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It was found that the contribution of the long-range
fluctuation to the total fluctuation v(r) is usually very
small, ranging around a few per cent, and that a,, which
reaches ~1 u, is much larger than a; varying from
several hundred to a few thousand angstroms with good
correlation to the size of the dispersed spheres.

Three kinds of heterogeneity parameters, *‘specific
surface” S.,, ‘distance of heterogeneity” I, and
“volume of heterogeneity” #, which were further defined
from the correlation function «(r), as well as the statisti-
cal parameters, such as a; and a., and the fractional con-
tribution factors of the short- and long-range fluctua-
tions, f and (I — f), were discussed in relation to the
heterogeneity of the colloidal domain structures of the
specimens observed from their electron micrographs.

The following conclusions were obtained. The
larger the size of the spherical domain, the larger the
correlation distances, a, and a», as well as the hetero-
geneity parameters, /. and 7, and, in contrast, the smaller
the specific surface S.,. The larger the distance be-
tween the dispersed spherical domains, the larger the
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long-range correlation distance. The less uniform the
dispersion of the spherical domains, the larger the short-
range correlation distance g; as well as the heterogeneity
parameters, [, and #, and, in contrast, the smaller the
long-range correlation distance @, and the fractional con-
tribution factor of the long-range fluctuation (1 —
f). The radius of the dispersed spheres R.c..:, which is
determined from the parameter Ss,, agrees fairly well
with Rg u. determined from the electron micrograph
of the domain structures,
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ABSTRACT: The structure of isotactic poly(methyl methacrylate) in the crystalline state was analyzed by the use
of X-ray diffraction and far-infrared spectroscopic methods. At the first stage, the results of the conformational
analysis, cylindrical Patterson function, and molecular structure factor calculation have led two types of helix mod-
els, of which the main difference lies in the conformation of the side chain. For both models the main chain is com-
posed of a (5/1) helix containing five chemical units and one turn in the fiber identity period (the internal rotation
angles; 7, = 180°and 7, = ~ 108°). Finally, one of these models has been found to be more reasonable from the

far-infrared spectroscopy and normal coordinate treatment. The internal rotation angles of the side chain for this

model are 7; = —24°and 74 = 171° in CHy-C,~CO,~O-CH; and the o~-CHj; group points outward from the helix.

poly(methyl methacrylate) (PMMA) can be pre-
pared as samples from highly isotactic to syndio-
tactic depending upon the polymerization condition.
This polymer has been noted for its importance from
the viewpoint of nmr spectroscopy and mechanism of
polymerization, The configuration, i.e., isotactic or
syndiotactic, was determined by nmr by noticing the
absorption of methylene protons. 2

The molecular conformation or crystal structure,
however, has not yet been settled. Stroupe and
Hughes?® proposed a (5/2) helix model for isotactic
PMMA. Here (5/2) denotes a helix which contains
five chemical units and turns twice in the fiber identity
period. Liqguori and his coworkers* studied the ultra-
violet spectrum of a dioxane solution of isotactic
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PMMA at various temperatures, and from this result
and also from conformational analysis they suggested
that the chain transforms from (5/1) to (5/2) helix at
43°,  Furthermore, Liquori, et al.,’ reported the forma-
tion of a crystalline complex of syndiotactic PMMA and
isotactic PMMA with the mole ratio of 2:1.

In their article they noted that the Fourier transform
of (5/2) helix was found to be inconsistent with the
intensity distribution of the fiber photograph of isotactic
PMMA; however, they have not reported further de-
tailed results.

We have studied the structure of isotactic PMMA by
the use of X-ray diffraction and far-infrared spec-
troscopy. From the results of the conformational
analysis, cylindrical Patterson function, and molecular
structure factor calculation, the possible models have
been restricted to two types of (5/1) helices, one of which
was finally found to be more reasonable from the far-
infrared spectroscopic method.

