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LIGUID CRYSTALLINE ORDERING IN MELTS OF THERMOTROFIC
POLYMERS WITH MALONIC ACID FRAGMENT IN SPACER.

1

ALLA PURKINA AND BORIS VOLCHEK
institute of Macromolecular Compounds of Russian
Academy of Sciences, Boishoi pr.S5t.Fetersburg, Russia

Abstract With object to evaluate the effect of

spacet chemical composition on chain
conformation of thermotropic polymers 1in liquig
crystalline (L) state, linear and combined
(main chain/side chain) polymers, cantaining
fragment o¥f malonic acid {FMAD in
methylene spacer were studied. It is shown

that owing to presence of FMA chain conformations of
the studied polymers dif+er substantially +rom those

of RF-poliymers with simple methylene spacer. Tn
lc meit the main chain of polymers investigated nas
"hairpin'- like conformation with parallel
allignment of neighbouring mescgens. in the
case of combined poelymers the side chain is
located inside the hairpin, and mesogens of both
main and side chains are +ound to be mutuwally
paraiilei vescribed polymer structure in LC

melt provides the explanation +or experimentaily
obgserved similarities between properties of LC melts
of studied polymers and those of low molecular weight
iligquid crystalls.

INTRODUCTIDN

& lairge volume of experimental data has been gcbtained
demonstrating that polymers i1n  ligquid crystaliline (LG
state significantly differ From their low malecular
weight arnalogs in such main characteristics as order
parameters anog thermodynamic characteristics ( erdthalpy
and entropy } during the transition from isotropic te LC

L, =
melt.’ 4 Theoretical treatments4’d

explain the observec
differences by stiffening of macromolecuiss resulting
from changes malecular +ragments structure or molecular

structure as a whole which accompany this transition.

[2775)209
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The extent of stiffening depends on the mechanism
ensuring chain flexibility, in other words., on chemical
structure of macromolecules. For a specific class aof
z0 called RF—-poiymers (polymers with 1rigid mesogen and
flexible spacer in the backbone) conformational changes
can be determined both by asymmetry of repeating unit and
by energy difference of rotational isomers of spacer. =26

To establisk the effect of chemical structure of
macromoiecules on mechanism of LC state formation
and peculiarities of LT ordering main—-chain and combined
{main— chainfside chain 3} thermotropic polymers with
fragment of malognic acid (FMAY in spacet were

investigated. The general formula of that polymers is:

LY . e 5 -
{BC—-CHR CDD(CH2)60(56H4)2 \LHE)éﬁ), where

il
i
I

is polymer I

and R

0
0
T

O s N R T —hge = i '5 M -
2y \CHB}L6H4 =N uéquN is poliymer 11

it is well known that conformation of FMA depends on
dipole-dipole interactions between C=0 groupsf S50 ane can
suggest that during the phase ftransitions changes in FMA
conformation are possible and as & result changes 1in
contormation of chain as a whole. In the case of combined
polymers {(polymer I1) presence of side chain may effect

o both contormation of FMA and  asymmetry of repeating

EXFERIMENTAL

Folymers 1 and II were synthesized using the known

- 8.9
methodics.

ts the temperatures of transition to LD state
and to isotropic melt determined by DUEC and polarized

o
microscopy, and polarized IR spectroscopy; values of layer
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spacings determined by X-ray diffraction technigue.

. . S
microscopy at 1Z0°C

According to data of polarized
polymer is in smectic A phase, but combined shape of DSC
curve proaves existence of ancther smectic phases
{uniknown) . Several types of smectic phases were observed

*

. P . LLE
in polymers with similar chemical structure.’”

N - - . £ s “
TABLE I Fhase transitions temperatures (T, )C;

and valiues of iayer spacings {L, Al.

Methad of Temp. of phase L, A
determina- transitians,DC

tion - .

