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POLYESTERS WITH MESOGENIC ELEMENTS AND FLEXIBLE
SPACERS IN THE MAIN CHAIN : A FURTHER INVESTIGATION
BY CONFORMATIONAL ENERGY CALCULATIONS

P. MEURISSE, F. LAUPRETRE, C. NOEL

Laboratoire de Physicochimie Structurale et Macro-
moléculaire, ESPCI, 10 rue Vauquelin, 75231 Paris
Cedex 05

PCILO conformational calculations have been carried
out on several model compounds of thermotropic liquid
crystalline polyesters F OC-R —CO-O-Rz} where

= biphenyl, terphenyl and é = €CH, ¥

R 2 273
—%Hz-c(CHB)Z-CH -, -CH,.-C(C.H-¥ CH.-"."The calculated

3
structure3 Can %e compated tg ghg X=ray crystallogra-
phic data. The conformational characteristics of the
carhoxyl groups are independent of the number of
phenyl rings. The introduction of substituents into
the flexible spacer results in a sharpening of the
potential energy wells and an increase in the energy
barriers,

1. INTRODUCTION

In the past decade, polymeric liquid crystals based on
rod~like or rigid chain structures have been studied in
some details and have been the subject of a recent bock 1.
Such polymers in the crystalline or liquid-crystalline
state are of considerable interest and importance since
they may be used to prepare films and fibers having good
mechanical strength, noticeable thermal stability and
excellent resistance to most common solvents.

For low molecular weight liquid crystals, the manner

in which the molecules pack together in an.ordered arrange-

41
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ment and the thermal stability of the ordered arrangement
depend on both the molecular structure and geometry (ani-
sotropy, rigidity, linearity, planarity...) of the mesogenic
group and the equilibrium flexibility of the aliphatic
spacer 2-4. These two factors are of interest for both intra
and intermolecular interactions. The same factors must be
taken into account when attempting to assess the potential
liquid crystal behavior of polymers 5-10. Thus, in this
paper, PCILO conformational calculations have been carried
out to obtain conformational energy profiles of model com-

pounds related to thermotropic liquid crystalline polyes-

ters of general formula

POC-Rl-CO-O-Rz-O}

where R1 = biphenyl, p-terphenyl

%

('CHZ)3, -CHZ-C(CH3)2-CH2-, -CH2 -C(CZHS)Z-CHZ—

This method, which accounts for both steric and conjugative
effects, has already been used successfully to predict the

liquid crystalline nature of solutions of polyamides 11’12.

2. CALCULATION . DETAILS

The basic technique employed consists of the PCILO (Per-
tur bative Configuration Interaction using Localized Orbi-
tals) method 13. The molecules studied are given in
Figure 1. The molecules I- V were investigated to examine
the rdle of the mesogenic group. The molecules VI-VIII were
studied to establish the way in which substituents affect
the equilibrium flexibility of the aliphatic spacers.

The internal rotation angles ¢i define the orienta-

tion of an aromatic ring with respect to the adjacent carbo-

xyl group. The angla;wi characterize the relative orienta-
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FIGURE 1 ~ Schematic diagrams of molecules I-VIII

tion of two adjacent rings. The angles oy and Bi are taken
as 180° in the all-trans conformations of the flexible
spacer and substituents, respectively. For molecules I,

IV and V, ¢i = 0 corresponds to the "cis'" configuration of
the carboxyl groups relative to the aromatic core of the

molecules. The geometrical parameters used are given in
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C .
/N7A R=H
-

R=CHy

FIGURE 2 - Bond angles and bond lengths of molecules VI-VIII

Figures 2 and 3, Calculations were carried out with angles

varied in intervals of 30°.
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FIGURE 3 - Bond angles and bond lengths of molecules I-V

3. RESULTS AND DISCUSSION

3.1. Models For The Mesogenic Group

Methyl Terephthalate

Conformational energy contour for the benzene ring rota=-

tion about the C . = CO adjacent bonds is shown in
aromatic

Figure 4. Two energy minima are found at ¢1 = ¢2 = 0° and

¢1 = 0°, ¢2 = 180°. The former corresponds to the "cis"

configuration of the carboxyl groups relative to the central

o

AN/

90 -
4 4
IANNZZANN74
o N\ ¥V J/ O NNV [ /[ -
30 90 150 210 270 330 %4

FIGURE 4 - Conformational energy map[¢1, ¢2] ef methyl
terephthalate
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ring and the latter cofincides with the '"trans'" configu-
ration. The height of the energy barrier is 2,9 Kcal.mol-l.
The energy maximum is obtained when ¢1 = ¢2 = 90°. Besides,
¢1 and ¢2 rotations are independent.

