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Through processes of stereospecific catalysis, an isotactic crystalline [1]
polymer of orthofluorostyrene [2]

| /CH—CH_
CH—C cH
[ No—on”
g

was first synthesized at the
Institute of Industrial Che-
mistry of the Milan Poly-
technie.

We shall report, in the
present work, the results of
our roentgenographic resear-
ches carried on in view of
establishing the mutual struc-
ture relations between this
new polymer and the iso-
tactic polystyrene previously
studied by us [3].

Fig. 1. — Conformation of the
macromolecular chains of iso-
tactic polystyrene (left) and of
poly-para-fluorostyrene (right).
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In a preceding work, it has been observed that, in the case of a p-substi-
tution of a hydrogen atom of polystyrene by a fluorine atom, the form of
the chain changed from that of threefold helix
to that of a fourfold helix (Fig. 1) [4].

‘We shall see how the polymer we are consi-
dering in this paper has a structure strongly
similar to that of isotactic polystyrene. Even
an examination of the powder spectra of the
two polymers, in fact, emphasizes the close
analogy between them, at least as far as the
form and dimensions of the unit cell are con-
cerned (Fig. 2).

Intensity

Fig. 2. — Comparison between the powder spectra
(Cu, Ka) registered with Geiger counter of isotactic
polystyrene (a) and poly-ortho-fluorostyrene (b).

1. - Experimental.

Samples able to supply oriented crystalline fibers were prepared by
extruding a thin cylinder of polymer from the melt. Such a cylinder was
submitted to unidirectional hot stretching and was annealed under tension
at a temperature of about 150 °C. The specimen so obtained, examined by
X-rays, gives fiber photographs with many well oriented reflections such as
to allow a good structural investigation.

The indexing of the reflections by reciprocal lattice methods, was made on
the basis, as for isotactic polystyrene, of a rhombohedral unit cell.

Referring the constants of this unit cell to hexagonal axes, we obtain:

a=b=(22.15 4+ 0.10) A ¢ = (6.63 4- 0.05) A .

The ¢ direction is coincident with the stretching axis and thus with the
axis of the polymeric chain.

The density which may be calculated by assuming that 18 monomeric
units are contained in the unit cell is 1.29 g/cm?.

The corresponding data for isotactic polystyrene are:

a=b=(2194+01)A, ¢=(6.651005)A, o=112g/cms.

In Table I are given the observed and calculated values of the Bragg distan-
ces for a cell having these unit translations.
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Tavre I. Coniparison hetween calewlated and observed Bragy distances for poly-ortho-
fluorostyrene.
Wk a4 l 1 Wkl 4 d,
110 11.08 11.08 | 321 \ 3.67 3.66
300 6.38 6.41 421 3.18 3.19
220 5.52 5.53 511 3.06 3.04
410 4.19 4.17 431 2.85 2.83
330 3.69 3.69 611 2.68 2.68
600 3.20 3.20 5387 2.53 2.54
520 3.07 3.06 621 2.47 —
440 2.77 2.77 541 2.30 2.31
710 2.54 2.55 721 2.21 2.21

630 2.42 2.41 §11 2.13 i 2.16
550 2.22 2.22 641 2.09 | —
900 P 214 2.13 731 2.05 2.06
820 2.09 2.08 651 |
740 1.99 1.99 91 T} 1oz 1 193
660 1.85 1.85 831 1.87 1.88
1010 1.82 — 921 1.82 — j
930 1.78 — 751 1.77 178 |
850 1.69 1.69 841 1.75 | —
1200 1.60 — 1021 1.67° —
1120 761 1.65 —
79 0} 1.59 1.59 TRE
10 4 0 1.54 — 941 1.61 1.63
960 1.47 — 10 31 1.58 -
1310 1.42 — 861 1.53 —
1230 1.40 — 951 1.52 —
880 1.38 —_ 1211 1.49 1.49

