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that a remarkable similarity governs the entire group of
seaweed and animal polysaccharides. It was pointed
out that x-carrageenan and (-carrageenan are capable of
forming double helices in the aqueous state, a stereo-
chemical property which perhaps is shared by the other
structural polysaccharides. However, it may be signif-
icant that some of the possible carrageenan conforma-
tions were found to be sterically excluded for the same
sulfated polysaccharides which we found were incap-
able of stabilizing casein micelles. Therefore, there
is a distinct possibility that the casein stabilizing func-
tion of carrageenan may be dependent upon conforma-
tional properties.

The importance of the polymer size in respect to the
stabilizing ability has been well established in the
degradation studies. We do not know the reason for
this dependency upon polymer size for a given sample,
but note that a similar observation has been made for a
correlation between the molecular weight of heparin
and its anticoagulant activity. Braswell!® has pointed
out that the correlation can be confirmed only for
fractions derived for the same sample but not for sam-
ples of different origin. Before the interaction mechan-
ism between «,-casein and carrageenan can be fully
delineated it is clearly necessary to obtain a great deal
more information about the purity and the molecular

(19) E. Braswell, Biochim. Biophys. Acta, 158, 103 (1968).
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weights of the effective polysaccharides, and to deter-
mine to which extent the conformation of the polysac-
charides is affected by the degradation treatments.

Finally, the hypothesis that the interaction depends
in some way upon the stereochemical properties of
carrageenan does not in our opinion preclude that other
polysaccharides possessing difterent structure would
also be capable of a similar interaction. Whether or
not a polysaccharide exhibits the stabilizing ability
may depend only upon the specific characteristics of
the backbone structure and the relative location of the
functional groups.

Acknowledgment., Appreciation is expressed to Dr.
S. D. Upham, Marine Colloids, Inc., Rockland, Maine,
and Dr. E. T. Dewar, Arthur D. Little Research Insti-
tute, Midlothian, Scotland, for supplying purified
carrageenan extracts, and to Dr. D. J. Pettit, Kelco Co.,
San Diego, Calif., for a sample of fucoidan. Apprecia-
tion is also expressed to Dr. E. J. Behrman, Associate
Professor of the Department of Biochemistry and
Molecular Biology, who extended the use of his labora-
tory facilities and gave many helpful suggestions in the
infrared study. This investigation was supported by
Public Health Service Research Grant No. FD-00117
from the Office of Research and Training Grants, Food
and Drug Administration, and by a grant from Marine
Colloids, Inc., Rockland, Maine.

Chain Conformation of Syndiotactic
Poly (a-methylvinyl methyl ether) in the Crystalline State

Vera Y. Chen,! Giuseppe Allegra,’ Paolo Corradini,® and Murray Goodman

Polymer Research Institute, Polytechnic Institute of Brooklyn, Brooklyn, New York.

Received February 5, 1970

ABSTRACT: The chain structure of poly(a-methylvinyl methyl ether) in the crystalline state was investigated by
using X-ray diffraction and conformational energy calculations. Bond angle deformations coupled to preferred

internal rotation angles are included in our approach.
syndiotactic and in the crystalline state forms a 5, helix.

ombined application of X-ray diffraction and con-
formational analysis has been recognized as a
powerful route to determining the chain structure of
crystalline polymers. 7
Parallel application of these two methods of investi-
gation appears to be particularly useful for those poly-
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In agreement with previous nmr results, this polymer is

mers which are subjected to strong intramolecular inter-
actions between nonbonded atoms or groups such as
the polymers obtained from a-substituted vinyl mono-
mers. The internal rotation angles defining the chain
conformation tend in fact to depart appreciably from
the “staggered” values. In addition, bond angle de-
formations must be considered, as has been suggested
in the case of polyisobutene.® Only through a detailed
analysis of the intramolecular conformational energy
is it possible to select a few most probable chain models,
which must then be checked against the X-ray data.
These, in turn, contain information which can be re-
garded as distinct at four different levels. First, the
measure of the repeat distance along the chain axis can
usually be obtained without difficulty from an oriented