DsC K Fg 51 126 SE 13Gis cryst. 2601
Folariz. ¥ 105 511:2 SA 136is LCiza 6.5
Mmicrosc. length

of Fully 3z

IR spectr. K 102 L 13Bis ext.chain

Conformational and orientational characteristics of
studied polymers were determined py IR spectroscopy.
Grientation ot samples was eftected by two wmethads. The
rirst one corresponds to spontaneous homectropic

orientation which occurs at meliting of polymer Fil

3

on
sBr surface. The second method consists in smoothing  of
LT meit on Kbr surface with subseguent cooling of sample.
Tre order parameters of mescgen i5m) and flewxible {5+;)
fragments of polymer chain were calculated Ffrom the
squations (1}, {(for the Ffirst method of orientation! anc
{2, {(for the second one) using values of dichrcism of
corresponding IR bands.

D__./D [1.5 8in“9_ + (i-833/[1.5 Sin %, +(1-5)1=
ordA’ orB B A

D /D - (i
unorA’ T unorb
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where D - is valus of ocptical density of chosen
orA{B)

ba nd in spectrum of homeotropic oriented samgle,
92 "

unarniBj
spectrum of isotopic sample, 5 is order parameter value,

is the demsity of the same bLand 1in

SA{B) is value of angle between transition moment of

IR pand chosen and corresponding bond.
Smi{fy = R-1/(R+2}(i-1.55in"8) (23

where R is dichroism vaiue of corresponding band. For

r+

Sm calculation bands at 1600 cmhi(v C~C of benzens ring,
1

¥ 1s equal -H

]

o - R -1 .
S with axes of ring: and 820 cm {&
- . . . . _y . .
vibrations of ring, % 1is equal BO with plane of

- . - -1
Fing’ were used. For 5+ calculation band at 2930 cm

v as CH, groups, & i1s sgual 750 with axes of ail-trans
sequence of CH, groups in methylene chain) was applied.11
Note that caiculated values of order parameters are
found to be practically the same. S0 this values can be
considersd as equilibrium ones.

At the assumption of domain orientation and including
o¥  both mesogen and Flexible fragments in domain,
experimental order parameters Sm and 5f may be presented

by the eqguation (3).6
Sx = 5x1» § & , (3

whare <5Sxi> is the average intramolecular wvalue of the
local parameter for mesogen {(#=m) or spacers (x=F) with
respect to the axes chosen for each mesogen pair aléng the
chainy 5 is the order parameter of these axes with
respect to common director in LC domaing S is the or der
parameter characterizing the macroscopic domain
orientation relatively to tne direction of orientation. It
is important that the observed values of Sm and SFf are
related to the corresponding intramolecular <8ml>» and

s =

<5Ff1l> parameters by common coefficient s's <1 which does
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not depend on «=m or x=f . Since experimental 5f/5m ratio

is determined only by those

units which exist in studied

RESULTS AND DISCUSSION

Fig.1 shows plots of Sm ,

As can be seen the order pavam

conformations of monomer

state.

5f and 3F/5m vs temperature.

eters are reversible during

1
4.0 J ~ 3 ~
0.5+
p- 4 .
— e  aun
2
L 4 >
20 So TeC 100 150
FibuRE 1 Temparature dependences of Oy ey
parameters gof mesogen Sm — 1 and Flexible S+ - X
fyagments and ratio of S5+/75m - 5.

intiramoiecular Fearganiza
gecreasing of om values with o
due transitions between ditfer

. . . A0
behavici was ooserved for 1a

S is=s2 = TR N

heated to 124 . So one can

o of Sampie ey tnis

and Ooserveo variations of
ing  transition from LD L0
ct with intradomain and

Strong

ECFE&Siﬂg tEeEmperature may e
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poliymer with similar chemical structure of the main chain
and was explained by authors due to transition from
smectic A to smectic C phase.

Variations of Sf/5m values during transition from
LC to crystalline state.are carrespond to changes in
itramolecular orientation and conformation (value of
product 5°8°™ for Sm and SF are equall. This ratio
decreases from V.53 {at éib) to 0.56 (at 1240). At the
same time variations in 5f values constitute only 114
at this conditiomns and then large decrease i1n 5¥/Sm
ratio is 1in the great pért due to change in
orientation of mesogen. Because in our case the mesogens
are rigid changes in'&heir orientation can be connect
with conformational transformations in spacer without
large effect on Sf values ( e.g. due to changes only 1in
conformation of the end groups’.