| 1150 1.35 — 11 31 1.47 —

| 1070 1.30 — 8171 1.44 —

‘ 1500 1.28 1.28 12 21 1.43 —
1420 1.27 — 1051 1.42 —
1340 1.25 — 11 41 1.40 —
990 1.23 — —- _
1260 1.21 — 102 3.27 not meas.
16 1 0) 202 3.12 3.13
11 8 0f 1.16 1.16 21732 3.01 —
1530 1.15 — 312 2.81 2.81
1450 1.12 — 4072 2.72 —
1010 0 1.11 —_— 3272 2.64 —
1370 1.09 — 502 2.49 2.50
18 0 0 1.07 1.06 422 2.43 — |
1720 1.06 — 5172 2.38 —
129 0 1.05 — 4372 2.27 —

| 612 2.92 2.20
211 4.89 488 | 7072
311 415 411 53 2} | 210 2.10
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TasL® I (continued).

1 Mkl d, d, hkl aq | oa
622 2.06 — 1222 1.33 } —
542 1.95 — 10 5 2 1.32 —
802 1.93 — 1143 1.30 —
722 1.90 — — — e
8132 1.85 — 113 217 | not meas.
642 1.82 | — 223 2.05 | not meas
732 1.79 ‘ — 413 1.95 | 1.94
6 52} i 333 1.89 1.87
91 2f 171 [ 1.73 523 1.79 | 1.77
832 167 166 443 1.72 l —
10072 1.65 1.66 713 1.66 |  1.67
9273 1.63 ‘ — 633 1.63 ;.  1.62
752 1.59 — 553 1.56 | —
8473 1.58 — | 823 1.51 —

11 0 2 1.53 — 743 1.47 —
1022 1.51 — 663 1.41 —
7632 1.50 — 1013 140 | —

11 12) ' | 933 138 | —

94 2f LT 853 134 —
1032 1.45 ' — ‘ 11 2 3] 1.28 !

86 2 1.41 — J 77 3f . - |
9532 140 | — | 1043 1.25 ‘ —
1212 1.38 | — l 963 1.21 —_

11 3 2 1.36 ! — ! 131 3 1.19 —

13 0 2) 2 J 1233 L7 —_
873 1 T 1

The (hkl) reflections with —h-}-k+-1+=3n and the reflections (h0I) with
1 # 2n being systematically absent, the choice of the space group is restricted
to the R3c group or to its polar R3¢ subgroup.

The intensity measurements were carried out for the zero and the 1st layer
lines by the multiple film method; for the higher layer lines, owing to the
remarkable enlargement of spots, we limited ourselves to record the quali-
tative course of the intensities.

2. — Structural considerations.

In analogy to what we simmarized in the discussion of isotactic poly-alpha-
butene and polystyrene structures, the monomeric units must necegsarily
repeat themselves, three by three, along the six threefold screw axes contained
in -the unit cell. Xeeping into account the principle that the conformation of
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A polymeric chain v the erystalline state tends to be that of minimum po-
tential energy which an isolated oriented chain would assume, since the effect
of the neighbouring chains ix generally
small on its conformation, we tried first
to build up the most probable model of
the polymeric chain (Fig. 3). As second
step, we studied the possible way of
packing of such macromolecules, keep-
ing into account the restrictions im-
posed by unit cell symmetry and size.

In Fig. 4 a small portion of the
main chain is given, showing the details
relative to the congtruction of the inde-
pendent structural unit. Angles and
bond lengths were deduced from lite-
rature data and from what we found in
the structural study of analogous cry-
stalline polymers [5]. The 0.0,0,. and
C::Crn angles were assumed as equal
to 116° in order that the main chain
atoms gsatisfy the principle of the stag-
gered bonds.

To the 01/0\203 and 01,/0:0,, angles was
ascribed the tetrahedral value analo-
gously with what we found for poly-
alpha-butene [6]. In order to minimize
the intramolecular contacts between .
the carbon atoms of the benzene ring
and those of the polymeric chain, the
most probable position of the benzene
ring gshould be that in which the plane
it defines bisects the 01/0\201, angle,
at least until no consideration is ta-
ken of contacts due to fluorine atoms.
As far as the independent structural
unit is concerned there are two ortho
non-equivalent positions, both possible

Fig. 3. — Conformation of the poly-ortho-
fluorostyrene macromolecule (side and end
views).
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for the fluorine atom, say F, or F; (the index refers to the carbon atom to

which the fluorine atom is linked).