(8) P. J. Flory, “Statistical Mechanics of Chain Molecules,”
Interscience Publishers, New York, N. Y., 1969, pp 198-201.
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Figure 1. Representation of the PMVME macromolecule.
formation.

fiber spectrum. Together with the postulate of equiv-
alence among the monomer units,? 1% it is possible to
exclude the vast majority of conformations. From the
qualitative examination of the X-ray intensity distribu-
tion on the various layers of the fiber diagram, it is often
possible to ascertain if a polymer chain has a helical
structure containing N residues in M turns of the helix. !
The X-ray diffraction intensity may be quantitatively
compared with that calculated for a single, isolated
chain, i.e., the packing effects on the intensity distribu-
tion are neglected, to a first approximation.!!!? Fi-
nally, the full comparison between observed and calcu-
lated X-ray amplitudes can be performed to account for
the three-dimensional order.

In the present paper we will discuss the results of our
combined X-ray--potential energy conformational anal-
ysis of syndiotatic poly(a-methylvinyl methyl ether)
(PMVME, Figure 1), where the X-ray investigation has
been carried out through the first three steps mentioned
above. Only the detailed analysis of the structure fac-
tors has been omitted. One of us has also carried out a
similar analysis for polyisobutene.!?

Experimental Section

A. Monomer Synthesis. o«-Methylvinyl methyl ether
was prepared from methylacetylene and methanol using
the method devised by Shostakovskii and coworkers, 14

B. Polymerization. The polymer was synthesized using
the method recently described by Goodman and Fan,! based
on cationic catalysis.

C. X-Ray Fiber Spectrum. Oriented fibers of PMVME
were obtained by annealing strips of polymer under stress
at about 70°, followed by unidirectional stretching at about
the same temperature. These oriented fibers were further
annealed under the same conditions in order to produce

(9) G. Natta and P. Corradini, J. Polym. Sci., 39, 29 (1959).

(10) G. Natta and P. Corradini, Nuovo Cimento, Suppl., 15,
40 (1960).

(11) W. Cochran, F. H. C. Crick, and V. Vand, Acta Cryst.,
5, 581 (1952).

(12) P. Corradini and 1. Pasquon, Atti Accad. Nazl. Lincei,
(8) 21, 453 (1955).

(13) G. Allegra, E. Benedetti, and C. Pedone, paper in prepara-
tion.

(14) M. F. Shostakovskii and E. P. Gracheva, Zh. Obshch.
Khim., 23, 1153 (1953).

(15) M. Goodman and Y. L. Fan, J. dAmer. Chem. Soc., 86,
4922 (1964).

Cz axis

The main chain has been given an arbitrary zigzag planar con-

maximum sharpness and intensity in the fiber pattern. Ex-
posures ranging from 4 to 12 hr were made using nickel-
filtered copper radiation and a Weissenberg camera (R 28.65
mm.). An X-ray tube operating at 45,000 V and 15 mA and
fitted with a copper target was used. The radiation was
filtered with a Ni foil, so that only the Cu K« component was
utilized (A = 1.5418 A).

Convention for the Definition of the Internal and of the
Helical Coordinates of the Macromolecule

The variable parameters defining the integral geometry
of the polymer chain are reported in Figure 1. The
convention for the ith bond is that ; = 0° for the cis
conformation of the three bonds (/ — 1, 7/, i 4+ 1).16
¥, and y, are defined with respect to the main chain;
Y3 is defined with respect to the C(4i + 1, 1)-C(4/,1)-O-
CH; sequence,

The helical symmetry is indicated as s(N/M)2 or
S(N/M)1, depending on the presence or absence of a
twofold axis orthogonal to the chain;!? Nisthe (integer)
number of residues, or structural units, per chain re-
peat, and M is the corresponding (integer) number of
turns of the helix. Both kinds of helix symmetries are
often referred to as Ny. The full repeat distance along
the chain axis is indicated by ¢. The Bragg index along
the same direction in reciprocal space is /. The chain
repeat per structural unit—which in an s(N/M)2 sym-
metry generally corresponds to two monomer units—
is indicated as 4; and is equal to ¢/N, and d,, is the chain
repeat per monomer unit (see Figure 4).