(5) A. M. Liquori, Q. Anzuino, V. M, Coiro, M. D’alagni,
P, De Santis, and M. Savino, Nature (London), 206, 358 (1965).
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Figure 1. X-Ray fiber photographs of (a) isotactic PMMA
and (b) syndiotactic PMMA.

Experimental Section

Samples. The following samples were used in the present
studies: (1) isotactic PMMA, the tactic index [ (triad)
measured by nmr is about 100%; (2) syndiotactic PMMA,
the triad index S is about 94%. Both these samples were
kindly supplied by Dr. Y. Kotake of the Research Labora-
tory, Mitsubishi Rayon Co., Ltd.

X-Ray Diffraction and Infrared Absorption Measurements.
The films of isotactic PMMA for X-ray and infrared measure-
ments were prepared by casting from toluene solution,
stretching to about five to ten times the original lengths, and
subsequently heat treating at 90° for 6 hr under vacuum,
The X-ray diffraction measurements were made with Ni-
filtered Cu Ke radiation by using a cylindrical camera. The
isotactic sample gave an oriented crystalline X-ray pattern
as shown in Figure la.

The far-infrared spectra were measured with a Hitachi
Model FIS-1 double-beam far-infrared grating spectro-
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Figure 2. Far-infrared spectra of isotactic PMMA (600-80-
cm~! region). The solid and broken curves represent the
spectra measured by the polarized radiation with the elec-
tric vector perpendicular and parallel to the fiber axis, re-
spectively. The band at 464 cm™! is due to toluene.

photometer with polarizer of polyethylene sheets. The
polarized far-infrared spectra of isotactic PMMA are shown
in Figure 2. The solid and broken curves represent the ab-
sorptions obtained with polarized radiation with the electric
vector perpendicular and parallel to the orientation direction,
respectively. The figures adjacent to the curves represent
the specimen thickness in microns measured by a bench
thickness gauge.

Analysis

Since syndiotactic PMMA gave the X-ray pattern
of very low crystallinity (Figure 1b), the analysis has
been made exclusively on isotactic PMMA. The out-
line of the process of analysis is schematically shown in
Figure 3. The fiber photograph of isotactic PMMA is
approximately indexed with an orthorhombic unit cell
with lattice constants a = 21.08 A, b = 12.17 A, and
c(fiber axis) = 10.50 A, as already reported by Stroupe
and Hughes.? Because of the broadness of the reflec-
tions, the exact indexing is rather difficult and the space
group could not be determined. Since the general
feature of the fiber photograph suggests a helical struc-
ture containing five chemical units in the fiber identity
period, the molecular conformation can be given, if the
four kinds of internal rotation angles are determined:

isotactic PMMA
x-ray, density

a unit cell contains four helices,
each consists of five monomeric units

1 helix parameter equations

(5/1) 7 = 180° (5/2) 7, = 178°

72 = —108° Ty = — 39
right-handed side chains pointing
upward

1 conformational analysis

eight models: «-methyl groups
pointing outward or inward

l cylindrical Patterson function

[(5/1) helix, four models|

molecular structure factor

(5/1) helix, a-methyl groups
pointing outward
modell: 73 = —24°, , = 171°
model II: 73 = 154°, 7, = —171°

normal coordinate treatment
model I

Figure 3. Process of analysis.




Vol. 3, No. 4, July—August 1970

,\IAI

|
Cm=Oq
|

Oy

|

My

Figure4. Numbering of the atoms,

TI[C[I(_ l)CI(_ I)CIICI], T2[CI(‘_ 1)CHCICH(+ 1)], T3
[MICICIUOI], and T4[C1C11101Mn]. The numbering
of the atoms is shown in Figure 4.

