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Abstract

The crystal structures of two molecular complex phases of syndiotactic polystyrene (s-PS) with 1,3,5-trimethyl-benzene (TMB) and 1,4-
dimethyl-naphthalene (DMN) have been described. These structures present a monoclinic unit cell in which the s(2/1)2 polymer helices and guest
molecules are packed according the space group P2,/a and unit cell constants: a=17.3 A b=154A,c=78 A and v=95.7° for s-PS/TMB and
a=174A,b=172A, c=7.8 A and v=116.4° for s-PS/DMN. Both structures can be described as intercalates, since they present ac layers of
polymer helices alternated to layers of contiguous guest molecules and a guest/monomeric-unit molar ratio of 1/2, as recently observed only for s-
PS/norbornadiene molecular complex. On the basis of a comparison between crystalline structures and X-ray diffraction data of several s-PS

molecular complexes, a simple criterion to anticipate their clathrate or intercalate nature has been suggested.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The complex polymorphic behavior of syndiotactic poly-
styrene (s-PS) has been extensively studied in the past years
[1]. In particular, great attention has been reserved to the
interesting property of this polymer to cocrystallize with a
large variety of low molecular weight substances to form host—
guest molecular complexes [1,2]. By removal of the guest
molecules from any of these complexes, it is possible to obtain
a nanoporous metastable polymorph of s-PS, the & form, a host
phase including centrosymmetric crystalline cavities (of nearly
120-160 A* and cooperatively generated by two enantiomor-
phous polymer helices) in a molar ratio 1/4 with respect the
styrene monomeric units [3]. Since this form is able to rapidly
absorb selectively some organic substances from various
environments (producing crystalline host—guest molecular
complexes) its employment in the field of molecular sieves
for the purification of water or gases [4], or as the sensing film
of molecular sensors [5] has been proposed.
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The self-assembling of the polymer host d phase and several
active guest molecules into crystalline molecular complexes
can be relevant for several applications. In fact, polymer-based
host—guest molecular complexes not only reduce the guest
diffusivity and prevent guest self-aggregation (without recur-
ring to chemical reactions), but also allow to control at
molecular level the location and orientation of active guest
molecules. In particular, the guest orientation control can be
easily achieved by self-assembling with polymeric transparent
films with axial [6] or uniplanar [7] orientations of their host
crystalline phase. On this basis, films presenting s-PS/active-
guest molecular complex phases have been proposed as
advanced materials, mainly for optical applications (e.g. as
fluorescent, photo-reactive and chromophore materials) [8].
This, of course, makes particularly relevant a precise definition
of the crystal structure of s-PS molecular complexes, mainly
for active guest molecules.

For most s-PS molecular complexes, isolated low-molecular-
mass compounds are imprisoned as guest into the cavities of the
nanoporous host d phase, only producing minor changes to the
packing of the polymer helices [2a—g,3]. These s-PS molecular
complexes have been defined clathrate phases and are generally
characterized by a guest/monomeric-unit molar ratio 1/4. Only
for very small molecules, whose volume is much smaller than
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the volume of the cavity of the host d phase, more than one guest
molecule can be hosted into each cavity. For instance, for I, [2d]
and CS, [2f], two guest molecules are enclosed into each cavity
and the guest/monomeric-unit molar ratio of these clathrate
phases becomes 1/2.

Only recently and only for the molecular complex of s-PS
with bicyclo[2,2,1]-hepta-2,5-diene (norbornadiene, NB), the
occurrence of a different kind of s-PS molecular complex,
defined as intercalate rather than clathrate, has been established
[2h]. In fact, for the s-PS/NB molecular complex, the guest
molecules are not isolated into host cavities but contiguous
inside layers intercalated with mono-layers of enantiomor-
phous polymer helices. Of course, this intercalate structure
presents a higher guest content with respect to the clathrate
structures, in fact the guest/monomer-unit molar ratio is 1/2
rather than 1/4.

