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LIQUID CRYSTAL BEHAVIOUR OF LINEAR
COPOLYMERS—1
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Abstract—The molar volumes of some mesophasic linear homo- and copolymers have been measured as
a function of temperature. Both the liquid crystal phase (nematic) and the isotropic liquid have been
examined. The polymer chain is characterized by an alternating sequence of rigid groups and flexible
spacers. The molar volumes measured for the liquid crystal phase give evidence for a substantially
disordered conformation taken by the flexible spacers in the nematic phase. Analogies between homo-

and copolymers are discussed.

INTRODUCTION

The possibility of obtaining linear polymers exhibit-
ing mesophasic properties either in solution or in the
molten state is well established. Actual observation of
the liquid crystal phase in the molten state is limited,
however, to those polymers with melting tempera-
tures compatible with the thermodynamic stability of
the mesophase and frequently with the chemical stab-
ility itself.

Polymers having completely rigid backbone chains
are therefore hard to obtain in a mesomorphic, ther-
motropic state. On the contrary, polymers with mol-
ecular structure built up with alternating sequences of
rigid portions and flexible spacers may show a meso-
phase in the molten state at convenient temperatures
provided the flexible spacers are not too short.

It has been shown how the thermal stability range
of the mesophase of semi-flexible polymers forming a
homologous series may depend on the length of the
flexible part of the monomer unit [1].

Study of the mesophase of these polymers is equally
interesting both in the molten state, within the appro-
priate range of temperature, and at room tempera-
ture. In fact in this latter condition, the polymers are
semicrystalline (therefore biphasic) and investigation
of the structure of the non-crystalline phase is of
theoretical and possibly practical interest.

Direct study of the mesophasic homopolymers is
frequently hampered on the one hand by too high
melting temperatures and, on the other, by the pres-
ence at room temperature of variable amounts of

crystalline phase. Random copolymers may offer ad-
equate models in both cases.

A considerable widening of the thermodynamic
stability of the mesophase (as a consequence of the
depression of the melting temperature) may be
achieved with polymers of homologous molecular
structure by random insertion along the chain of flex-
ible spacers of different lengths [2]. Furthermore, the
mesophase can be quenched at room temperature
with reduced crystallinity.

We have studied copolymers of general formula:

— ~— —CO0O—R ) with R = C(CH,) = CH
C oc—(CH) . 5 @ .
o 1= —~(O)—cieny w—n- e, e ()

Copolymers containing equimolar amounts of flex-
ible spacers of two different lengths normally exhibit
the greatest melting point depression and their meso-
phase can be quenched at room temperature fre-
quently with very low residual crystallinity.

The results of our study, based on DSC, X-ray dif-
fraction and dilatometry, show that a copolymer of
formula:

+OOC—CHy)yin- —COO-R+-,

exhibits a mesophasic behaviour close to that shown
by the homopolymer of formula:

+-OOC—(CH3)r sy - ——COO—R,

provided n, n’ and (n + n')/2 are all even or all odd.

EXPERIMENTAL

The following polymers have been prepared following
standard procedures:

a) — —H00cC (CHZ) 2Coo—<@»c (CH,)=CH —@—»7 (OPAn) n-= 9,10,11,12,13
n— ;
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(b) Copolymers of the same kind containing equimolar
amounts of aliphatic groups of two different lengths:

P10 TANNELLI et al.

(CPAnn'), nn’ = 6,10; 7,115 8,12; 9,13; 10,14

(c) Copolymers of general formula:

-+00C — _ N —N =
(CHz\n,(n’)-Z COOA@—C(CHJ N NA(CH3)C—@;—

(CPBn,n), nn’ = 7,11; 8,12; 9,11: 9,13; 10,12; 10,14

For brevity, the polymers are indicated by the symbols

given in parentheses.