The bond lengths and bond angles used throughout
this investigation are as follows: bond Ilengths,
Ci-H = 1.10 A, Ci=C1 = C—Cu(+1) = C-M; =
CrCin = 1.54 A, Cin-Onr = 1.21 A, Cipi-0r = 1.32
A, O-Mu = 146 A; bond angles, C:Cri(+1)Ci-
(+1) = CiulOMn = 1140, 0:Ci;:0n = 1240, Cr-
CiiOn = 120°, C,CinO; = 116°, and other bond
angles = 109°28’,

Molecular Models. At first the internal rotation
angles 7, and 7» of the skeletal chain were examined by
using the helical parameter equation proposed by
Miyazawa® by assuming that five monomeric units are
contained in the fiber identity period of 10.50 A. From
this result two following helical models were found to be
suitable: (5/1) helix with 7, = 180° and 7» = —108°,
and (5/2) helix with 7, = 178° and 7» = —335° The
sign of the angle, e.g., 71, is positive if, viewing the atoms
along the bond Ci(—1)-C;; with Ci(—1) nearer the ob-
server than Cii, the angle from the projection of Cr-
(—1D-Cu(—1) to the projection of C1—C; is traced in
the clockwise sense as usual. Hereafter we consider
only right-handed helices with the side chains pointing
upward for simplicity.

There remained two internal rotation angles of the
side chain 7; and 7, undetermined, which were ex-
amined by conformational analysis. The method of
analysis is essentially the same as those reported by De
Santis, er al.,” and Scott and Scheraga.® The potential
functions between nonbonded atoms used here are the
Lennard-Jones type 6-12 function with the same param-
eters used by Scott and Scheraga® except the methyl
group, which were considered as a united atom. The
additivity was assumed for the polarizability « and for
the effective number of the outer shell electrons N.
Thus for CH; group, a(C) + a(H) X 3 = 0.93 A? 4
0.42 A® X 3 = 2.19 A% and N(C) + N(H) X 3 =
52 + 09 X 3 = 79. A van der Waals radius of
CH; = 2.0 A was used. The potential energies were
calculated for all the atom pairs of the distance shorter
than 5 A, actually between the atoms belonging to
second neighboring units. The dipole interactions were
not taken into account.
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Figure 5. Potential energy map for the (5/1) helix with the
a-CH; group pointing outward. The broken curves in-
dicate the contour for 100 kcal/mol monomeric unit. The
upper minimum with 29 kcal and the lower one with 32 kcal
correspond to model I and model 1, respectively.

There are two possibilities for determining whether
the a-CH; groups point to the outside or inside of the
helix for both the (5/1) and (5/2) helices, so four kinds
of potential maps should be prepared. One of these
is shown in Figure 5, which is for the (5/1) helix with
the «-CH; groups pointing outward. The potential
contours were drawn for 75 (ordinate) and , (abscissa).
Two minima were found at 7, = 336° (= —24°) and
75 = 171° with the potential value 29 kcal/mol mono-
meric unit (we denoted this model as model I), and r; =
154° and 7, = 189° (= —171°) with 32 kcal/mol
monomeric unit (model II). Thus four models were
found for each of the (5/1) and (5/2) helices, a total of
eight models.

Cylindrical Patterson Function. For deciding
whether the (5/1) or (5/2) helix is reasonable, the
cylindrical Patterson function ¢(z,r)1* 1! was utilized

9(zr) = —— ST ILBIL2TE) cos rlzle) (1)
NV 4l

Here z and r are the distance in the fiber direction and
the distance from the fiber axis on the cylindrical co-
ordinate in the Patterson space, respectively. ¢ is the
Bernal coordinate; i(/,§) is the integrated intensity of a
reflection of the /th layer line at a distance ¢; V is the
volume irradiated; and M is the total number of periods
in the fiber direction; Jo(27¢r) is the Bessel function of
zero order,

Figure 6(a) is the cylindrical Patterson map calculated
by using the observed intensity of 48 independent re-
flections. It is a characteristic feature of this map that
there appears a maximum at the origin and a minimum
at the point z = ¢/2and » = 0. This feature suggests
that the distance between a turn and succeeding turn
along the axis corresponds to the fiber period, that is,
the (5,/1) helix is reasonable.