Co

Cy

Fy

Cs
Cy
Cq
cs Ce
2A
U <

Fig. 4. — Conformation of the independent

structural unit of poly-ortho-fluorostyrene

(C—C=1544, (C—C),=1404, C—F=
= 1.35 4, CCF = 120°).

Assuming as carbon-fluorine bond
distance the wvalue of literature [7],
i.e. 1.35 A, the Van der Waals con-
tacts between fluorine atoms and
the main chain carbon atoms result
worse for the F; than for the F, po-
gition. Thus the position F; has to
be rejected. The determination of
the position assumed by the inde-
pendent structural unit inside the
unit cell, owing to the great struc-
tural analogy existing between poly-
ortho-fluorostyrene and isotactic po-
lystyrene, was made as for this lat-
ter, taking account of the particularly
gignificant intensity of some equa-
torial reflections by means of struc-
ture factors graphs [8].

Moreover, we tried to have eve-
rywhere analogous Van der Waals
contacts between the atoms of the
neighbouring macromolecules.

The (220) and (660) reflections
were first investigated, as for isotactic

polystyrene, because of their outstanding intensity and because their structure
factors do not vary with respect to the choice of the space group (R3¢ or R3e).
From Figs. 5, 6 it is possible to observe the position which must be given to the

macromolecule in respect of the x and y
axes, 80 a8 to justify the different ratio of
intensity existing between the two reflec-
tions in the case of poly-ortho-fluorosty-
reue and polystyrene. In fact supposing
that carbon atoms in poly-ortho-fluoro-
styrene have nearly equal positions in

Fig. 5. — (220) structure faetor graph,
showing the position assumed by the ma-
cromolecule (contours are drawn at regular
intervals: — positive lines;

zero lines; ——-—— negative lines).
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respect of the o and y axes; as in polystyrene, the fluorine atoms are in
phase discordance with the carbon atoms for the (220) reflection and in
accordance for the (660) reflection. Hence, it may be calculated, as found
also experimentally, that F(66 0)/F(220)
for poly-ortho-fluorostyrene is greater
than the corresponding ratio for iso-
tactic polystyrene.

Assuming the approximate position
postulated for the macromolecule in
order to satisfy the above assumptions,
we have more precisely defined the co-
ordinates of the independent, structural
unit taking into account the intermo-
lecular contacts generated by rotating
the macromolecule around its threefold
screw axis. The calculations have been
made first for the crystalline lattice Fig. 6. — (680) structure factor graph.
defined by the R3¢ space group, for
which the packing of the macromolecules is independent of the choice of the
origin in respect of the z axis.

In Fig. 7 is reported the position which gives the best packing contacts
between neighbouring macromolecules. For this position the contacts between
carbon atoms are all in good accordance with the literature data and are
homogeneous in all directions [9].

By rotating clockwise and anticlockwise the macromolecule by 2°, the con-
tacts become fairly worse as it results from Table IT. In the same table we

TaBLE II. — Values of Van der Waals contacts between atoms of neighbouring macromole-
cules of poly-ortho-fluorestyrene. (Only the most significant values are reported).
(I): values calculated when the position assumed by the independent structural unit
is that of Fig. 7. (II) and (III): values calculated by rotating the maeromolecule
by 2° anticlockwise and clockwise respectively.

Atoms of isoclined 11 I III Atoms of anticlined |
molecules A A A molecules A
i !

Co Coe 3.45 3.54 3.60 Cu Cye 3.44
Co Cie 3.46 3.56 3.64 Cus Cre 3.51
Co F, . 3.6 3.88 3.93 F, Cse 3.28
Cra Cip 3.58 3.50 343 | F, Cop 3.87
Cra Csy 3.71 3.55 3.49 Cs. F, 3.25
Caa Cos 3.58 3.45 3.34 Cax Cis 3.40
F, F, 3.43 3.44 3.46 Cs.0 Ces 3.56
F, Ceo 3.78 3.81 3.84 Cox Con 3.48
F, Cro 3.53 3.58 3.63 Cou C, 3.81
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report the values of the intermolecular contacts if the space group were R3e
(a suitable choice of the origin in respect of the z axis is needed). In this case
too, as for icotactic polystyrene and poly-alpha-butene, it is not possible to

2

Pttt —

T'ig. 7. — Actual position of the poly-ortho-fluorostyrene macromolecule in the unit cell.

choose univocally the true space group, on the basis of the contacts only.
It is possible, however, to remark that, although the distances of contacts do
not diminish when enantiomorphous anticlined macromolecules face one
another, the number of contacts increases remarkably.