The cylindrical coordinates of the ith atom of the
helix, defined with reference to its axis, are indicated as
(ri, 24, @) with the positive direction of the ¢ coordi-
nates increasing simultaneously with z along the helix. !
In an s(N/M)2 symmetry, the difference in ¢ angles be-
tween two corresponding atoms of neighboring struc-
tural units is indicated as n = 26, where O can be de-
fined as the angle between two successive twofold axes
perpendicular to the chain (see Figure 4).

X-Ray Diffraction Analysis. The X-ray fiber spec-
trum is shown diagrammatically in Figure 2. The
existence of three equatorial reflections whose d spacings

(16) G. Natta, P, Corradini, and I. W, Bassi, J. Polym. Sci.,
51, 505 (1961).
(17) P. Corradini, Rend. Accad. Nazl. Lincei, 28, 1 (1960).
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Figure 2. Diagrammatic representation of the X-ray fiber
spectrum of PMVME (Cu Ke, radius of the cylindrical cam-
era 28.65 mm),

are in the ratios 1 :1/\/3 :1/2 strongly suggests a hex-
agonal or pseudohexagonal packing among the chains
with a distance between chain axes of 9.02 # 0.15 A.

Diffuse layer lines appear at meridional coordinates
¢ in reciprocal space: ¢; = 0.123 A-1, ¢ = 0.179
A-1 b = 0.294 AL,

Assuming a chain repeat ¢ = 16.6 = 0.5 A, the three
meridional coordinates noted above are in good agree-
ment with / indices equal to 2, 3, and 5, respectively
(f1=1 = 0.060 A1),

Cochran, Crick, and Vand first prepared an elegant
expression for the structure factor of an isolated chain
having a helical conformation.!! The corresponding
expression for the intensity on the /th layer integrated
along the ¥ cylindrical coordinate, as given by Corradini
and Pasquon,!? reads

KR, = Z[Z fil (27 Rry) cos <21r % - n¢¢)]2 +

mn

n

Z[Z fiJ2Q7Rry) sin <27r %1 - n%)]z 1

where J, corresponds to the Bessel function of integer
order n. Possible values of the latter parameters are
those which satisfy the relationship

| = Mn + Nm Q)

where m is any integer, positive or negative, including
zero. Since the average values of the Bessel functions
decrease steadily with increasing » for the limited values
of the variable under consideration, the N and M in-
tegers are chosen so that the lowest n values derived
from expression 2 correspond to the / layers with highest
(average) diffraction intensity.

By assuming a helical structure of the chain with five
structural units (residues) in either two or three pitches,
(i.e., N = 5and M = 2 or 3 in expression 2), the distri-
bution of intensities on the X-ray diffraction pattern
agrees with the presence of low-order Bessel functions
in the three layers indicated above. Table I shows that
the nonobserved layers are characterized by higher
order Bessel functions. This allows us to conclude that
in either case this polymer acquires a helical conforma-
tion with five structural units per repeat, and a period
per structural unit d; = 3.32 + 0.1 A(= ¢/5). Sucha
distance is obviously incompatible with the presence of
only one monomer unit (the maximum repeat, in the
fully extended conformation, is approximately 2.5 A),
nor does it seem likely to include three or more units.
We have therefore concluded that each structural unit