information about conformational set of methylene
sequences of spacer one can obtain from IR spectra in the

region of ¢ CH vibrations of CH,2 groups of methylene

chain (1480-1440 cm )i bands at 1486 and 1440 cm !
are attributed to trans and gauche isomers of these
sequences, correspondingly.11 According to out

qualitative estimations fraction of gauche isomer in
crystaliine state of polymer 1 is larger than in the case
of RF polymers studied by us earlier.6 In LC and
isotropic melts ratios of trans/gauche isomers are
practicaliy the same and claose to those for isoclated
methylene chain at the same temperature., But presence of
order in spacer in LC state testifies (o the different
distribution oF rotational isomers aiong the metﬁylene
chain in LT state from that in isotropic melt. The large
+raction of gauche igomers in crystaliine state of
polymer I is probably the main reason decreased values
of repeating unit iength in compariscn with that For
its fully extended chain (see Table 1:.
it can be assumed that the chain of polymer 1

consists of two branches, autual arrangement of which
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depends on conformation of FMA. Let us consider possible
conformations of such branches. In IR spectra of polymer
investigated in all phase states ome can see two bands

-

corresponding to ve and rvas vibrations of C=0 groups of
FMA (1747 and 1733 cm 1. This means that piane
cis-conformation of FMA is exluded from possible
conformaticnal setx of FMA, because only one band =0
must be present in spectrum of such conformation..

With the aid of computer program PCMODEL we can
confirm that FMA should not be really 1in plane cis

confarmation and several local energy minima corrvespond

to structures of FMA in which esters groups planes
turned relative to each other Specitic
conformation of FMA depends on chemical structure of
chain in which it is included.

As can be seen from table 2 the preferred
contormation for systems 2-4 is so calied “hairpin®

conformation withn parallel arrangment of neighbouring

{aiong the chain) mesogens (Figure ).

FIGURE 2 Representation of model "hairpin®
conformation with mirimai energy; calculakad oy
PCMODEL program
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TABLE 2 Values of energy difference (AE) between
"hairpin® end “extended chain”® conformations,
calculated angie (8s) between bisektor of C=0 bonds
of FMA and axes of chain of model system
RDOC—CHZ-COOR and experimental values of 9s.

5**
N R AE os,
(k3> calc. exp
hairpin extend
1 CH3 2.3
2 {(CH,) OCH 10.0 29 80.5
2°6 3 49~
3 (CH2)6086H4DCH3 16.7 32.2 8i.2 s4
4 (CH2)é0(56H4)206H3 29.3 32.6 85.9
experimental values of &s were obtained from
dichroism measurements of vs of C=0 groupsin polarized IK
af oriented sampie taking into account that transition
moment of this vibration is directed along bisector of
the angle between C=0 bonds.

One can suppose that for buik state of polymer under
consideration energy advantage for hairpin conformation
can be- compensated by intermolecuiar interactdons. S50 we
studied sis0 alternative model structure, more extended
and as a resuit less advantageous from - energy
consideration.

For obtaining more detailed information about of FMA
structure in both crystaliine and LE states we compare
caliculated and experimental vaiues of 9s. As is seen
experimentai values of Ss are in the gap between 9s
corresponding to bhairpin and extended conformations.
Variation of torsion angles of FMA relatively of their
minimal values in model system 4 (see Table 2) which is
more closest to real structure of polymer I shown that

hairpin conformation is conserved at least tilil 9s = 650
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{Figure I}. These conformations surpass those with minimal
energy less than 7 kd {for the case when all C-C
bands of methylene chain are in trans-conformation’.
This fact means that experimental vaiues of &= correspond
to hairpin conformation. It worth to note that mentioned
increase of energy of hairpin conformation at large values
of ®s in real polymer chain can be partly compensated by
stirengthening of interactions betw2en benzene rings, with
decreasing distance between them due toc appesrence of

FRUCHe 1somers in spacer.

Hoou y " L
s~ | G -
-Q%¥7ETJ\1f*L- — 4 {ah .§—*?§ 1 e ¥
H ',’, a T r&.\‘;’jff“u 1 :\0\ r_c—“c_h F —g .
L ! ! f’ c-‘—_"-i:' o et )
3 H i H i s
A i U " "
H d’v q‘. {;H
: i""l IH
3«”#1!; ] oM H
H L T Voo
H ﬁ>(:& / ;::<k :
’ { —et)
y % 4 N\ SR
i~ ¢ =™
} 1 s v H H
H i H H
FIGURE = Fepresentation of modeal "hairpin®

conformaticon. calculated with variation or torsion

angles in FHA.