In this paper, we present the crystal structures of the
molecular complexes of s-PS with two fluorescent molecules:
1,3,5-trimethyl-benzene (TMB) and 1,4-dimethyl-naphthalene
(DMN). The reported results show that both s-PS/TMB and s-
PS/DMN molecular complexes present intercalate structures
and hence s-PS/NB is not a unique case of intercalate complex.
In the final part of the paper, by a comparison between several
crystal structures and X-ray diffraction literature data, a simple
criterion to anticipate the nature (clathrate or intercalate) of s-
PS molecular complex phases, just based on the knowledge of
their largest Bragg distance, is presented. This analysis also
suggests that many other s-PS molecular complexes are
expected to present intercalate structures.

2. Experimental section
2.1. Materials

1,3,5-Trimethyl-benzene and 1,4-dimethyl-naphthalene
were purchased from Aldrich and used without further
purification.

Syndiotactic polystyrene was supplied by Dow Chemical
under the trademark Questra 101. '*C nuclear magnetic
resonance characterization showed that the content of
syndiotactic polystyrene triads was over 98%. The weight-
average molar mass obtained by gel permeation chromatog-
raphy (GPC) in trichlorobenzene at 135 °C was found to be
M,,=3.2X10° with the polydispersity index, M/M,=3.9.

Uniaxially oriented amorphous films, 2040 pm thick, have
been obtained by monoaxial stretching of the extruded ones, at
draw ratio A =3, at constant deformation rate of 0.1 s~ 1, in the
temperature range 105-110°C with a Brukner stretching
machine. Uniaxially oriented films, presenting the s-PS/TMB
and s-PS/DMN molecular complex phases, have been obtained
from oriented amorphous films, by immersion in the pure
liquids for 48 h at 50 °C and at room temperature, respectively.

The guest content was determined by thermogravimetric
analysis (TGA) and for the samples used for the X-ray
diffraction measurements, was in the range 16-20 wt%.

The molecular volume of the guest molecules has been
simply evaluated from their molecular mass (M) and

density (p)
Vguest = M/pNA

where N, is the number (6.02X
10?* molecules/mol).

Of course, for small guest molecules (I, and CS,) included
in couple into each host cavity, the volume of two molecules

has been considered for the plot of Fig. 4.

Avogadro’s

2.2. X-ray diffraction measurements.

The X-ray fiber diffraction patterns of oriented samples
were obtained on a BAS-MS imaging plate (FUJIFILM) with a
cylindrical camera (radius 57.3 mm, Ni-filtered Cu Ko radi-
ation monochromatized with a graphite crystal) and processed
with a digital scanner (FUJI-BAS 1800).

Calculated structure factors were obtained as
Foue = (O |F;1*M;)"2, where M; is the multiplicity factor and
the summation is taken over all reflections included in the 26
range of the corresponding spot observed in the X-ray fiber
diffraction pattern. A thermal factor (B=8§ Az) and atomic
scattering factors from Ref. [9] were used. The observed
structure factors F, were evaluated from the intensities of the
reflections observed in the X-ray fiber diffraction pattern (I,ps)

A B

Fig. 1. X-ray fiber diffraction patterns of uniaxially stretched films presenting
the s-PS/TMB (A) and the s-PS/DMN (B) molecular complex phases. Fiber
axis is vertical.

Table 1

Diffraction angles (26,,s), Bragg distances (dops), and intensities (Iops) in
arbitrary units (AU) of the reflections observed on the layer lines (/) of the X-
ray fiber diffraction pattern of the s-PS/TMB film of Fig. 1A

I 200bs (deg) dops (A) Iobs (AU)
0 5.95 14.85 2519
0 10.20 8.67 5911
0 17.35 (broad) 5.11 8483
0 23.00 3.87 1155
1 14.12 6.27 3062
1 16.67 5.32 10,878
1 19.56 4.54 8521
1 20.66 4.30 }

2 23.55 3.78 3107
2 24.77 3.59 3441
2 28.41 3.14 2209
) 34.29 2.62 205
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Table 2 with 26,;=26.6° the inclination angle of the monochromator
Diffraction angles (20,,,), Bragg distances (dqys), and intensities (Iops) in and £=A(l/c), [ and ¢ being the order of the layer line and the
arbitrary units (AU) of the reflections observed on the layer lines (/) of the hain axi riodicity. r tivel nd A th lensth of th
X-ray fiber diffraction pattern of the s-PS/DMN film of Fig. 1B chain ax .S Pe odicity, e§pec vely,a _e Wa\.,e. ength o ©
used radiation (1.5418 A). The observed intensities I,,s were