Macromolecules

TaBLE [
THE LOWEST VALUES OF THE INDICES OF THE BESSEL
FuncTtions CONTRIBUTING TO THE X-RAY INTENSITY
ON THE VARIOUS LAYERS, FOR DIFFERENT 5y (M =
1 ~ 4) HELICES®

/, index j (lowest index of the
of the =~ ———Bessel function)——— Av intensity
layer 5 S, 33 54 of layer?®
0 0 0 0 0 S
1 1 -2 2 —1
2 2 1 —1 -2 m
3 -2 -1 1 2 w
4 —1 -2 1 vVvw
5 0 0 0 0 VW
6 1 -2 2 -1

@ See expression 2. s = strong; m = medium; w =
weak; vw = very weak; vvw = extremely weak.

comprises two monomer units. This is possible, ac-
cording to the ejuivalence principle,® 1 only if the two
monomer units in each structural unit are connected by
a twofold axis orthogonal to the chain axis. Conse-
quently, the polymer must be syndiotactic!®''7 in agree-
ment with previous nmr results.!®1#=2° The density
of the polymer calculated from X-ray data is 1.06 g/cm?,
in good agreement with the experimental value 0.950
g/cm3,

In the case of a syndiotactic vinyl polymer having an
[s(N/M)2]} chain symmetry, the internal rotation angles
Y1 and ¥, follow in the sequence (----Y1abadiifs-
Yas---) (Figure 1). They are related to the identity
period per monomer unit d,, and the angle of rotation
between two consecutive twofold axes through the fol-
lowing equations?!

1

A T4in e[(1 — ¢os 6)(1 — cos &) sin (Y +

¥2) — sin 6, sin G;(sin Y + sin )]
(3)

6, . .
cos O = cos? 5 o8 6. — 1/ sin 6, sin Gy(cos ¢ +

6
COoS Yy) — sin? 2—1 (cos 82 cos ¥, cos Ys + sin ¥, sin ys)

The angle n between two consecutive twofold axes
connected by the helix symmetry (1 and 3 in Figure 4) is
360° X 2/5 = 144° and 360° X 3/5 = 216° for the 5,
and 5; helix, respectively. The relationship between »
and O is either » = 26 or = 360° — 20, depending on
the relative orientation of the twofold axes (1 and 2 in
Figure 4) associated with the internal coordinate systems
of two consecutive -CHs- units. In the present case,
it turns out that the only reasonable chain models in-
volve methylene units whose H atoms point alterna-
tively toward and away from the chain axis. There-
fore the second relationship between 7 and 6 above is

(18) M. Goodman and Y. L. Fan, Macromolecules, 1, 163
(1968).

(19 K. J. Liu and S. J. Lignowski, J. Polym. Sci., Part B, 6,
191 (1968).

(20) K. Matsuzaki, M, Hamada, and K. Arita, ibid., Part A-1,
5 (6), 1233 (1967).

(21) P. Ganis and P, A. Temussi, Makromol, Chem., 89, 1
(1963).
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the correct one. Consequently, the © values expected
for a 5, and for a 5; helix are 108 and 72°, respectively.

In the following section we will discuss the results of
our conformational energy calculations as a function of
the internal rotation angles ¥, ¥», and ¥3 and of the
bond angles on the main chain. We compare the dy
and © values corresponding to the energy minima with
the expected values of 1.66 = 0.05 A and 108° for the
5, helix, and 1.66 = 0.05 A and 72° for the 5; helix, re-
spectively, showing that the first model is close to the
most stable conformation corresponding to our results.
Subsequently, we will refine the resulting model by
analysis of the X-ray fiber spectrum.

Calculation of the Conformational Potential Energy.
Contributions to the internal potential energy for dif-
ferent conformations of the polymer chains may arise
from the following sources: (1)inherent potentials
for the rotations around single bonds, (2) van der Waals
interactions between nonbonded atoms and/or groups
within or connected to the chain backbone, (3) chain
strain energy connected with the bending of the C-C-C
angles from their normal values, (4) electrostatic inter-
actions of polar groups in the polymer chain.