For comparison, it is useful to cite earlier empiri-
cal calculations carried out by Hummel and Flory L4 and
Tonelli 15 in an attempt to determine the preferred (mini-
mum energy) angles and evaluate the energy barriers for
methylbenzoate and terephthalate moiety, respectively. Very
similar potential energy maps were obtained. The equili-~

brium conformations also correspond to the planar "cis"

and
"trans" configurations. Only the height of the energy
barrier differs : 5 Kcal.m01-1 and 3 Kcal.mol-1 according
to Hummel and Flory 14 and Tonelli 15, respectively. Such
discrepancies may be due to the difficulty in evaluating
conjugation energy in empirical calculations.

These results are in reasonable agreement with expe-
rimental observations on dimethyl terephthalate. Indeed,
the energy difference between the 'cis'" and "trans'" isomers
was found to be 0.05 Kcal.mol-1 from dipole moment measure-
ments in solution 16. Besides, Infrared and Raman studies
indicated that the populations of the "cis" and "trans"
conformers are nearly the same in the melt. Finally, the
molecular conformation in the crystalline state was found
to be the '"trans" one, the phenyl ring standing at an angle
of 4.7° to the plane of the carboxyl group 18.

Biphenyl and p-Terphenyl
Values of the conformational energy, taken relative to that
for the coplanar form are plotted versus wl in Figure 5.
The present calculations give an absolute conformational
energy minimum at wl = 40° which is in good agreement with

the torsional angle of approximately 42° between the pla-
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FIGURE 5 - Conformational energy shown as a function of
torsional angle wl for biphenyl.

nes of the rings in the vapor state 19. The height of the

energy barrier is 1.9 Kcal.molpl. It is worthnoting that

the dihedral angle wl lies in the range 20-25° in solution

20, 21 and in the melt 22 while biphenyl is planar or nearly

so in the crystalline state 23-27. The coplanar conformation
is hindered by steric interferences involving ortho hydro-
gen. However, in the crystalline state intermolecular inter-
actions favor the coplanar form by its more efficient
packing and, in so doing, counteract the intramolecular ste-
ric hindrance, especially since the barriers to coplanarity
are relatively low 28. It is to be noted that the present
PCILO results are consistent with earlier calculations using
semi-empirical methods 29-32.

For p-terphenyl, PCILO calculations give an absolute

conformational energy minimum at Y, = = 40° in agreement
1 g

2
with previous empirical calculations performed by Rietveld
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et al 33. The height of the energy barrier for the rotation
of the central ring relative to the adjacent rings is twice

that determined for the rotation of the rings about the

34

1,1' bond in biphenyl, which has been found experimentally
Molecules IV and V
Values of the conformational energy, taken relative to that
for the coplanar form are plotted versus Wl in Fig. 6 for
the planar conformation of the ¢=-CO-0O- groups in the mole-
cule IV. As observed for biphenyl, the energy minimum is
obtained when wl = 40°. Experimental evidence indicatgg
values of approximately 40° in the crystalline state and
30° in the liquid crystalline state 36 for 4,4'-disubstitu-
ted biphenyls. Indeed, in these compounds intermolecular
interactions are reduced compared with biphenyl and the
crystalline form is closely related to the vapor form. On
the other hand, conformational energy contour for the phe-

nyl ring rotation about the C - CO adjacent bond is

aromatic
shown in Figure 7 for wl = 40°. As observed for methyltere-

phthalate, two energy minima are found at ¢1 = ¢2 = Q°

and ¢1 = 0°, ¢2 = 180°, It appears from these results that
the most stable conformations of molecule IV can be deduced
from the preceding studies of methyl terephthalate and
biphenyl. Besides, the heights of the energy barriers for
each of the rotations ¢1, ¢2 and wl are the same as those
determined for these two simpler model compounds.