Including FMA in the spacer of polymer 1 with 12
CH, groups, on the one hand increases distance between
mesogens {according to,lz in RF-polymers with biphenyi
as a m@sogen and methylene spacer LT state was nnt
chserved i+ spacer length was longer than 12 CH2 groups:
and on the other precludes from coaxiality of mesogens in
the extended chain structure. As & resuit such extended
chain is not advantageous for LC state formation. On  the

contrary hairpin conformation satisfies toc conditions of
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L order organization: 13 it corresponds to minimal
energy for isclated chain, 2} mesogen fragments in each
branch of this structure are coaxial with spacer and at
the same time are parallel to each other.

Uur conclusion about hairpin conformation of chain in

poiymer 1 is contirmed also by the facts that observed Sm

vaiues {are egual 0.35 - 0.60 at temperature of
transition +rom isotropic to LC melt) are less than those
for extended chain (Bm = 1.7~O.8)ﬁ’L& and close toc  Sm
values for low molecular weight compounds. ©Change of
enthalpy during LC state - isotrop transiticn are also
ciogse vor those in low molecular weight compounds.14

Table T lists of temperatures of phase transitions,
determined by different techniques, layer spacings
Trom X—ray diffraction data and valus of enthalpy
during from LC to isotrop transition.

TABLE = Temperatures of phase transition (Ti,

vaiues of laver spacing (LY and AH for polymer I1

) a .
Method Temp. of phase L, A AH, kJ
- o v s G - . , )
o+ deter-— transition, © Cr LD LtC-isotr
mination
osC %S 5, 126 2 iZ8is 21.5 3.8
4 s
Folar. KO9O-92 S, 122 5. i4dis 3.2
i =
microsc.
Ik spscty. B F2 ic i3bis

a— For comparisocn: length of fully extended chains are 32

A, for main chain ang 4 & — for the side chain.

I

Orientation of samples of polymer 11 was effected
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only by second method of orientstion. In this case it is

possible to caiculate of mesogens order

parameters

separately Ttor backbone and side chains, wasing ik

spectroscopy technigue. W= used for backbone the band at
- -1 , . S -1 - .

820 cm “:; for side chain band at ZZZT7 om i O, witn

transition moment divected along the OR bond) and &0

om {6 T-H of azcbenzens +ing;

narmai to the ala

u g
u]
z
n
rt

Figure 4 s

Rent 8
b fq

transition moment is

e of ring’.

he temperature plots of dichroism and

K204 RigE0)
+1

LEN Dand (R &

I

[

that of polymser 1. Morecver di

g -1 —
all om and 86C¢ cm
chains? practically

T
i

temperature range.

parallel arrangment of mesogens of both main and side
n

chnains at lmast 10 LT

bands at BZ24 — 7 and at 840 om” —

T,°C 100

Temparature dependences of dichroism of

i, value of order parameter of side

Glated From dichroism of E?N -2,

Sm wvalues +or side chain. mote that Sm value of polvmer

in LT state is equal to 0.9 and s6 is very close to

sism values pof bands &t

(corresponding to main and sids
coincide in the investigated
nis ieads to the conclusion aobout

o~

maelt. The same
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15,14 £

peen reached in combined polymers with similar

chemical structure, studied by electron microscopy anda
io

T

£
Similar to the polymer I, conformation &na

confarmational changes during phase transitions in polvmer

o

11 are determined by presence of FMA in its backbone

bl

"

abi= & lists wvaluss of & U=0 grou of FMa in  both
+r

ps
1line and LEC states calculated om polarized

T&BLE 4 Experimental values or s of L=0 groups of

FMA  1in different phase states

G O W O
T. © 95, s,

P

FZ S5Z.8 F2.2{nairpin:
124 SE4. 4

158 85.2{extend’

It is geen that experimental values of #= are cliose
to those +or polvmer I and in LC state correspond to  Os
talculated for model system in hairpin conformation.