Viscometry of chloroform solutions was performed at
26.00 + 0.02° with an Ubbelhode viscometer. The extrapo-

Table 1. Experimental molar volumes as a function of temperature

Anisotropic liquid

Isotropic liquid

Anisotropic liquid

Isotropic liquid

t v t |4 t vV t |4
OPA9 CPA7,11
176.0 348.8 191.5 359.5 140.8 341.% 199.2 361.0
176.8 349.5 206.5 363.3 1458 342.5 200.0 361.0
180.5 350.1 2175 365.7 155.7 345.1 211.0 363.8
181.0 350.8 227.5 368.2 165.5 3474 212.7 364.2
189.0 3524 238.8 370.7 1755 350.3 219.7 365.9
189.4 3524 185.5 352.6 221.2 366.2
189.7 3533 230.7 368.3
196.7 354.7 2322 '368.7
o = 0.06 o =005 o =010 ¢ =003
OPA10 CPAS8,12
185.1 366.2 142.5 354.3 194.1 378.1
190.2 368.3 160.5 359.8 205.3 381.1
195.1 369.9 170.0 362.2 214.1 383.1
199.7 371.2 171.0 362.5 223.2 385.5
201.5 371.7 179.6 364.7 233.8 388.2
206.1 373.2 180.0 364.8 2443 390.6
2149 375.2 189.2 367.5
216.2 3759 189.7 -367.6
199.1 370.7
g =0.10 o =003 o =004
OPAIll CPA9,13

160.7 380.0 190.2 394.2
165.4 381.6 1973 396.1

165.8 3814 205.0 398.1
169.0 3825 2148 400.2
171.2 383.0 2205 401.6
174.1 384.5
178.2 3859
o =010 o =003
OPA12
176.0 400.8 195.0 415.0
178.3 402.2 203.5 418.2
183.0 404.0 2120 420.5
188.2 405.9 2225 4233
188.5 406.1
g =010 o =010
OPA13
163.0 420.5 190.0 4333
165.2 421.7 195.5 4353
167.5 422.6 203.8 438.0
170.5 425.7 215.5 441.6
g =010 o = 0.06

148.2 371.2 182.5 392.6
155.5 3793 190.0 394.6
162.8 3814 198.6 396.9

170.1 383.6 206.0 398.6
o = 0.03 o = 0.04
CPA10,14
146.0 391.1 190.2 414.5
150.2 392.6 199.8 417.2
151.0 392.6 209.9 420.0
155.0 393.8 211.2 4204
159.0 3949 219.0 4224
160.5 395.5 220.0 4226
166.1 396.9 231.0 425.1
170.2 3984 231.5 4254

171.0 3984
175.3 400.0
175.5 399.9
178.0 400.8
o = 0.01 g = 0.05

t/°; V/em® mol~!; ¢ = square root deviation of ¥ from the linear least squares

fitting.



747

Liquid crystal behaviour of linear copolymers—I

pwikjodod = do “sowkjodowoy = dy 0IvdO
Jo aseyd 51do110st 3Y) JO) PAINSESW USSQ SARY TIRP [RluswlIadxs oN -3inSy 1se| 2y} 03 Idjes pue sasayjualed ur usAIg ST g PUR » O UONIBIADP PIBPURIS Y| BIEP [E)UdWIIAdXD
oy} jo Jumy saienbs 1sea] JeAUN AQ PAUIRIQO U39Q 3ARY ¢ PUE » SJURISUOD U] ¢ + I-P = 4 e[nwloj 3y} Juisn paje[nofed uaaq 9ABY SSWN[OA IR[OW Y] ~| _[OUL (WI/4 (1

Y ocy LIgY 1194 €'L0b 80l 002 SELE TrLE 0z
ULy 88T ove £v0r L90% 061 LOLE T'ILE 007
16Ty 8'STY 0£¢ €10t L'T0V 081 8'L9¢ 1'89¢ 061
Srday 8Ty 07T £'86¢ 9'86¢ 0L] 0°59¢ 1°69¢ 081
6611 861V 01¢ £'66¢ 9v6E 091 179¢ 079¢ 0Ll
€LY 891t 002 £°T6¢ S'06¢€ 0s1 €65¢ 0°65¢ 091
9vivy e 061 £'68¢ $'98¢ ovl $9¢¢ 0'95¢ 0s1
0Ty 801t 081 £98¢ v8¢ 0g1 9€S¢E 67S¢ ov1

€)6v9¢ = 9 (1) 7970 = » (M 1ive =g Q10e0="» (Vegic =4 Wp)sggro=7r

Pl =0l =u Pl = uQl=1u (J=u‘g=1u

ODOLSE = q (S 6670 =1 (ST)R6TE =4 (©) SO Q =7 0661t = ¢ (6yz0o =» (01)501¢ =4 (S)E0€0 =7