! 2005 (deg) dovs (A) Lovs (AU) evaluated integrating the crystalline peaks observed in the
0 5.80 15.24 2800 X-ray diffraction profiles, read along different layer lines, after
0 10.05 8.80 12,003 the subtraction of the amorphous contribution. Owing to the
0 1155 766 6000 different shapes of the reflections on the equator and on the first
0 15.90 (broad) 5.57 10,528 . . . .

0 20.00 (broad) 444 4476 and second layer lines, due to the different dimensions of the
0 22.60 3.93 3062 lamellar crystals in the direction perpendicular and parallel to
1 12.70 6.97 1879 the chain axis, different factors have been used to scale the
1 15.26 581 29,385 observed and calculated structure factors on the diverse layer
i gzig (broad) ;‘:gg 297’832 lines. The discrepancy factor R has been evaluated as R=
’ 2507 355 9773 > | Fops — Feael! Y Fops taking into account only the observed
2 27.82 321 6747 reflections.

2 30.50 2.93 1062

2.3. Calculation methods
as Fobsz(lobs/Lp)l/z, where L, is the Lorentz-polarization

factor for X-ray fiber diffraction Energy calculations were carried out by using commer-
cially available software (Cerius® version 4.2 by Accelrys,

(0.5(cos220+cos220M) + 0.5 +cos 20M+cos220)) Inc.). The force field used was the compass force field [10].

L = 1+cos*20y 1 +eos 20u Energy was minimized using the open force field module by
b (sin®26 — %) smart minimizer method with standard convergence. The

©) ()

Fig. 2. Packing model proposed for the crystal structures of s-PS molecular complex containing 1,3,5-trimethyl-benzene (A, B, C) and 1,4-dimethyl-naphthalene(A’,
B’, C'), in the space group P2,/a. In (A, A’) the whole content of the unit cell in the ab projection is shown while in (B, B’) and (C, C’) the chsiny projections of the
packing between only one couple of isomorphous (along b direction) and only one couple of enantiomorphous (along b+ a/2 direction) polymer chains, are shown
respectively. R, right-handed; L, left-handed helices.
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starting conformation of the s-PS polymer chains corre-
sponds to that found by molecular mechanics calculations
reported in literature [11]. Since the value of the a axis of
the unit cell is almost identical to those found for all the
clathrate structures of this polymer described so far, all the
starting models were characterized by an orientation of the
polymer chains along the a axis direction similar to that
found for those clathrates, while the independent guest
molecule was placed in the space between the ac layers of
chains by trial procedure.

3. Results
3.1. X-ray diffraction data

The X-ray fiber diffraction pattern of a uniaxially oriented
film presenting the s-PS/TMB molecular complex phase is
reported in Fig. 1A while that one of the s-PS/DMN molecular
complex is reported in Fig. 1B. All the reflections observed in
the fiber diffraction patterns of Fig. 1A and B are listed in
Tables 1 and 2, respectively.

3.2. Determination of the crystal structures

3.2.1. 1,3,5-Trimethyl-benzene

The reflections shown in Fig. 1A and listed in Table 1
can be indexed in terms of a monoclinic cell with constants
a=173 10%, b=154 z&, c=78A and v=95.7°. The space