However, the range of s changes dur ing the
transition of polvmer II from crvstalline to LC state
is broader than the one for polymer I. This means that
differences between conformaticons of FMA asz well as
differences between conformations of backbone in

considered states of polvmer II  are larger than those in

polymer L.
This conclusion is also  confirmed by changes of
optica: densities ratios o vs and ras bands of C

groups of FMA during crystalline - LT state transition.
t

0O our  results this ratioc connect with
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conformational changes in FMA. 1t was found that changes
of this ratio is larger for polvmer Il in comparison
with polymer I. At the same time values of Av1/2 {(wigth
of ¥ IR band at the half of its maximal density:, which
can be as a measure of conformational uniformity, for vs
and vas of C=0 groups bands in spectra of polymer 11 are
low compare with those for polymer 1. This indicates that
conformational set of FMA in former case is nparrower due
to necessity of correlation in arrangment of mesogens of
both main and side chains. It worth noticing that
according to DSC data temperature range of isotrop - Lc
state transition is also narrower for polymer I1I.

Confirmation of the conclusion about “hairpin®
conformation eFf polymer investigatedis provided by
analysis of characteristics of flexible fragments of both
chains in polymer II. We made an estimation of dichroism
(Rm) and order parameter of main chain spacer in LC state
from observed dichroism (Robs) aof wvas of CH2 groups band,
using an equation (4}

(R + 2IRC + (R + 2)(1-CIR
Robs = —° m m s 4,
(RS+2)C +(1—C)(Rm+2)

where Rs is the value of dichroism of vas
vibrations, carresponding to CH2 groups of the side
chain, L is the fraction of methylene groups of main
chain spacer in common value of methylene groups of both
chains.

For this analysis S value of side chain was supposed
to be practically equal to Sm value of the side chain on
the reach, that according to X-ray data side chain of
polymer I1 in LC state is fully extended and axis of
mesogen and spacer coincide ( angle between them is
1750). It was found with such assumption the 5Ff value of

main chain in LC state is 0.2 and ratio S+/8a is 0.4,
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Both of these values are less than those for polymer 1
(6.3 and 0.5) at the same conditions. This demanstrates
substantial disordering of polymer 11 backbone.

It is probably that reason of such disordering is
high content of gauche isomers in this chain, which is in
agreement with X-ray data about significant shortening
(by 8A) of backbone compared with the length of fully
extended chain (32 A). Such shortening is necessary for
parallel arranmgment of mesogens of main and side chains in
hairpin structure.

With the aid of FCMODEL program we made an attempt
to determine the preferable conformation of combined
polymer. However, due to limited possibilities of this
computer programme in searching of "good" energy minimums

for such complete system. structures obtained by the use

of PCMODEL can not to form LC order, because they do
not. provide necessary arrangement of mesogen
Nevertheless the following exper imental results

indicate that in poiymer II (as well as poiymer 1) the
backbone has the hairpin conformation, inside of which a
side chain is located because: 1) experimental values
of 9s of FMA C=0 groups are close to those calculated for
hairpin conformation of polymer I3 2) the mesogens of
both main and side chains are mutually parallel and 3)
coincidence in the LC state layer spacing, determined by
X-ray diffraction with length calculated for fully
2xtended side chain ( this coincidence was also observed
in a number of other combined polymers with similar
chemicai structure;.

Taken as a whole, our experimental data together with
resuits of model calculations permit to conclude th-l
presence of FMA in RF-palymers (linear as well as
combined) promote folding of their backbone chains and
formation of hairpin— like configurations. In combined
polymer side chain 1s located inside of hairpin

structure. Data obtained on structural organization of
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polymers I and II confirm earlier con

chain conformations can be realized in
o

permitited for is

g chain. For the first time effect
of chemical structar onn extent of LT ordering
=

- 5 . o
i RF-polymers was considered in .

ot

Note, that in its turn, such changes of backbone

chain conformation of polymers with FMA {its transition

trom extended form observed for polymers with simple
methvlene spacer to the hairpin onel determine
macrocharacteristics of L statervalues oF o der
parameters at the ciearing temperature, their

srmodynamic characteristics

nsition from LC to isotropic melt.
p.}

c valus  of ordar parametser &

garing temperatures for combined polivmer with similar

of polymerization

methyiena chain as

attained for chain
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