The Patterson function synthesized by using the
molecular structure factors calculated for the (5/1) helix
(model I) and the (5/2) helix (a model with the conforma-

(10) C. H. MacGillavry and E., M. Bruins, Acta Crystallogr.,
1, 156 (1948).
(11) R. E. Franklin and R. G. Gosling, ibid., 6, 678 (1953).
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() [5/2) netix
Figure 6. Cylindrical Patterson maps synthesized from (a)
the observed intensity, (b) and (c¢) the molecular structure
factors calculated for (5/1) helix and (5/2) helix, respectively:
X, theoretical peaks for intrahelical CH;—CH; (in the ester
group) and C-C (in the skeletal chain) vectors.

tion of the side chain similar to model I) instead of the
observed values is shown for comparison in Figures
6(b) and (c), respectively. The result from the ob-
served reflection data is in far better agreement with the
map for the (5/1) model than the map for the (5/2) helix,
which has a maximum at z = ¢/2and r = 0. Thus the
(5/2) helix model was excluded.

Molecular Structure Factor. Now we should exam-
ine the most reasonable of the four models of the (5/1)
helices. The intensity diffracted by a lattice containing
one helical molecule at the lattice point can be cal-
culated from the squares of the following Fourier
transform derived by Cochran, Crick, and Vand!?

F(RYI/c) = 2.3 fiJ(2mRry) explitny —
ne; + nw/2 + 2xwlz;/0)] (2)

where R, ¢, and //c are cylindrical coordinates of a
point in reciprocal space, f; is the atomic structure
factor, and r;, ¢;, and z; are cylindrical coordinates of
the jth atom. J, is Bessel function, the order n of
which is obtained for the reflections on the /th layer line
by solving the following equation for the (5/1) helix

[ =n+ 5m (3)

where m is an integer.

Since in the present case four chains pass through a
unit cell, the phase relation between the X-rays scattered
by the chains in the unit cell should be taken into ac-
count for the calculation of the structure factor. At
present, however, the space group of isotactic PMMA
has not yet been determined, and it is difficult to assume
the values of the parameters locating the helical chains
in the unit cell as well as the senses of rotation and direc-
tion (upward or downward) of the molecules. In the
present work, therefore, the phase relation was not
taken into account for the first approximation. In the
fiber photograph the relevant intensity should be
cylindrically averaged, which can be expressed as?®?

(FAR,Ije))y = 2112 filu(2mRr) cos 2miz;lc —
n 7
ne > + (21 (27 Rry) sin Qriziic — ng)l2}  (4)
J

Figure 7 shows the calculated intensities [(F*(R,//c)),

(12) W, Cochran, F. H. C. Crick, and V. Vand, Acra
Crystailogr., 8, 581 (1952).
(13) D.R. Davies and A. Rich, ibid., 12,97 (1957).
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Figure 7. Comparison between the observed relative in-
tensities (vertical rods) and the calculated molecular struc-
ture factors (a) for the two models with the «-CH; pointing
outward (solid curves. model [; broken curves, model I1).
and (b) for the two models with the «-CHj pointing inside.

of eq 4] for the four models. The vertical rods in the
figure show the observed relative intensities of the reflec-
tions after corrected by Lorentz and polarization factors.
In the figure the curves on the left-hand side (a) are for
the models with the o-CH; pointing outward from the
helix (solid line, model I; broken line, model II), and
the curves on the right-hand side (b) are for the two
models with the o-CH; pointing inside toward the helix.
The values of the observed intensity show better agree-
ment with the calculated values for the models with the
«-CH; pointing outward (model I and model II) than
those for the models with the a-CHj; pointing inside.
Thus models I and II were found to be the most reason-
able among the eight models assumed at the first stage,
but the determination of the final modelwas still difficult
from the present X-ray data alone.