The replacement of biphenyl by terphenyl, as occurs in
the molecule V, is of interest in this study particularly
with regard to the extent to which lengthening of the meso-
genic moiety affects the conformational characteristics,
Again, the energy minima are found at ¢1 = ¢2 = 0° or

o = (=} = o = t o .
¢l = 0%, ¢2 180° and wl 40°%, wz 40°, Besides, as
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FIGURE 6 - Conformational energy shown as a function of
torsional angle Y, for molecule IV[¢1=¢2=O]
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FIGURE 7 - Conformational energy map {¢1,¢2] of molecule 1V,
[y, = 40°]
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observed for molecule IV, the heights of the energy barriers
for each of the elementary rotations are the same as those
determined for methyl terephthalate and p-terphenyl. The

4.8 Kcal.molm1 energy barrier derived from present calcula-
tions for the internal rotation of the outer rings, assu=
ming independent rotation of each of the three rings of

the terphenyl unit, is in close agreement with the

5 Kcal.mol_l deduced from 1H and 13C NMR relaxation data

for polyester with R

RZ = éCHZ-CH

1 = p-terphenyl and

%-0}3 CHZ-CH2-37.In the same way, the

3.8 Kcal.mol barrier height calculated under the same
assumption is consistent with the 3-3.5 Kcal.mol-1 experi-
mental activation energy for the internal inner ring rota-
tion about the long axis of the p-terphenyl moiety 37.

A prominent feature of the preceding results is that
the conformational characteristics of the carboxyl groups
are independent of the number of phenyl rings. In other
wrds, the main consequence of the replacement of phenyl
ring by biphenyl or p-terphenyl is to extend the linearity,
the rigidity and the anisotropy of the system. The theory
of polymer liquid crystals attaches great importance to
these geometrical factors 38. For instance, according to
Flory and Ronca 39, for an undiluted system, it exists a
critical value of the axial (length to diameter) ratio for
liquid crystal formation. Thus, polyesters POC-Rl-COO-Rz}
with R1 = p-terphenyl provide a rich source of liquid
crystals which are more thermally stable than those of the
biphenyl analogues 40_43. On the other hand, polyalkylene

terephthalates do not form liquid crystals.
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3.2. Models For The Flexible Spacer

Molecule VI

X-ray crystallographic data reported for benzoate and tere-

18, 4447

phthalate esters and aromatic and aliphatic poly-

esters 48-56 indicate that ¢1, ¢2, ul and g approach 180°,

The observed deviations are usually less than 10°, On the
basis of these experimental evidences and from the conclu~-
sions drawn from the calculations reported in the preceding

section, the ¢-C-0 group was assumed to be planar in mole-
Il
0

cules VI, VII and VIII. Hence, in the case of molecule VI,

the only parameters taken into account for calculations
97 u3, ua and as which define the geometry
of the flexible spacer GCH2)3.

were the angles o

Conformational energy contour of molecule VI for the

two methylene group rotations a, and o, (OL2 =ag = 180°)

is shown in Figure 8. Three energy minima are found at
o, =0, =0, =0, = 180° (0 Keal.mol 1), o, = a, = o = 180°,

2 3 4 5 2 .3 5

_t [ - -1 = = < °
o, 60° (- 0.43 Kcal.mol ~) and Gy u4 60°,

G, =4 = 180° (- 0.96 Kcal.mol-l) which coincide with the

TTTT, TGIT (or TGIT) and TGGT (or TGGT) conformations. The
heights of the energy barriers for conformational changes
TTTT - TGTT and TGIT > TGGT are 2.5 Kcal.mol-l and

2.6 Kcal.mol-l, respectively, assuming that the farthest
bonds remain in the trans position during the conformatio-
nal changes. It is to be noted that these three conforma-
tions also correspond to energy minima with respect to the
angles o, and O . The present study is in agreement with

previous empirical calculations carried out by Poulin-

Dandurand et al >7 after assuming dz = ds and d3 = dh.