Table 3
Fractional coordinates of the atoms of an asymmetric unit of the model
proposed (Fig. 2A—C) for the molecular complex of s-PS with 1,3,5-trimethyl-
benzene

xla ylb e
Cl 0.154 0.004 0.245
Cc2 0.195 —0.056 0.365
C3 0.251 —0.005 0.492
C4 0.292 —0.061 0.623
C5 0.133 —-0.114 0.462
C6 0.083 —0.080 0.579
C7 0.028 —0.134 0.669
C8 0.021 —0.224 0.642
Cc9 0.070 —0.259 0.525
Cl10 0.125 —0.204 0.437
Cl1 0.339 —0.125 0.530
Cl2 0.401 —0.097 0.422
C13 0.443 —0.157 0.339
Cl4 0.424 —0.246 0.363
Cl15 0.362 —0.275 0.471
Cl16 0.320 —-0.214 0.552
C17 —0.234 —0.678 0.057
Cl18 —0.157 —0.649 0.095
C19 —0.137 —0.567 0.165
C20 —0.196 —-0.514 0.196
C21 —-0.274 —0.541 0.160
C22 —0.291 —0.625 0.090
C23 —0.337 —0.483 0.194
C24 —0.255 —0.768 —0.019
C25 —0.054 —0.535 0.204

Hydrogen atoms were included in the structure factors calculation, but they are
omitted in this table for simplicity.

Table 4

Comparison between calculated (F.,.) and observed structure factors (Fops),
evaluated from the intensities observed in the X-ray fiber diffraction pattern of
Fig. 1A, for the model of the molecular complex of s-PS with 1,3,5-trimethyl-
benzene of Fig. 2(A-C)

hkl dobs (A) dcalc (A) Fcalc Fobs
010 14.85 15.32 56 53
200 8.67 8.61 103 107
020 - 7.66 33 -
220 6.03 38

220 5.46 97

030 5.11 56

230 5.11 4.60 105

400 4.30 17 167 169
410 4.26 38

230 421 19

410 4.04 23

420 3.92 13

040 3.87 3.83 75 } 7 72
240 - 3.38 47 -
250 - 2.98 39 -
610 - 2.77 37 -
640 - 2.41 50 -
450 - 2.39 36 -
011 - 6.95 32 -
111 6.55 16

111 6.27 6.35 59 62 82
201 5.78 21

211 5.53 46

(_) 21 532 5.47 49 180 188
121 5.32 128

211 5.29 32

121 5.11 116

221 4.77 7

301 4.62 49

311 4.53 113

221 4.54 447 50

311 433 122

031 427 51 200 191
131 4.30 4.23 18

321 4.11 64

131 4.07 1

231 3.96 27

321 3.82 14

401 3.77 117

411 3.78 3.74 71

231 3.71 15 142 132
411 3.59 4

331 3.57 35

421 - 3.50 36 _
511 - 3.03 37 -
151 - 2.77 33 -
251 - 2.64 30 -
112 3.67 27 145
202 3.55 57

212 3.49 23

122 3.59 3.48 104 145

022 3.44 18

212 3.43 27

122 3.38 68

(continued on next page)
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Table 4 (continued)

hkl dnbs (A) dcz\lc (A) Fcalc Fr)bs
222 3.27 23

302 3.23 18

312 3.19 49

222 3.17 47

312 3.12 80

032 3.10 49

132 3.14 3.08 19 149 161
322 3.03 62

132 3.02 18

232 2.97 8

322 2.92 8

402 2.89 25

412 2.88 46

232 2.86 20

142 2.67 4

332 2.66 11

242 2.66 8

422 2.62 2.65 37

i3z 2.59 54 74 62
502 2.58 24

512 2.58 9

242 2.55 20

The Bragg distances (dps), observed in the X-ray fiber diffraction pattern and
calculated (d.,.) for the proposed monoclinic unit cell (a=17.3 A, b=154 A,
¢=7.8 Aand v =95.7°), are also shown. Reflections not observed with F . less
than 30 have not been reported. F,,, reported have been scaled by a factor 3.7 on
the equatorial layer line, 4.4 on the first layer line and 7.1 on the second layer line.