Far-Infrared Spectra and Normal Coordinate Treat-
ment. It may be expected that the difference between
the conformations of model 1 and model II is reflected
in the far-infrared spectra. In order to make the nor-
mal coordinate treatment, a well-established set of
force constants is necessary especially for the ester
group. We have studied the far-infrared spectra of a
series of aliphatic polyesters [(CH.),,COO-], (m = 1,
2, 4, and 5), and found several far-infrared bands ap-
pearing systematically at nearly the same positions with
similar intensities.’* On the other hand the con-
formations of these polyesters were found to be es-
sentially planar zigzag by X-ray studies.’>= 17  We have

(14) H. Tadokoro, M. Kobayashi, H. Yoshidome, K. Tai,
and D. Makino, J. Chem. Phys., 49,3359 (1968).

(15) Y. Chatani, K. Suehiro, Y, Okita, H. Tadokoro, and K.
Chujo, Makromol. Chem., 133, 215 (1968).

(16) K. Suehiro, Y. Chatani, H. Tadokoro, R. Kato, and A.
Tanaka, Annual Meeting of Society of Polymer Science (Japan),
Nagoya, Japan, May 1966.

(17) Y. Okita, Y. Chatani, H. Tadokoro, and Y. Yamashita,
Annual Meeting of Society of Polymer Science (Japan), Tokyo,
Japan, May 1967.
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TABLE 1
CHARACTER TABLE, NUMBER OF NORMAL MODES, AND SELECTION RULES FOR
[sotacTic PMMA UNDER THE PoINT GroOUP C:#

C; E Ca C,32 Cs‘g C54 Nib Ir Ramans
A 1 1 1 1 1 21 — AT.RY) AlD A
1 2 2% *
. 5“ o S o : } [21 — K(T.or T,)] X 2 A(L) A
1 e? e* € e2* "
E. {1 €2 € & e’ } 211 X2 F A

@ ¢ = exp(27i/3). t N;. the number of normal modes.

active; F. forbidden.

calculated the normal vibrations of the skeleton of these
polyesters, and found a reasonable set of force con-
stants, 4

The normal coordinate treatments of models I and
II were carried out according to the same method that
was applied in previous investigations.’* The methyl
and methylene groups were considered as united atoms
with the atomic weights of CH; and CH,, respectively.
The fundamental vibrations of the (5/1) helix infinitely
extended may be treated under the factor group iso-
morphous to the point group C;. The result of the
factor group analysis for the skeletal model is given in
Table I. The totally symmetric A species gives rise to
19 fundamental modes which have the transition mo-
ments parallel to the helical axis, and the doubly de-
generate E, species gives 20 doubly degenerate funda-
mentals with the transition moments perpendicular to
the helical axis. The normal modes of these two sym-
metry species as well as the E, modes are all Raman
active,

The force constants of the modified Urey-Bradley
type were directly transferred from those obtained for
the aliphatic polyesters'¢ as shown in Table II. The
normal frequencies and potential energy distributions
calculated for models I and IT are compared with the ob-
served data in Table III. The bands of the frequencies
higher than 700 cm~! are omitted from this table for
simplicity, since the skeletal vibrations are in question
in the present study. [t is empirically well known that
the normal vibrations including internal coordinates
such as 6(CCQO), 6(OC=0), and §(COC) give rise to
comparatively strong bands in the infrared spectra.
The calculated modes should be assigned to the ob-
served bands with due regard to the potential energy
distributions in addition to the calculated frequencies.
Then, in the case of model I the calculated frequencies,
365 cm~! (E;) and 368 cm™! (A), may be assigned to the
observed strong bands at 368 cm~! (perpendicular) and
365 cm~! (parallel), respectively, since the potential
energy distributions of these calculated modes are
mainly composed of the deformation §(C:11O:Mi1) for
both species (potential energy distribution, 39 97 for the
A species and 559, for the E, species). This assign-
ment also seems to be reasonable from the results of the
previous study on the aliphatic polyesters.’* On the
other hand, in the case of model II the modes having
the calculated frequencies, 369 cm~! (E;) and 385 cm™!
(A), should not be assigned to these two observed bands,
though the calculated frequencies are close to them.
The potential energy distributions of these modes are
mainly of the deformation 6(CiM;) for both species