These authors found two energy minima at u2=a3=u4=u5=180°
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150

90

30

330 a

FIGURE 8 - Conformational energy map| a,, o,] of molecule VI.
[a, = a, = 180°] 30 s
2 5
(1.73 Keal.mol™) and o, = a. = £ 175°, a, = a, * 60°
-1 2 5 3 4
(1.10 Kcal,mol 7).

Of special interest is the fact that the three crys-
talline forms of polyoxacyclobutane POGCH2}3]H evidenced
by X-ray diffraction and Infrared spectroscopy can be gene-

rated from the preceding conformations >8, 59

. Crystal
modifications I, II and III are the planar-zigzag TTTT,
glide-type TTTGTTTG and helix TGGT, respectively. The crys-
tal structure of poly(trimethylene terephthalate) was deter=-
mined by X-ray diffraction 48, 57. The molecular chain takes
the conformation TGGT which corresponds to the lowest mini-
mum observed in the present study.

Molecule VIL
Conformational energy contour of molecule VII for the inter-

nal rotations Oy and o, (az =0 = 180°) is shown in
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150

90

30

330 a,

FIGURE 9 - Conformational energy map [o

VII, [az =a, = 180°]

Figure 9. Again, the most stable conformations are TTITT,

3 ah] of molecule

TGTT and TGGT. However, the steric hindrance of the methyl
groups results in narrower potential energy wells and
higher energy barriersTTTT - TGIT (3.6 Kcal.mol—l) and
TGIT - TGGT (3.5 Kcal.mol-l). Such an effect was also
observed by Poulin-Dandurand et al. 57. It is to be noted
that the crystal modifications 60 of polyether

o -cCH 6 - C(CH3)ZCH2]-n can be generated from the calcula-

ted confgrmations.

Molecule VIII
Results obtained for molecules VI and VII emphasize the
importance of conformations TTTT, TGIT and TGGT of the
flexible spacer. Besides, they show that the replacement
of the central methylene group by = C(CH3)2 - increases

the energy of the other minima. Thus, for mol&cule VIII
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FIGURE 10 - Conformational energy map (a) [81, B] (v
la,, a,] of molecule VIII. [TTTT conformation
of the main aliphatic chain].

only the geometries TXYT were studied as a function of the

1 = = = = °
angles OL3, s Bl and 82, assuming 0, = Q, 065 o 180°.
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First calculations were performed after assuming a
trans conformation for the main aliphatic chain. The resul-
tant conformational energy map for the Bl and BZ rotations,
which characterize the geometry of the ethyl substituents,
is shown in Figure 10 (a). The energy minimum is found for
61 = BZ = 180°, i.e. the conformations trans-trans of the
lateral ethyl groups. Then, calculations were carried out
as a function of G, and a, (Bl =8, = 180°). Figures 10(a)
and (b) show that the most extended geometry of molecule
VIII in which both the main aliphatic chain and the lateral
groups adopt an all trans conformation is a stable form,

It is noteworthy that the potential energy wells narrow
as the size of the substituents increases.

Secondly, conformational energies were calculated for
the TGGT conformation of the main aliphatic chain. Results
indicate that the - CH, - C(CH2CH3)2-CH2 - sequence 1s
stable when the conformations of the lateral ethyl groups
are either GG or GG, The heights of energy barriers are
higher than 10 Kcal.mol-l.

In the third calculations, the TGIT conformation of
the sequence - CH2 - - CH2 - was considered. An energy
minimum is found at 81 = 0 and 82 = 60°, Again, one obser=-

ves sharp potential energy wells and high energy barriers.

From these results one can conclude that the stable

conformations of molecule VIII correspond to : Og = 0y =

= = ° -1 = = = = °
B = By = 180 (?chal.mol ), ag =, = B8 T B 60
(- 0.46 Kcal.mol 7), Qg = o, = 60°, Bl =By =" 60°

-1 = == ° = = °

(0.09 Kcal.mol_l) and Oy 62 60°, o, 81 180
(0.30 Keal.mol 7). The replacement of - CH, - by -C(CHB)Z-
and -C(C,H.), results in a sharpening of the potential

27572
energy wells together with an increase in the energy

barriers., Thus, molecule VIII appears more rigid than
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molecules VII and VI from a dynamic point of view.