Table 5

Fractional coordinates of the atoms of an asymmetric unit of the model
proposed (Fig. 2(A’, B/, C")) for the molecular complex of s-PS with DMN.
Hydrogen atoms were included in the structure factors calculation, but they are
omitted in this table for simplicity

xla ylb Zlc
Cl 0.158 0.007 0.246
C2 0.175 —0.054 0.366
C3 0.250 —0.005 0.492
C4 0.269 —0.062 0.622
C5 0.094 —0.109 0.464
C6 0.058 —0.072 0.579
C7 —0.017 —0.122 0.668
C8 —0.059 —0.212 0.641
C9 —0.025 —0.250 0.524
C10 0.051 —0.198 0.438
Cl1 0.294 —0.125 0.531
C12 0.365 —0.098 0.424
C13 0.388 —0.157 0.344
Cl4 0.339 —0.246 0.371
CI5 0.267 —0.275 0.477
Cl6 0.245 —0.215 0.555
C17 —0.436 0.606 0.647
Cl18 —0.496 0.530 0.727
C19 —0.355 0.613 0.594
C20 —0.334 0.543 0.623
C21 —0.297 0.689 0.509
C22 —0.318 0.756 0.475
C23 —0.396 0.751 0.527
C24 —0.455 0.677 0.612
C25 —0.395 0.470 0.702
C26 —0.474 0.464 0.753
C27 —0.584 0.516 0.786
C28 —0.251 0.544 0.570

Table 6

Comparison between calculated (F.,.) and observed structure factors (Fops),
evaluated from the intensities observed in the X-ray fiber diffraction pattern of
Fig. 1B, for the model of the molecular complex of s-PS with 1,4-dimethyl-
naphthalene of Fig. 2(A’, B/, C')

hkl dobs (A) dca]c (1&) Fcalc Fobs
010 15.24 15.39 21 37
210 8.80 8.70 93 101
200 7.81 18

020 7.66 7.69 42 62 76
220 7.36 42 }

210 5.97 39

230 5.57 5.57 89 116 119
030 5.13 64

220 4.56 52

420 435 41

340 444 429 74 100 88
410 4.26 13

400 3.91 33

040 393 385 101 } 106 m
230 - 3.61 56 -
250 - 3.43 21 _
050 - 3.08 33 -
260 - 2.84 35 _
640 - 2.81 26 _
610 - 2.78 21 _
600 - 2.60 33 -
060 - 2.56 35 -
660 - 245 33 _
4170 - 2.43 41 _
440 - 2.28 41 -
101 6.98 11

01 6.97 6.96 31 53 34
111 6.89 41

111 5.93 77

211 5.81 28

121 5.77 115

201 581 550 29 149 185
021 5.48 34

221 5.35 17

211 4.74 81

121 4.72 116

311 4.64 50

131 459 55

321 4.65 4.56 86 243 228
231 4.53 26

301 433 128

031 4.29 35

331 4.15 90

311 3.82 25

421 3.80 91

131 3.79 9

241 3.80 3.76 9

111 374 64 140 138
141 3.69 30

431 3.64 69

341 3.62 28

(continued on next page)
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Table 6 (continued)

hk[ dobs (A) dcz\lc (A) Fcalc Fobs
141 - 3.12 39 -
241 - 2.77 43 -
621 - 2.71 38 _
561 - 2.50 38 _
112 3.59 39

212 3.56 9

122 3.55 51

202 355 349 102 172 168
022 3.48 119

222 345 30

212 3.27 91

122 3.26 78

312 3.23 20

132 321 1

322 3.21 3.21 50 188 179
232 3.20 32

302 3.12 99

032 3.10 43

332 3.05 80

222 2.96 29

312 2.91 6

422 2.90 53

132 293 290 28 68 81
242 2.89 9

412 2.88 6

402 - 2.76 44 -
442 - 2.68 65 -

The Bragg distances (dops), observed in the X-ray fiber diffraction pattern and
calculated (d.y.) for the proposed monoclinic unit cell (a=17.44 10\, b=117.
18 A, c=7.8 A and y=116.4°), are also shown. Reflections not observed with
Fa. less than 20 have not been reported. F,s reported have been scaled by a
factor 2.5 on the equatorial layer line, 2.9 on the first layer line and 4.7 on the
second layer line.

group is P2,/a, in agreement with the systematic absence of
hkO reflections with h=2n+1 and 00! reflections with /=
2n+1.

