8/5 helix12 with Vc = 48.5 A3 

should give u about 2.0. This figure is well within the pre- 
dicted range.5 Identical calculation carried out for poly(4- 
methylpentene-1) ( Vc = 84.5 A3) and for poly(vinylcyc1o- 
hexane) (Vc = 93.5 A3), according to the eq lb ,  gives u = 
2.3 and 2.4 for these polymers, respectively. Earlier14 we 
have estimated the value of u for poly(4-methylpentene-1) 
to be about 2.1. 

In summary, the results described in this paper illus- 
trate the very definite correlation between the crystalline 
conformation of chain repeating unit and the flexibility 
parameter of isolated polymeric molecules. It is reason- 
able to suggest that a theoretical justification can be at- 
tached to this phenomenon, especially taking into consid- 
eration the fact that  conformational properties of macro- 
molecules both in an isolated state as well as in crystal are 
mainly governed by the values of angles of internal rota- 
tion.5 
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