3. — Calculation of structure factors.
We found it advisable also for poly-ortho-fluorostyrene, to make the cal-

culation of the structure factors for both the space groups either according to
the suggested model, or according to other trial models in which the mono-
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merie unit was slightly rotated around the threefold serew axis or in which
the plane of the benzene ring wax slightly rotated around the (,('; bond.
The best agreement between the observed and calenlated structure factors
(Table ITV) was obtained for the non-centrosvmmetric space group R3e using
the co-ordinates reported in Table III, which nearly correspond to those of

Tasre II1. — Co-ordinates of the independent structural unit of poly-ortho-fluorostyrene.
(The atoms are marked as in Fig. 7).
I I
\ z/a y/b z/e
[ _— _— R —_—
j q 0.306 0.293 0.232
C, : 0.306 0.293 0.000
C, ‘1 0.238 0.231 0.923
C, ; 0.238 0.173 0.842
C, | 0.176 0.233 0.932
Ce | 0.175 0.116 0.770
C; | 0.114 0.176 0.860
Cs | 0.114 0.118 0.776
F : 0.297 0.170 0.832

the model first postulated, with the exception of a rotation by 15° of the
plane of the benzene ring around the C,C; bond, from the position in which

Fig. 8. — Projection on (001) of the electron density for poly-ortho-fluorostyrene, cal-
culated for the R3¢ space group (levels in arbitrary units).
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TaBLE IV. — Comparison between the observed and the calculated structure factors.
The F, values correspond to the square root of the total intensity diffracted by the
(hk7) lattice plane, after effecting the usnal corrections for the angular factors. In order
to take into account the different multiplicity of the reflections, all the calculated struc-
ture factors, except the (£00) and (k% 0) ones, were multiplied by 4/2; B=6 A2. (Cu, K «).