U=u T =u J=u'g=u 01 =u
8 Y0 6 €0t 0€¢ 1'S6¢ £'96€ 01z 90LE I'1LE ove L'85€ £'86¢ 01z
TT0r 910 44 €768 6'T6E 00T 789¢ L'89¢ 0£T 795¢ 9°65¢ 002
L'66€ 166¢ 012 £68¢ 9°68¢ 061 6'69¢ £99¢ 0 L'€sE 0¢sE 061
1'L6E L'96¢ 00T 98¢ £'98¢ 081 $'e9¢ 6'£9¢ 01¢ TIse 70s€ 081
9b6E £'76¢ 061 S€8¢ 6'78€ 0Ll T19¢ 9'19¢ 00t L'8v¢ SLpE oLT
06¢ 6°16¢ 081 9'08¢ 96LE 091 8'85¢€ T65¢ 061 T9PE LvE 091
S'68¢ ¥'68¢ 0Ll LLLE €9L€ 051 $'96¢ 8'95¢ 081 L'EpE 0Tbe 0S1
698¢ 0'L8E 091 8YLE 6TLE ovl I'bs¢€ S'HSE 0LT T €6t¢ ovl

do dy ] do dy 1 do dy 1 do dy ]
A A A A

P 1opg = g (Q)sszo=7» (@ 1yee = 910670 =7 @1vie =q()sggo=7r (S)T'90¢ = q () 0sTQ = v

fl=u'6=1u L= u'g=u [P=u‘L=u N=u =u

(@zsve =q(gpro=7r S 19Z¢ = g (6)veco =" ©)1vic =49 (1) Lgco="» 9 zioe =q(gzLco=r

qr=u T =u ‘6=u 6=u

pinbry ordonjosy

pinbiy sidonjosiuy

pinbiy ordonosg

pmbryy srdonjosiuy

LUUY D pue uydQ) s1swkjodod pur -owoy Jo SIWN[OA IB[OW PAIR[NILd Usamiaq uosireduwo) ez 2qrL