As a first approximation, the interaction of type 4 is
not taken into account in our calculations. Therefore,
the energy equation may be represented by

U= Urot + Unb + Ust (4)

where the three forms on the right-hand side correspond
to contributions of type 1, 2, and 3, respectively. The
equation for U, is

Ueow = 2%3"(1 — cos 3¢) (5)

K2

and the Lennard-Jones potential functions are used for
the nonbonded-interaction energies

Uny = Z[ﬁ - @} (6)
1<y

r'[j12 rﬁﬁ

Here the parameter Uy, is the rotational energy bar-
rier for the ith bond. U, is taken as 3.0 kcal/mol for a
C-C bond, i.e., close to the value reported for ethane,??
and 1.07 kcal/mol for a C-O bond, as has been sug-
gested for methanol.?® The parameters B;; are calcu-
lated in the Slater-Kirkwood approximation,?*2?
For simplification, the methyl groups have been treated
as spherically symmetrical bodies, attributing to their
polarizability the same value given for methane (ccn, =
2.6 X 1072928 and to their equivalent outer shell elec-
tron number the value 22,?7 only slightly smaller than
that attributed to the methane molecule (Neg, = 24).%8
Values of A4;; are obtained by requiring Uy, to be a min-
imum at a distance r;;° equal to the sum of the van der
Waals radii of the interacting species (r¢m, = 2.0 A).

(22) R. A. Scott and H. A, Scheraga, J. Chem. Phys., 42, 2209
(1965).

(23) J. D. Kemp and K. S. Pitzer, ibid., 4, 749 (1936); J.
Amer. Chem. Soc., 59, 278 (1937).

(24) J. C. Slater and J. G. Kirkwood, Phys. Rev., 37, 682
(1931).

(25) K. Pitzer, J, Amer. Chem. Soc., 78,4562 (1956).

(26) Laudolt-Bornstein, 6 Auflage, I, 1 and 3.

(27) G. C.-C. Niu, Dissertation for the Ph.D. Degree (Chem-
istry), Polytechnic Institute of Brooklyn, Brooklyn, N. Y., June
1969.

(28) K. S. Pitzer, Advan. Chem. Phys., 2,73 (1958).
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TaBLE II
PARAMETERS OF THE VAN DER WAALS INTERACTIONS®

o[ 2 2]

i<gLritt ot
Interactions Aij By

H—H 4,709 49.29
CH; CH; 5,636,100 2,752

C C 293,990 380.6
0—oO0 89,397 245.26
C—H 39,698 133.48
C—CH; 1,301,975 1,014.9
H——CH; 185,540 345.6
O—H 19,835 102.4
o0—=C 162,140 302.03
O—CH; 754,960 821.4

Bond lengths /

C-C1.53A C-01.43A C-H1.10 A

Bond angles ¢

C-C-0=C-0-C=110 C-C-H=H-C-H=109

CH.___OCH,
=0 " =110 ~114° H

91=C\K\'/C=113 ~117°
Ny

@ The values of r are in dngstrém units and energies are in
kilocalories per mole of atomic pairs.

All the 4;; and B;; parameters are reported in Table
II. Nonbonded interactions between atoms separated
by not less than three and not more than five bonds
have been considered.

Finally, the strain energy for the bending of the chain
bond angles (U, in expression 4) has been evaluated
according to the assumption of elastic deformations.
For simplicity, all the angles indicated as 6, and 6.’ in
Figure 1 have been assumed to be identical at the pres-
ent stage, although they are not all related by the chain
symmetry (half of them are in chain bonds characterized
by the ¥, rotation, the other half are in bonds with .).
Following Bixon and Lifson,?® we have put