Rkl |2sin® A | B | F.|F, | hki |2sin® A | B | F, | F,
| 110 |0139 | — 90) — | 90| 99 || 211 |0.315| —194|+220 204 | 244 |
300 0242 — 3 — 66 66| 69 || 31T |0372| 4 99| + 95(137 | 152
220 lo2re! - s1] — | 81100/ 321 [0420! —120! —113( 165 | 165
| 410 0367 |— 64|+ 85107 | 95| 42T 0485 + 26 + 43| 51 | 108
330 0418+ 61| — | 61| 751 511 | 0504|4123 + 27|126 | 148 |
600 0483 | + 60| — 26| 74| 55| 431 |0541|— 73| — 6| 74| 72|
520 0502| — 82| — 77| 113 | 86| 6 11 |0575 |+ 5 — 98| 98 | 101 |
440 | 0557 + 57 — | 57| 60| 537 |0.609| + 42| + 49| 65 111 |
710 0.607| + 4|+ 44| 44| 52 || 621 [0624|+ 18 — 19| 26| —
630 10638 |+ 61|+ 37| 71| 841 541 10670 — 15| + 36| 39 | 43
5580 1‘0.696 — 53 — | 53 46| 72T 0.698 — 45 — 12| 47 | 37 |
900 0722 | — 2| — 56|-56 42| 811 | 0724 + 18|+ 37| 41| — |
8§20 0736 + 33| — 10| 34| — || 641 | 0738 — 60| — 11| 61 55 |
740 0775 — 26— 40| 48| 50! 731 0752 + 94| — 57| 110 | 147 !
660 0.835|— 85| — | 85 |101| 651 — 78| — 3 x
1010 0846+ 14| + 30| 33| — | 9117|9803 _ 45| 4 15| 91 105"
930 0869+ 19| — 25| 31| — | 8371 (0825 + 3| — 66| 66| 43
850 0912 + 11|+ 36| 38| 54| 921 0847|— 17| — 30| 34| — °
\ 1200 0965 — 1| — 25| 25| — 751 (08711 — 9!+ 50, 51| — !
11 20 13+ 14 841 | 0881 |+ 38|+ 62| 73| 82
7 70}[0'974 +36] — | 4V il 5027 |o923|— 16/ + 13| 21| —
1040 (1004 | + 6 — 10| 12| — 761 (0934 4+ 11— 42| 44 | —
960‘1.050—- 6| — 17/ 18 — | 111y o |4 26— 2 391‘ "
1310 11088+ 8|+ 22| 24| — || 941/ + 25 + 14 ;
1230 [1.105| — 19| — 15| 24 | — || 1031 [ 0976 | — 31| + 22! 38 | —
880  LIl4|— 8| — 8, — || 86T 1008 — 20|+ 1| 20! — |
1150 1140 + 7 — 4| 8| — || 951 |1.014 — 21— 8| 22| —
1070 '1.188 | + 24|+ 13| 27| — || 12 1T |1.035 | — 28| — 43| 51| 51
1500 | 1.206 | — 28| — 21| 11 31 [1.049 | + 32, + 6| 32| — °
1420 1.213|— 38+ 13[f% | 22| 871 1070 + 16— 3 16‘—1
1340 1238 | 4+ 15| 4+ 14| 20| — | 1221 |1.079 | — 45. — 6| 46 | vvw.
990 12524+ 1| — 1| — || 1057 |1.085|+ 5] 14| 15, —
1260 1.275|— 23| — 10 25| — || 1141 [1.101 | + 2| — 25| 25 —
16 10} | + 70| + 11 977 | 1141 |— 13 — 11 17| —
1msof 1328 1 4 8| M) M 061 1050 4+ 45 + 7] 46 —
1530 1.343 | — 29| — 28| 40 | — || 1327 1159 | + 59 + 22| 63 | vvw.
1450 1372 + 2|+ 4| 5 — || 1247 |1.184!— 14|+ 10| 17| — |
10100 | 1301 |+ 10| — | 10| — | 1411 |1.193 | — 49 + 62| 79 | vvw
1370 . 1413 |+ 13, + 5| 14| — |1 1331} — B+ 1
18 00 | 1.447 | + 23| — 18] 9g1f| 1206 19/ g 14| — !
1720 | 1453 — 6| + 27§20 50 31 67 [1.224] + 194 + 13 23{ —
— | ; \ . , 11251 11.233 | — 26, — 1} 26| — |
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it bisects the C,C,C,. angle. Following the knowledge of the phase angles of

the (h%0) reflections (the R3¢ space group is a non-centrosymmetric one) it
was possible to make a Fourier projection of the electron density on the (001)
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plane. The Fourier projection has given a good evidence of the rotation of
the plane of the benzene ring in respect of the plane which bisects the 01/0\201,
angle. The coherent values assumed by the electron dengity in the points
corresponding to the postulated positions of the atoms and the lack of spu-
rious maxima, as given in Fig. 8, enable us to believe in the substantial exactness

Fig. 10. - Projection on (G01) of the structure of isotactic polystyrene for the R3¢ space
group.

of the suggested model. In Fig. 9 and Fig. 10 a comparison between the
structure of the examined polymer and that found for isotactic polystyrene
is given. :

The analogy results quite fair between the structures of the two polymers,
which determines the possibility, experimentally proved by us [10], to obtain
crystalline copolymers of styrene and orthofluorostyrene.

The fact that, as reported above, the plane of the benzene ring appears
to be rotated by 15° around the C,C, bond, from the position in which it bi-
sects the 01/0\201, angle (as it occurs for polystyrene) may be easily explained
in order to diminish the contact between F, and C,. (Fig. 4).

Such a rotation also takes place for other polymers of ortho-substituted
styrenes as poly-ortho-methylstyrene, even when the shape of the main chain
is slightly different from the threefold helix one.
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