T and R are translation and rotation of a molecule as a whole. ¢ A,

TABLE II
Force ConsTANTS FOR [soTacTic PMMA®

K(CuCo) .
K(CiCr(+ 1)>} 3.90
K(O1M1y) 3.80¢
K(C M) 3.90¢
K(CiCrrp) 2.80¢°
K(O:Cripy 2.90¢
K(Ci1Omy) 10.70¢
H(CCiCri(+1)) 0.310¢°
H(Ci(—1DCuCr) 0.310¢
H(CyCiMy) 0.310¢°
H(C11CiCrnr) 0.350°
HM;C(Cir) 0.350¢
H(MO:1Crn) 0.610¢
H(C(C111011) 0.570¢
H(O1C1110m) 0.300¢
H(C1Ci1Oy) 0.320¢°
HH{Ci(= DCu-CiCu(+1))] 0.0994
H(CuCr-Cr(+1)Cr(+1)§
HAM;C~C11011) 0.1344
H (M;C1-Ci11Or1) 0.0934
H,(M1O1-Ci111011) 0.2794
H (MO1-Ci1iCr) 0.1104
F(CuCiCr(4-1)) 0.525¢
FC(—1)CuCp) 0.525¢
F(CiiCiMy) 0.525°
F(CnCiCrr) 0.500¢°
FM:CiCrin) 0.3500¢
F(CiCr1iOn1) 0.530¢
F(O1C11101) 1.750¢
HCCiiOy) 0.640°
F(M1101Crnr) 0.390¢
F’ —0.1F°
C(C1Cr101)-6(CrurCrCri( 4 1))

for model I 'f’ 0.244

C[(C1Cr10m)~-8(CrirCiM)] ‘
for model 11 /
C[6(M1101Cr11)-8(O01Cr11011)] 0.204
x [7(M1C1Cr1101)~r(M1CiCr11011)] —0.0604
x [7(M110:1Cr111Cr)-r(M1101Ci11On)} —0.0444

¢ K, H, H,, and F are the stretching, bending, torsional, and
repulsive force constants; C, x are coupling constants be-
tween the internal coordinates. ? The cis-coupling constants
are taken differently for the two models because of the dif-
ferent conformation of the side chain in the two models.
¢ Units are mdyn/f%. 4 Units are mdyn A.

(367 for the A species and 409 for the E; species).
The calculated frequencies for model II with the vi-
brational modes similar to the calculated modes for
model I at 365 cmi™! (E,) and 368 cm~! (A) are 399
cm~! (E;) and 390 cm~! (A), respectively. It may be
rather reasonable to assign them to the observed bands
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TabLe 111
SKELETAL VIBRATIONS OF Isoractic PMMA
— Model [ —_— — Model I1 —
Obsd Calcd Calcd
freq, freq, Assignment® freq, Assignnment?®
cm™! cm™! potential energy distribution cm™! potential energy distribution

Species A

685  y(Cr1==0n1) (40) — w(C1Ciny) (26)
568( ) vw (sh) 635 S(CuCrCu(+1) (29) — »(CiMy) (20)

559(') m 555 w(CiM) (36)

476(lh) m 457 &(CiMn) (28) + §(Cii=0nm1) (22)
391(1) w (sh) 390 W(CiMy) (43) 4 8(CriCiCu(+1) (21)
365(”) Vs 368 5(C111011\/Iu) (59)

314(h m 280 7(CiiOr) (28) + W(CiCrr) (27)
217(|h s 231 8(CrCriiOn) (36) + 6(CiMy) (26)
165/ vw (b) 161  7(CiiOx) (36)