REFERENCES
1. A. CIFERRI, W.R. KRIGBAUM and R.B. MEYER, Polzger
Liquid Crystals (Acaiemic Press, New-York, 1982).
2. G.W. GRAY, in Liquid Crystals and Plastic Crystals,
edited by G.W. Gray and P.A. Winsor (Horwood,
Chichester, 1974) vol. 1, Chap. 4, pp 103-152.
3. S.MARCELJA, J. Chem. Phys., 60, 3599 (1974)
4, G.W. GRAY and A, MOSLEY, J. Chem. Soc. Perkin 2, 97
(1976)
5. P.J. FLORY and A. ABE, Macromolecules, 11, 1119,
1122 (1978)
6. P.J. FLORY and R.S. FROST, Macromolecules, 11, 1126,
1134 (1978)
7. P.J. FLORY, Macromolecules, 11, 1138, 1141 (1978)
8. R.R. MATHESON Jr. and P.J. FLORY, Macromolecules, 14,
954 (1981)
9. A, Yu GROSBERG and A.R. KHOKHLOV, Adv. Polym., Sci.
41, 53 (1981)
10. A.R. KHOKHLOV and A.N. SEMENOV, Physica, 108A, 546
(1981) .
11. F. LAUPRETRE and L. MONNERIE, Eur., Polym. J., 14,
415 (1978)
12. F. LAUPRETRE and L. MONNERIE, J., Polym. Sci. Polym,
Phys. Ed., , 18, 2243 (1980)
13. S. DINER, J.P. MALRIEU, F. JORDAN and M. GILBERT,
Theor. Chim. Acta., 15, 100 (1969)
14. J.P. HUMMEL and P.J. FLORY, Macromolecules, 13, 479
(1980)
15. A.F. TONELLI, J. Polym. Sci. Part B, 11, 441 (1973)
16, E. SAIZ, J.P. HUMMEL, P.J. FLORY and M. PLAVSIC,
J. Phys. Chem., 85, 3211 (1981)
17. P, SEDLACEK, J, STOKR and B. SCHNEIDER, Collection
Czechoslovak Chem. Commun. , 46, 1646 (1981)
18. F. BRISSE and S. PEREZ, Acta Crystallogr., B, 32,
2110 (1976)
19. A. ALMENNINGEN and O. BASTIANSEN, Skr., K. Nor.
Vidensk. Selsk, 4, 1 (1958)
20. H. SUZUKI, Bull, Chem. Soc. Jpn, 32, 1340 (1959)
21. B.D. SCHMIDT and B. BROSA, J. Chem., Phys., 56, 6267
(1972)
22, O, BASTIANSEN and M. TRAETTEBERG, Tetrahedron, ll,

147 (1962)



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:21 20 February 2013

23.
24,
25,
26.
27.
28.

29.
30.

31.

32,
33.

34,

35.

36.

37.

38.

39.

40.

41,

42,

43.
4.

45,

LC POLYESTER-CONFORMATIONAL ENERGY CALCULATIONS 57

G. ROBERTSON, Nature (London), 191, 593 (1961)

J. TROTTER, Acta Crystallogr., 14, 1135 (1961)

A. BARGREAVES and S5.H, RIZVI, Acta Crystallogr., 15,
365 (1962)

G.P. CHARBONNEAU and Y. DELUGEARD, Acta Crystallogr,
Ser. B, 32, 1420 (1976)

H. CAILLEAU, J.L. BAUDOUR and C.M.E. ZEYEN, Acta
Crystallogr., Ser. B, 35, 426 (1979)

W.J. WELSH, H.H. JAFFE, N. KONDO and J.E. MARK,
Makromol. Chem. 183, 801 (1982)

I. FISCHER-HJALMARS, Tetrahedron, 19, 1805 (1963)

G. CASALONE, C, MARIANI, A. MUGNOLI and M, SIMONETTA,
Mol. Phys., 15, 339 (1968)

M.J.S. DEWAR and A.J. HARGET, Proc. Roy. Soc. London,
Ser. A, 315, 443 (1970)

J. ALMLOF, Chem. Phys., 6, 135 (1974)

H.M.RIETVELD, E.N, MASLEN and C.J.B. CLEWS, Acta
Crystallogr., Ser. B, 26, 693 (1970)