The volume of the proposed unit cell is appropriate for a
molar ratio 2 between monomeric units and guest molecule,
corresponding to a calculated (1.05 g/cm?) density not far from
the experimental density value observed for these semicrystal-
line films, as well as for amorphous s-PS films.

Consequently, packing energy calculations have been
performed according to the space group P2,/a considering an
asymmetric unit made of two monomeric units of s-PS and one
guest molecule, keeping the axes of the unit cell constant. The
best result was found for the situation represented in Fig. 2(A-C).
The discrepancy factor R for this model is 6%.

The fractional coordinates of an asymmetric unit of the
proposed model are listed in Table 3. Table 4 compares the
calculated and the observed structure factors.

3.2.2. 1,4-Dimethyl-naphthalene
The reflections shown in Fig. 1B and reported in Table 2
can be indexed in terms of a monoclinic cell with constants

A

'.....b .....
e

Fig. 3. Projection perpendicular to the ac plane of layers of guest molecules
parallel to the ac polymer layers: 1,3,5-trimethyl-benzene (A), 1,4-dimethyl-
naphthalene (B) and bicyclo[2,2,1]-hepta-2,5-diene (C). Six unit cells are
shown. Guest molecules near to the reader are represented with bold lines. The
shortest distances between neighboring guest molecules are also indicated.

a=174 A, b=172 A, c=7.8 A and vy=116.4°. The space
group is P2¢/a, in agreement with the systematic absence of
hkO reflections with h=2n+ 1 and 00! reflections with [=2n+
1. Also in this case, the volume of the proposed unit cell is
appropriate for the molar ratio 2 between monomeric units and
guest molecule, corresponding to a calculated (1.16 g/cm?)
density not far from the experimental density value (=1.07 g/
cm’® ).

Packing energy calculations have been performed according
the space group P2,/a considering an asymmetric unit made of
two monomeric units of s-PS and one guest molecule, keeping
the axes of the unit cell constant. The best result was found for
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the situation represented in Fig. 2(A’, B/, C'). The discrepancy
factor R for this model is 12%.

The fractional coordinates of an asymmetric unit of the
proposed model are listed in Table 5. Table 6 compares the
calculated and the observed structure factors.

3.3. Packing analysis

In the case of the s-PS/TMB complex, the shortest
distances between non-bonded atoms are those typical of the
crystal structures of hydrocarbons (in fact, all distances
between guest molecules and polymer chains and all
guest-guest contact distances in the final packing model
are greater than 3.7 A, while all the distances among atoms
belonging to different chains are greater than 3.9 A). For
what concern the s-PS/DMN complex, we found some
slightly shorter distances. In particular, some distances
between carbon atoms equal to 3.46 A characterize couples
of 1,4-dimethyl-naphthalene molecules related by a center
of inversion. These distances can be justified taking into
account the fact that the hydrogen atoms bonded to sp2
carbon are coplanar to the plane of the molecule itself. All
the other distances are greater than 3.7 A with the exception
of a distance between methyl groups belonging to different
guest molecules of 3.35 A, that is likely to be tolerated to
allow the efficient approach between 1,4-dimethyl-naphtha-
lene molecules described before (see Fig. 3B for more
details).

4. Discussion
4.1. Two new s-PS intercalate molecular complexes

The packing models proposed for the s-PS molecular
complexes with TMB and DMN present guest molecules
arranged in layers, each guest molecule being placed at van
der Waals distance from at least other three neighboring
guest molecules, thus leading to guest/monomeric-unit molar
ratios equal to 1/2. These features also characterize the s-
PS/NB molecular complex, i.e. the first and only s-PS
molecular complex with known intercalate crystalline
structure [2h]. The similarity between the three intercalate
s-PS structures is clearly shown in Fig. 3, comparing guest
layers alternated and parallel to the polymer ac layer, for s-
PS/TMB (3A), s-PS/'DMN (3B) and s-PS/NB (3C) [2h]
intercalates.