2
U, = 80[(8; = 6.2 + (6, — 6,1 <2ﬂ-) (M
360
ignoring, as a first approximation, the difference be-
tween the two chain carbon atoms of each monomer
unit. 6;° and 6,—the zero-strain bond angles—have
been set equal to 110 and 112°, respectively. Changes
in bond angles have been considered only for the main
skeleton. However, we have always calculated con-
formational energy maps using fixed values of 4; and
8., which implies that the U, term is a constant for each
map.
We have expressed the conformational potential en-
ergy of the macromolecule as

U= Uy + Us (8)

where the symbol M and SC stand for ‘“‘main chain”
and “side chain,” respectively. Uy includes all energy
contributions except those arising from the rotation
around the C-OCH; bond (y; in Figure 1) and from
the nonbonded interactions involving the methyl group
linked to the oxygen atom. Both these energy contri-
butions are included in Usc. Aside from the bond

(29) M. Bixon and S. Lifson, Tetrahedron, 23 (2), 769 (1967).
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Figure 3. (a) The internal conformation energy of the main
chain for syndiotactic poly(a-methylvinyl methyl ether), Us;
the valence angles in the main chain are §; = 114°, 6, = 117°,
(b) The overall internal conformational energy, Un + Use,
for syndiotactic poly(a-methylvinyl methyl ether) around the
energy minima of Uy in the (¥, ¥2) space. The values of ¥
have been chosen in such a way as to minimize Usc.

angles, therefore, Uy is a function of ¢, and - only,
while Usc depends on ¢4, ¥», and ¢;. We have tabu-
lated U as a function of ¢, and ., assuming implicitly
that the value of ¢; is that which minimizes Usc for each
(Y1, Y¥») combination. The assumption does not intro-
duce any approximation as long as we are looking for
the minima of the conformational energy function.

Uy has been calculated by rotating both ¥, and ¢ at
intervals of 10°, and considering several different com-
binations of 6, and 6, i.e., the two chain angles C-C-C
of the monomer unit (Figure 1). The CH;—C-C, the
CH.—C-O, and the C-O-CH; angles have been given
fixed values of 112, 110, and 110°, respectively. The
lowest values of the Uy have been obtained for 6, and
8, equal to 114 and 117°, respectively. Correspond-
ingly, we have calculated the Usc contribution, varying

Muacromolecules

TaBLE III
CONFORMATIONAL ENERGY FOR ¢; = 1507, ¢{» = 70°,
Y3 = 80° aAND DIFFERENT COMBINATIONS
OF THE CHAIN BOND ANGLES

~—Chain bond— ~——~Conformational energy——

angles U=
6, 2 Uun Usc Us + Usc
112 115 8.27 7.71 15.98
112 117 5.91 7.16 13.07
114 115 6.91 7.71 14.62
114 117 5.01 7.17 12.18
116 115 6.18 7.71 13.89
116 117 4.72 7.17 11.89

¥ at intervals of 10° and recording the minimum value
for each combination of ¥, and y» (Figure 3a). Usc
was then added to Uy to obtain the total conformational
energy U (Figure 3b). To save computer time, the
evaluation of Usc has been carried out only in the re-
gions around the minima of the Uy map. Calculations
were also performed in some other points, chosen at
random to make sure that no additional low energy
minimum could arise in the resulting U map. The
lowest minimum corresponds to ¢, = 150°, y» = 65°,
¥; (not indicated on the map) = 80°. As a check of
our assumption for the chain bond angles, we have cal-
culated the total energy U for the same values of ¥, y»,
and s, with different (6, 6:) values. The results are
reported in Table III. The combination with 6, =
114°, 6, = 117°, which has been adopted to calculate the
energy maps of Figure 3a and 3b, is very close to the
lowest conformational energy. The two crosses labeled
A and B in Figure 3b correspond to a 3, and 35; helix,
respectively, both conformations being characterized
by a chain repeat per unit equal to the experimental
value (dy = 1.66 = 0.05 A). It is important to stress
that, for given values of 6, &, dn, and O, there is a
unique solution of the system (3) for ¥, and ¢»: a
displacement of =5° in these two angles leads to a
change of about =0.1 A in d,,. It is apparent that the
conformation represented by 4 (¢, = 160°, . = 55°,
Y3 = 80°) is more satisfactory; it deviates by 10-15°
in ¢, and . from the lowest energy minimum. The
conformational energy of 4 changes slowly with y;; a
change of +15° in this angle does not increase the
energy by more than 1.5 kcal/monomer unit. As a
consequence, relatively wide variations from the cal-
culated ;5 value can be expected because of packing
forces in the crystal and approximations involved in our
analysis.