J.L. BAUDOUR, H. CATLLEAU and W.B. YELON, Acta Crys-
tallogr., Ser. B, 33, 1773 (1977)

C.P. BROCK, M.S. KUO and H.A. LEVY, Acta Crystallogr.
Ser. B, 34, 981 (1978)

E.M. AVEYANOV, V.A, ZHULKOV and P.V. ADOMENAS, JETP
Lett. , 33, 249 (1981)

P, TEKELY, F. LAUPRETRE and L. MONNERIE, Macromolecules,
16, 415 (1983)

A. CIFERRI, in "Polymer Liquid Crystals', edited by
A, CIFERRI, W.R. KRIGBAUM and R.B. MEYER (Academic
Press, New-York, 1982) Chap. 3, 64,

P.J.FLORY and G. RONCA, Mol. Cryst. Liq. Cryst., 54,
289, 311 (1979)

P. MEURISSE, ¢. NOEL, L. MONNERIE and B. FAYOLLE,

Br. Polym, J., 13, 55 (1981)

L. BOSIO, B. FAYOLLE, C. FRIEDRICH, F. LAUPRETRE,

P. MEURISSE, C. NOEL and J. VIRLET, in "Liquid
Crystals and Ordered Fluids'", edited by A, GRIFFIN
and J. JOHNSON (Plenum Press, New-York) vol, 4,

401 (1984)

W.R.KRIGBAUM, J. ASRAR, H. TORIUMI, A, CIFERRI and

J. PRESTON, J. Polym. Sci., Polym. Lett., Ed., 20,

109 (1982)

W.R. KRIGBAUM and J. WATANABE, Polymer, 24, 1299 (1983)
S. PEREZ and F. BRISSE Acta Crystallogr. Ser. B, 32,
470, 1518 (1976); 33 1673 3259 (1977); Can. J. Chem.
53, 3551 (1975)

S. KASHINO and M. HAISA, Acta Crystallogr\ Ser. B, 31,
1819 (1975)




Downloaded by [Tomsk State University of Control Systems and Radio] at 13:21 20 February 2013

58

46.

47.
48.

49,

50.
51.

52.

53,

54.

55,

56.

57.

58.

59.

60.

P. MEURISSE, F. LAUPRETRE AND C. NOEL

W.R. KRIGBAUM and P.G. BARBER, Acta Crystallogr. Ser. B,
27, 1884 (1971)

M. BAILEY, Acta Crystallogr., 2, 120 (1949)

I1.J. DESBOROUGH, I.H. HALL and J.Z. NEISSER, Polymer,
20, 545 (1979)

Z. MENCIK, J. Polym. Sci., Polym. Phys. Ed. 13, 2173
(1975)

1.J.DESBOROUGH and I.H. HALL, Polymer, 18, 825 (1977)
X.YOKQUCHI, Y. SAKAKIBARA, Y., CHATANI, H. TADOKORO,

T. TANAKA and K. YODA, Macromolecules, 9, 266 (1976)

R. de P. DAUBENY, C.W. BUNN and C.J. BROWN, Proc. Roy.
Soc. A, 226, 531 (1954)

K. SUEHIRO, Y. CHATANI and H. TADOKORO, Polym. J. 7,
352 (1975)

Y. CHATANI, Y, OKITA, H., TADOKORO.and Y. YAMASHITA,
Polym. J., 1, 555 (1970)

A, TURNER-JONES and C.W. BUNN, Acta Crystallogr. , 15,
105 (1962)

A.S. UEDA, Y. CHATANI and H. TADOKORO, Polym, J., 2,
387 (1971)

S. POULIN=-DANDURAND, S. PEREZ, J.F. REVOL and F. BRISSE,
Polymer, 20, 419 (1979)

H. TADOKORO, Y. TAKAHASHI, Y. CHATANI and M. KAKIDA,
Makromol. Chem. , 109, 96 (1967)

H. KAKIDA, D, MAKINO, Y. CHATANI, M. KOBAYASHI and

H. TADOKORO, Macromolecules, 3, 569 (1970)

Y. TAKAHASHI, Y. OSAKI and H. TADOKORO, J. Polzg. Sci.
Polym. Phys. Ed., 18, 1863 (1980).