748 P10 TANNELLI et al.

lated intrinsic viscosities ([#]/dlg™") are given in paren-

theses:
OPAn:n=9 (230); n=10 (240); n=1t
(2.30); n = 12 (2.90);
QAT AT T O n = 13 (3.20).
~|g8gzas8ss
AR A CPAnn': nn’ = 6,10 (1.30); nn = 7,11 (1.10);
nn' = 8,12 (1.50);
o < G nn = 9,13 (2.00); n,n’ = 10,14 (3.00).
?!- -é CPBny':nn' =711 (1.00); nn =812 (1.00);
= N nn = 9,11 (2.10);
2 g =N SNt o =y g s 5
Bl @ _|dox-Sdxga £ na' =913 (100); nn' = 10,12 (2.10);
=) o] NN MO @ 3 ° ;
g ® PR R R R g nn' = 10,14 (0.90).
2 [ z .
< g Molar volumes as a function of temperature were
= g measured for OPAn and CPAn,n’ by volume dilatometry
S 2 utilizing mercury as a filling liquid [3].
Ll geggge8R - Prior to the preparation of the compacted samples for
i = aaaa B= sealing in the dilatometer, the polymers were kept for
i i % 1820 hr under vacuum (10 “*torr) at a temperature
between 100 and 110°.
e
o E The volume changes as a function of temperature were
— = Q 3y Q0D 3 & monitored by weighing the mercury expelled from the
%, | 8228809 & g dilatometer.
3 FIs TS E & . .
g B8 E The thermotropic mesomorphism of most of the copoly-
——é’ '?5 € 2 mers (the behaviour of polymers OPAn and CPB8,12 had
z =3 Ak 5 .%D already been investigated [1,2]) was examined by DSC,
_g ; S« TE: T  polarizing microscopy and X-ray diffraction.
o 3 O —~ DN Q
Elg| 8 =|goscsgsses 2 3z
= =42 s 3
>l 8 I S¥wwwwww g £ RESULTS AND DISCUSSION
g | s © e o
= St .
| < = = & The molar volumes experimentally found as a func-
> Q o 5 . p Ly
3 o & g tion of temperature are reported in Table 1. Most of
= w2 -« |SRBRER § = & § =~ the data, both for the liquid crystal phase and for the
3 nol 2 = = isotropic phase, were collected for undercooled
8 =3 &0 O phases. The reasons for operating in this way were the
g 28 3 following: to reduce as much as possible the working
3 AN 22 g temperature, particularly in the isotropic phase, in
2 | T gddssd 29 3 order to avoid errors due to chemical instability; to
henth e e o on o2 . .
g 3 g = collect the data over a wide range of temperatures in
2|5 o Pe & order to reduce the uncertainty in the calculation of
g, 3 & S5 g the temperature coefficient 0V/dt; to avoid the tem-
§ —'-o‘ = =7 & Dperatures at which the polymers are biphasic (i.e. iso-
© 2 . § ; E § E E § 5 £ E - tropic + anisotropic liquid). Actually, a finite and fre-
S| 2 ';" O N N R SRR E< % quently broad temperature interval for the isotropiza-
= . . .
2 2 s g J §' tion transition is normal for the polymers because of
& — = §2 5 the spread of the molecular masses. In any way, a
L Y £8 o nonlinear dependence of molar volumes on tempera-
;,g - | 88 g § § § ﬁ < € O ture near the clearing point is observed also for low
o o %of . § molecular weight compounds as a pretransitional
= o é? ‘é “E‘:_o‘ phenomenon [4].
g Bo o A comparison, at constant temperature, between
OO = 5528 the mole}r volumes of the copolymers anq of the cor-
- g E a g § § Pl §. §:2g responding homopolymers is reported in Table 2a.
« men 2 2y Themolar volumes have been calculated at each tem-
- B4 835 perature utilizing a linear least-squares fitting of the
2 5 £ cﬁ% E experimental data. The matching of the calculated
g = :DE a5 values is fairly good (the average square root devi-
2 s .. g:;g%%:} =g éoé" ation is.AV=(').4cm3 mol "' and AV/V = 0.001) and
o "”’ PARAR AR R A s=18 g T it provides evidence, although not compelling, in
] - E>2 "_;- < favour of a close resemblance between the packing of
E & EL 2 g g homo- and copolymers in homologous phases.
5 NEEEE The molar volumes as a function of n at fixed tem-
22 ~ |8 28R & § g 0\5 8 = 8 peratures are reported in Fig. 1. A small but signifi-
0 SYSOY  cant odd-even effect is observable in the sequence of
P values referring to the liquid crystal phase. The molar

volumes of the “even” members of the group are
somewhat smaller than those for the “odd” members.
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Fig. 1. Polymers OPAn: molar volumes (V/ecm*mol™') as a function of n calculated for the liquid
crystal phase: (b) at 180" and for the isotropic phase (a) at 210". The value reported for the isotropic
phase of OPA10 was calculated for the corresponding copolymer CPAS8,12.

This feature is consistent with the odd-even alterna-
tion of the molar isotropization enthalpies observed
for the same polymers; the even members show
higher values.

The average value of [8V/dn],go for the liquid
crystal phase (taking separately into account even and
odd members) is 18.5 cm® mol~*. This coincides with
the value of 184cm?®mol ! obtained by extrapo-
lating to 180" the experimental molar volumes of mol-
ten polyethylene reported in reference 5. (Table 2b
shows some calculated values for comparison.) This
could mean that the flexible polymethylene portions
of the polymer chain behave, even in the liquid crystal
phase, as if they were in a substantially random con-
formation. This conclusion, which must be taken with
care because of the intrinsically low sensitivity of
molar volumes to small conformational or packing
modifications, is consistent with the observation that
the molar isotropization entropies measured for the
same sequence of homologous polymers are only
slightly dependent on the length of the flexible spacers
[1].

The thermodynamic data for the isotropization
transition offer further evidence in favour of a rather
close structural relationship between homo- and co-
polymers. Isotropization temperatures and molar
entropic changes are reported in Table 3. The DSC
analysis was extended to a second class of copoly-
mers: CPBn,n".

The pattern of the odd-even alternation of the
thermodynamic quantities is the same for homo- and
copolymers and the accordance between the data is
particularly good for polymers of PBn type.