It is worth noting that the two new intercalate structures
presented in this paper are characterized by the same packing
of enantiomorphous helices along the ac layers already found
for the intercalate structure with NB [2h], for all clathrate
forms [2a—g] and for & form [3a] of s-PS. In fact, the a axis for
all these crystalline forms is very similar, only varying in the
range 17.35+0.25 A. This clearly indicates that the formation
of the molecular complex phases of s-PS is dominated by the
formation of mono-layers of efficiently packed enantiomor-
phous s(2/1)2 helices.

4.2. Intercalate versus clathrate molecular complexes

As discussed above, the mono-layer of enantiomorphous
s(2/1)2 polymer helices, parallel to the ac crystalline planes, is
a structural feature which is common to the 8 phase of s-PS as
well as to all clathrate and intercalate molecular complexes. As
a consequence, particularly informative can be the comparison
between the spacing of the Bragg planes 010 (dy;o) for all
molecular complex crystalline phases of s-PS, with known
crystal structures (upper part of Table 7) [2,3]. This spacing
corresponds to the maximum Bragg distance (d,,,x), associated
with the crystalline peak at lowest diffraction angle. For
molecular complex phases with unknown crystal structures,
observed for semicrystalline s-PS samples [12] or only for
physical gels [13] (middle and bottom part of Table 7,
respectively), we can make the hypothesis that the d,,,,x values
can also correspond to the spacing of the Bragg planes 010
(do10)-

For all molecular complex phases of Table 7, the d.x
distance has been plotted versus the molecular volume of the
guest (second column) in Fig. 4. It is apparent that, for the
well-established clathrate phases (filled squares) as well as for
most molecular complexes (empty squares), as the volume of
the guest molecules increases up to 120-160 A3 (i.e. the
estimated volume of the cavity of the & phase) [3b], the diax
value remains close to that one of the empty d phase (10.5 A),
while as the volume of the guest molecules further increases, a
progressive small increase of the dy,,x value up to nearly 12 A
is observed. This analysis clearly suggests that molecular
complexes indicated by empty squares are expected to have a
clathrate structure.

On the other hand, for the three well-established intercalate
phases (filled circles) and for molecular complex phases with
anthracene and 3-carene (3,7,7-trimethylbicyclo[4.1.0]hept-3-
ene), observed in semicrystalline samples (empty circles), and
with benzene, benzylmethacrylate, cyclohexylmethacrylate,
only observed in physical gels (crossed circles), the experi-
mental points are well above the generally observed behavior.
This analysis clearly suggests that molecular complexes
indicated by empty and crossed circles are expected to have
an intercalate structure.

More in general, as a simple criterion, we suggest that clathrate
and intercalate structures can be anticipated for s-PS molecular
complexes with d.x <12 A and dpax > 13 A, respectively.

Further studies are in progress aimed to establish the guest
requirements suitable to get clathrate or intercalate s-PS
molecular complex phases.

5. Conclusion

The crystalline structures of molecular complexes of
syndiotactic polystyrene with 1,3,5-trimethyl-benzene and
1,4-dimethyl-naphthalene have been described. In both cases,
the s(2/1)2 polymer helices and guest molecules are packed
according to the space group P2,/a. The unit cell constants are:
a=173 A, b=154 A, c=7.8 A and y=95.7° for s-PS/TMB
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Table 7

Comparison between the molecular complex crystalline phases of s-PS with different guests

Guest Guest volume (/n\)3 26 Cu Ka. (deg.) dinax (A) References Notes

s-PS & form 120-160* 8.4 10.5 [3a] dmax=4do10
1,2-Dichloroethane 131 8.4 10.5 [2e] Known crystalline
Carbon disulfide 200 8.3 10.6 [2f] structures (clathrates)
o-Dichlorobenzene 187 7.95 11.1 [2¢g] dmax=do10

Todine 171 7.97> 11.1 [2d]

Toluene 177 79 11.2 [2c,3a]

Norbornadiene 169 6.6 134 [2h] Known crystalline
1,3,5-Trimethylbenzene 230 5.95 14.85 This work structures (interca-
1,4-Dimethylnaphthalene 255 5.8 15.2 This work lates) dmax =do10
Chloropropane 146 8.35 10.6 [12a]

Trichloroethylene 149 8.3 10.6 [7b]

Methylene chloride 106 8.2 10.8 [2a,12b]