Comparison of the Calculated Intensity Diffracted
by the Isolated Helix with the Experimental X-Ray
Diagram. Calculation by expression 1 of the X-ray
intensity diffracted by the model represented as point
A in Figure 3b does not lead to a satisfactory agreement
with the observed intensity distribution—compared
with the fiber spectrum reported in Figure 2—essentially
because of the exceedingly low intensity calculated on
the layer with / = 3. Consequently, we have looked
for a modified, more satisfactory model according to
the following criteria.

(a) The 6. and 6.’ bond angles (see Figure 4) may be
assigned different values, provided the corresponding
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TaBLE IV
GEOMETRICAL PaRAMETERS OF PMVME IN THE CRYSTALLINE STATE

Bond lengths, A Bond angles, deg

Internal rotation angles. deg

C(])—C(Z) 1.54 C(2"-C(H)-C(2) 123.1 (8" C(3)-C(2)oC(1)-C(2) 157.2 ()
C(2)-C(3) 1.54 C(1)-C(2)-C(3) 112.2(8) C(l)-C(Z)ﬁ—C(S)ﬁC(Z”) 39.2 (Ya)
C(3)-C4) 1.54 C(2)-C(3)-C(2"’) 108.2 (8») C(3)»—C(2)%0(1)~C(5) 67.2 (¥s)
C(3)-0O(1) 1.45 C(1)-C(2)-C(4) 118.2
C(5)-0(1) 1.45 C(1)-C(2)-0O(1) 112.0
C(3)-C(2)-0O(1) 105.4
C(3)-C(2)-C(4) 106.8
C(4)-C(2)-0(1) 107.0
Cylindrical Coordinates for the Monomer Unit
r, A z, A ¢, deg
() 0.67 0.00 0.0
C(2) 1.64 1.07 30.0
C(3) 2.15 1.61 72.0
C(4) 2.00 2.32 3.1
C(5) 4.05 1.61 31.0
o) 3.05 0.56 30.0
strain energy does not increase by more than 1-2 kcal/
monomer unit.
(b) The severe restrictions to the values of the CHy—
C-CH,; and CH»-C-O bond angles must be somewhat
reduced. With reference to expression 7, a change of
6° from the zero-strain value of these bond angles en-
tails a strain energy lower than 1 kcal/monomer unit, Wl o=
which has been assumed to be acceptable in considera- ——t S,
4
L
e gea
< 4
|
dg: 3224 mw[ 1 . 3 .
4
rnsl £L=2 R
)
| Q=1 .
1 d
vs | \O* T L=0

Figure 4. The resulting chain model of PMVME in the
crystalline state.

10 20 30 40 x {mm)}

Figure 5. Comparison between observed and calculated X-
ray intensities (the latter have been corrected for the Lorentz
polarization). The x coordinate (in millimeters) corresponds
to the distance from the meridional line in the spectrum re-
ported in Figure 2. The intensities are given in arbitrary
units.



280 Y. Funwara anp P. J. FLoRY

tion of the strong nonbonded interaction energies in-
volved in our system,

(c) Assuming, as a first approximation, that the
energy map reported in Figure 3b still holds some valid-
ity after the changes in bond angles, ¥, and ¥, should be
modified so that the representative point A moves to-
ward the minimum of the potential energy function.