Rather convincing confirmation of this point is
offered by the behaviour of copolymers CPB9,11 and
CPBI10,12. The first is a “pseudo-even” copolymer
containing equimolar amounts of flexible spacers with
n =9 and n" = 11. The average stoichiometry corre-
sponds to an “even type” homopolymer, namely
OPBI10. The isotropization temperature and molar

entropy are, on the contrary, intermediate between
the “odd-type” homopolymers OPB9 and OPBI1.

{TCPB9,11) = 525K;  [Ti(OPB9)
Ti(OPBI1)]/)2 = 520K; ASi{CPB9,11) =
94Jmol"! K™ '; [ASI(OPB9) + ASi(OPB11)]/2
94Jmol 'K 1.

Equally good correspondence if found between the
thermodynamic data for the “pseudo-odd™ CPB10,12
and the average values obtained from OPBI10 and
OPB12: Ti(CPB10,12) = 529 K; [Ti{OPB10) +
Ti(OPB12)])2 = S31K; ASi(CPBI10,12) =
17.8 Jmol "' K™ !; [ASi{(OPB10) + ASi(OPB12)],2 =
180 mol ' K1

Figure 2 shows the DSC heating curves for four
different copolymers. Curves a and b refer to poly-
mers of CPBn,n’ type not subjected to previous ther-
mal treatment. Curves ¢ and d refer to polymers of
CPAnn type previously quenched in the liquid crys-

+

Table 3. Thermodynamic data relative to the isotropiza-
tion transition

OPAn OPBn
CPAny CPBn»'
n

nn' Ti ASi Ti ASi
8 575 16.7

6,10 562 124

9 503 5.45 531 9.29
7,11 489 4.64 528 8.60
10 528 164 545 18.0
8,12 523 13.1 549 17.7
11 479 6.61 509 9.50
9,13 484 6.86 510 9.08
12 498 148 516 17.9
10,14 484 10.0 514 18.0

Ti/K,
ASi £0.1

ASi/Jmol 'K !;

o(Ti)/Ti ~ 0.01

a(ASt)/
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Fig. 2. DSC heating curves. Scanning rate 10 K/min. (a) CPB10,12; (b) CPB9,11; (c) CPAS,12, sample
previously quenched from 450 to 273 K; (d) CPA6,10, sample previously quenched from 460 to 273 K.

tal phase. Since the high temperature endotherms are
related to the isotropization of the mesophase, it is
apparent that in all cases the samples have a very low
content of crystal phase. The dominant phase should
be considered at room temperature as a glassy nema-
tic phase.

Figures 3 and 4 provide further evidence for this
conclusion. Figure 3 shows the X-ray diffraction spec-
trum of CPAS,12 registered at 460 K, within the range
of stability of the nematic phase. Figure 4 shows the
diffraction spectrum of CPAS8,12 registered at room
temperature utilizing a sample previously quenched

RE TS

Fig. 3. CPA8,12: X-ray diffraction spectrum. T = 460 K, flat-film camera, CuKa radiation.
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Fig. 4. CPA8,12: X-ray diffraction spectrum. Room temperature, flat-film camera, CuKuo radiation.
Sample previously quenched from 450 to 273 K.

from 450 K to 273 K. The nematic-like character of 2. A. Roviello and A. Sirigu, Eur. Polym. J. 185, 61 (1979).
the spectrum is apparent. 3. N. Bekkedahl, J. Res. natn. Bur. Stand. 42, 145 (1949).
4. F. P. Price and J. H. Wendorff, J. phys. Chem. 76, 2605
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Riassunto—Sono state eseguite misure di volumi molari in funzione della temperatura per alcuni omo- e
copolimeri lineari mesofasici. Sono state esaminate sia la fase liquido crystallina (nematica) che quella
isotropa. Le catene polimeriche sono caratterizzate, dal punto di vista strutturale, da una sequenza
alternata di gruppi rigidi e di spaziatori flessibili. Le misure di volume molare sembrano confermare
I'ipotesi che nella fase nematica i gruppi flessibili siano sostanzialmente disordinati. Vengono inoltre
discusse alcune analogie fra omo- e copolimeri.