1,2-Dichloropropane 158 8.2 10.8 [12a]

Chloroform 133 8.1 10.9 [4a]

Heptane 243 8.0 11.05 [12¢]

Decane 323 8.0 11.05 [12d]

Tetrahydrofuran 135 8.0 11.05 [7c]

p-Chlorotoluene 196 7.95 11.2 [12e]

p-Xylene 204 7.9 11.2 [4e]

Styrene 190 79 11.2 [12f]

1,2,4-Trichlorobenzene 207 7.9 11.2 Our data Molecular complexes
p-Chlorostyrene 199 7.9 11.2 [12¢g] with unknown
o0-Xylene 203 7.87 11.2 [12h] crystalline structures
Hexane 217 7.82 11.3 [12¢,d]

Benzene 148 7.82 11.3 [7c]

p-Cresol 174 7.85 11.3 [124]

Ethylbenzene 116 7.73 11.4 [12i]

Naphthalene 208 7.7 11.5 [8a]

Cyclohexane 179 7.6 11.6 Our data

m-Xylene 203 7.6 11.6 [4e]

Indene 194 7.6 11.6 Our data

p-Methylstyrene 219 7.6 11.6 Our data

Decaline (cis/trans) 265 7.4 11.9 Our data

3-Carene 264 6.2 14.3 Our data

Anthracene 231 5.05 17.5 [12]]

Cycloexylmethacrylate 290 6.0 14.7 [13c] Molecular complex
Benzene 148 5.95 14.85 [13a] phases in gels
Benzylmethacrylate 281 5.8 15.2 [13b]

The guest volume, the observed lowest diffraction angle (26, for Cu Ke. radiation) and the corresponding Bragg distance (d,,,,) are reported.

# Estimated volume of the crystalline cavities of the s-PS ¢ form [3b].

® For the s-PS/iodine molecular complex, rather than the experimental value (not available), the 26, calculated from the unit cell parameters reported in Ref. [2d]

has been indicated.

complex and a=17.4 A, b=172 A, c=7.8 A and y=116.4°
for s-PS/DMN complex.

As for all s-PS molecular complexes [2], layers of polymer
chains, with a very efficient close packing of enantiomorphous
s(2/1)2 helices, are present in the ac planes. In fact, for all the s-
PS molecular complexes the a axis remains practically
independent of the chemical nature of the guest molecule and
close to that one observed for the nanoporous 3 phase.

These ac layers of polymer helices, for both s-PS/TMB
and s-PS/DMNP structures, are alternated with layers of
contiguous guest molecules, thus leading to a guest/-
monomeric-unit molar ratio of 1/2. These structural features,
also common to the already known structure of the s-PS

molecular complex with norbornadiene, indicate both new
molecular complexes as intercalates. Most known s-PS
molecular complexes can be instead defined as clathrates
since a closer packing between the ac polymer layers
produce isolation of the guest molecules (into the cavities
typical of the nanoporous o phase), thus leading to a typical
guest/monomeric-unit molar ratio of 1/4.

A comparison between crystalline structures and X-ray
diffraction patterns of several s-PS molecular complex phases,
being present in semicrystalline samples or in physical gels,
has suggested a simple criterion to anticipate the intercalate or
clathrate nature of s-PS molecular complexes. In particular,
clathrate and intercalate structures are expected for molecular
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Fig. 4. Maximum Bragg distance (dy,ax) for several s-PS molecular complex
crystalline phases with different guests versus the guest molecular volume.
Squares indicate clathrates while circles indicate intercalates. s-PS molecular
complexes with unknown crystal structures are indicated with empty symbols
while crossed circles indicate crystalline phases in s-PS physical gels. For
molecular complexes with established clathrate (full squares) and intercalate
(full circles) crystal structures, dp,.x is equal to the distance between ac layers of
helices (dp10). The plot suggests that molecular complexes with dp,. <12 A
and dp.>13 A, are expected to present clathrate and intercalate structures,
respectively.

complexes with d,,x <12 A and dmax > 13 A (dmax being their
maximum Bragg distance), respectively.
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