(d) From what has been said at the end of the pre-
vious section, ¥; may have any value in the range 65-
95°,

(e) The d, value must remain in the range 1.66 =
0.05 A, and the © angle must remain equal to 108° (see
expression 3 and Figure 4).

On the basis of trial and error methods, the best
agreement with the experimental X-ray distribution has
been obtained with the model reported in Figure 4,
where 6, = 112°, 6, = 108°, 8’ = 123°; , = 157°,
Y2 = 59°, ¥; = 67°. The full list of the geometrical
parameters corresponding to the model of Figure 4 is
reported in Table IV. Figure 5 shows the calculated
X-ray profiles, and the observed X-ray intensities are
also indicated in conventional notation. An isotropic
thermal factor equal to 4 A has been applied to all

Macromolecules

atoms, hydrogens omitted. The agreement is clearly
satisfactory.

Conclusions

The present study represents a characteristic example
of a polymer conformational analysis where two dif-
ferent techniques—X-ray and potential energy calcula-
tions-—are employed in an alternate sequence, leading
to a progressive refinement of the chain model.

It also emphasizes the importance of considering the
bond angle flexibility in crowded molecules. As a
matter of fact, no improvement from model A of Figure
3b—unacceptable from the X-ray point of view—seems
possible if this kind of molecular deformability is not
taken into account. On the other hand, analysis of
Table III is in itself sufficiently indicative of the possi-
bility of achieving significant energy stabilization
through bond angle deformation.
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ABSTRACT: Configuration partition functions, z, and second and fourth moments, <r2>0 and <r4>o, of the end-
to-end vector r, for vinyl polymer chains are calculated as functions of chain length (x), of the statistical weight
parameter (w) representing steric repulsions between groups separated by four bonds, and of the average stereo-
chemical configurations of dyads comprising the chain. For small steric repulsions in the aforementioned con-
formations, i.e., for w > 0.10, the characteristic ratio C, = <r2>o/nl2 in the limit of long chains is comparatively small
(<7) and nearly independent of the degree of stereoregularity throughout the range from isotactic to syndiotactic.
For stronger repulsions, i.e., for @ = 0, C, is much larger for isotactic than for syndiotactic chains; for atactic
chains, it is lower than for either of the stereoregular forms. Characteristics of chains varying in stereoregularity
from isoractic to aractic are fairly well reproduced by calculations for isotactic chains with w varied artificially
in the range from 0 to 0.1. Anomalous behavior of the ratio {r,/(r?? for syndiotactic chains is traced to the

suppression of nonplanar conformations for tetrahedrally bonded chains in the limit w = 0.

wo aspects of the structure of vinyl polymers

—-CH,CHRCH,CHR-, etc., set them apart from
other kinds of long chain molecules. First, steric
interactions involving the substituent R, assumed to be
of the size of CH; or larger, severely limit the confor-
mations available to the chain. Second, alternate
skeletal atoms being asymmetric, the characteristics of
the chain may depend decisively on the stereochemical
configurations of these centers of asymmetry. The
stereochemical configuration of the chain is appropri-
ately defined through specification of the symmetry
of each of its successive dyads, which may be either
meso (m)

ROR
—Q—CHZ—;C—
H H

or racemic (r)

T 0
—(‘:—CHz——?—-
H R

The two species of the mirror-image pair (¢/ and /d)
comprising the latter form need not be differentiated
for our purposes. The stereochemical configuration
of a sequence is then adequately specified by
...mrrmr. . ., for example,

Limitations on the spatial configuration of the
chain molecule are markedly dependent on the srereo-
chemical configurations of the asymmetric centers
—CHR-. They are most severe in isotactic chains,
which, if the ultimate in structural purity could be
attained, would be exclusively meso. Interspersion
of racemic dyads greatly increases the spatial configura-
tions available, as measured by the configuration
partition function, for example (¢f. the following).