109(“ m 91 T(CICIU) (31)

693 y(Cur=0r1) (41) + W(C:Crr) (25)

612 (CuCiCu(+1) (17) — 8(Cri=01) (17)
600 H(CnCiCri(+1)) (26)

414 w(CiMy) (43)

390 §(CrrO1Mi1) (50)

385 &(CiMyp) (36)

264 3(CiCiiOr) (37) — 3(C11101M) (20)

254 W(CICUI) (31) - 5(CIMI) (20)

157 7(CinOr1) (31) — v(Cur==011) (22)
81 7(CiCr) (36)

Species E,

675(_L) Vw 709 ‘Y(C][[:O[[) (3], 790). W(C1Cn[) (27 2600)

609( L) vw 635 §(Cri==0r1) (23)
559( L) m 593 w(C:Mp) 31

724 4 (Cii==0r1) (28. ~-30°), wW(C1Cr11) (25, —27°)
658 6(Crr=011) (24, —487), 8(CiMy) (20. 145°)
579 $(CriCiCri(+1)) (30, 1407, w(CiMy) (26, 224°)

480( L) m 502 H(CuCiCu(+1)) (15, 31°), (CiMp) (14, —78°%) 520 6(CiCrrr) (11, 166°), 8(Cir==0n1) (10, —767)

406( L) w (sh) 436 4(Crii==0m) (21)

368(L) vs 365 6(CriO1Min) (55, —557), 6(CiMy) (23, —53°) 399 H(CriOMrn) (32, 172°). 8(Cii==011) (20. —9°)

338(L)ym (sh) 281 w(CiMi) (20. 153°), 6(C.CriOp) (20, 210°)
232(L) s 230 (CrCrr) (19, 947), 6 (Ci1CinOp) (18, —23°)
188( L) vw 201 §(CiCrp) (14, 231°), 8(CniCriCri(+-1)) (14, 157°)

140( L) vw (b) 154 (CiiOx) (37)
1M3(L)yw 75 7(CiCuir) (43)

369 8(CiMy) (40)

301 §(CrrOMr) (27)

242 w(CiMi) (30)

188  #(CytOr) (24, 67). §(CiCriCi(+1)) (15, —66°)
151 #(CmiOx) (26, 209°), 6(CiCrir) (16, 2467)

70 7(C:Crrp) (40)

@ §, bending; w, wagging; 7, torsion; v, stretching; 6(Cini==On1), carbonyl in-plane bending; y(Ci1==011), carbonyl out-of-
plane bending. The potential energy distribution (in per cent) among the symmetry coordinates is given in parentheses, The
signs for the A species and the degrees of angle in parentheses for the E; species denote the phase relations of the coupled co-

ordinates, respectively,

at 368 and 365 cm~! in spite of the significant difference
between observed and calculated frequencies. It can
be seen in Table III that the modes with the calculated
frequencies, 230 cm™! (E;) and 231 ecm~ ! (A) for model I,
assigned to the other observed strong bands at 232 cm™!
(perpendicular) and 217 cm™! (parallel), respectively,
consist of the deformation §(C;CiniO:1). In the case
of model II, however, the calculated frequencies closest
to these strong bands are 242 ¢cm™! (E,) and 254 cm™!
(A), and these calculated modes have rather complicated

Veale, oo 1 4 S S
(Model 1) : | .
Vobs, - /i I L 1\ = ‘ L]

Voo il 1L LT ]
(Mod'eiﬂ) 600 500 400 300 200 100

Wavenumber (cm™)

Figure 8. The observed frequencies (middle) and calculated
frequencies for model I (top) and model II (bottom). The
solid and broken rods indicate the perpendicular and parallel
bands, respectively. The thin lines give the assignment of
the calculated modes.

potential energy distributions mainly including w(C;-
Ci), 8(CiMp), and w(CiM;). The potential energy
distributions for model I explain the relative intensity
of the infrared spectra of isotactic PMMA far more
satisfactorily than those for model II.

It should be also noticed that two bands at 480 cm™1
(perpendicular) and 476 cm~! (parallel) appear at
frequencies close to each other. Model I gives the
corresponding calculated frequencies, 502 cm™! (E,) and
457 cm~?! (A), respectively, the difference of which is
rather small, and they are in good agreement with the
observed data. On the contrary, model II gives 520
cm~! (E)) and 414 cm™! (A), which are too far apart
from each other in comparison with the observed fre-
quencies,

In Figure 8 are schematically shown the observed
frequencies (middle) and the calculated frequencies for
model I (top) and model II (bottom). The solid and
broken lines indicate the perpendicular and parallel
bands, respectively. In the case of model I, the cal-
culated frequencies are in good correspondence to the
observed frequencies as shown in Figure 8, and the
average errors of model T are 6.11% for the A species
and 9.069 for the E, species. On the contrary, the
calculated frequencies for model II give poor agreement
with the observed frequencies, and several calculated
modes could not be assigned to any observed bands as
shown in Figure 8.
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Thus, model I seems to be more reasonable than
model II by the over-all considerations on the basis of
infrared spectrum and normal coordinate treatment.
Furthermore, the potential value of model I is a little
lower (3 kcal/mol monomeric unit) than that of model
11, though this little difference cannot be said to be sig-
nificant,

Discussion

In this way two (5/1) helical models, models I and II,
have been found reasonable at the early stage of the
present work, and one of them, especially model I,
has been chosen as the most reasonable one. In Figure
9 the molecular structures of models I and IT are shown.
In both these models the a-CH; group and the side
chain ester group are nearly coplanar. The ester groups
are packed in the spaces between the turns of the skeletal
chain, so that the helical chain becomes compact on
the whole. The main difference between model I and
model II lies in the internal rotation angles 7; which is
nearly cis (—24°) in model I, and is nearly trans (154°)
in model II. Model II is similar to the (5/1) helix
model reported by Liquori, et a/.,* while model I has
not yet been reported.

In this work, the conformational analysis was carried
out on the isolated molecular chain, in which the inter-
chain interactions in the crystalline lattice were not taken
into account. In general, however, the intrachain
interactions seem to play a more important role than
the interchain interactions in making the most stable
conformation of one molecular chain. In this sense,
it may be considered that the molecular structure of
isotactic PMMA may be composed of the conformation
essentially of model I even in the actual crystal. So far
the well-defined fiber diagrams could not be obtained
on the samples of isotactic PMMA. Hence, it may be
considered that there are some kinds of disorder in the
actual crystal, in which each monomeric unit cannot be
located in an equivalent environment in a crystallo-
graphic sense. It is necessary to find the condition of
preparing the highly ordered crystalline samples giving
sharp X-ray patterns in order to clarify this interesting
problem.

It may be considered that the conformation of the
growing molecular chain in the medium of polymeriza-
tion is closely related to the mechanism of polym-
erization; penuitimate and penpenultimate effects, etc.
In these cases the key point may be the spatial relation
between the terminal group of the polymer chain and

POLY(METHYL METHACRYLATE) 447

Figure 9. The molecular models of isotactic PMMA:
(a)y model I, and (b) model 1.

the adding monomer. Recently Yuki, ef a/.,'®1° found
that trityl methacrylate, CH=C(CH ;)[COOC(CsH;);],
forms a highly isotactic polymer by anionic polym-
erization and also an isotactic-rich polymer even by
radical polymerization. It is not clear whether the
molecular conformations in crystalline region and in the
medium of polymerization are similar or not. If we
assume that poly(trityl methacrylate) takes the helical
conformation on the process of polymerization, the
bulky trityl group may be favorable to the conforma-
tion of model I in the medium rather than that of model
11, since the ester CH; (or trityl in this case) groups point
outward from the helix rather than the case of model
II as shown in Figure 9.
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