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ABSTRACT

This paper deals with the synthesis and thermal properties of seven new
high temperature liquid-crystalline thermosets based on maleimide
functional group and flexible segments. The melting temperatures are
generally lower than 200°C. The crosslinking directly obtained from the

Accepted: 29"September, 2007

KEYWORDS

Bismaeimides,
Thermosets;
Crosdlinking;

Liquid crystal thermosets.

liquid crystal state could be achieved only with two bismaleimides.
However, crosdinking obtained fromtheisotropic State systematically gives
an orderly state. It gives at the end of the reaction a smectic C order. The
obtained material s show degradation temperatures higher 400°C and high

T, that can reach 280°C.

INTRODUCTION

Bismdeimides(BMIs) condituteawd |-sudied group
of compoundsnot only for scientific reasonsbut asofor
their many applications. Many scientificworkshavebeen
carried out to obtain new moleculesthat lead toresearch
on property-structure correl ationg® and on themechani
smsof thermd, ionicor radiationscrosdinking®”. Techno
logicdly, these crosdinked moleculesyield interesting
materias in opticd®, adhesives® and competitive
composite material §'*4, Thermal stability and easy
processing makethenredly interesting.

Thesemol eculesare crosdinked in an amorphous
state. But Hoyt, Benicewicz and Huang obtained the
firstliquid crystallineBMIsthat crosdink in an orderly
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stateof nematictype>'. Theseliquid crystalineBMIs
arestrongly rigid molecules. They aremade up mainly
of aromaticgroups. They havevery high mdtingtempera
tures and they crosslink quickly after melting. After
wards, other liquid crystalline BMIswere synthesi zed.
TheseBMIsareoligomerg’® and BMIspresentinga
flexible groupinserted among strongly rigid imide®,
arylidine cycloalkanone or cardo type groups?.

INn 1999, apatent wasregistered. It described the
carrying out of liquid crystalline BMIs presenting a
mesogenic group in the center and flexible groups at
the extremity of the molecules®!. Other works show
that itispossibleto obtain an orderly materia fromnon-
liquid crystalline BMIswhen associated with liquid
crystallinecompounds. An orderly statewas obtained
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by crosdinking usua BMIswith chemicdlyinert liquid
crystalline compounds®?®., |t was al so obtained by
copolymerization of anon-liquid crystallineBMIsand
a mesogenic thermoset like the liquid crystalline
epoxy!?, Many works were carried out. Indeed,
thermoset liquid crystalline hasastrong potential for
devd opment(?2, Theliquid cryddlinestate hasaready
improved glasstrangition temperatures or mechanical
properties of polyepoxydes?37 and polydiacrylates,
polymethacrylates®*. From these compoundsit is
possibleto carry out high modulus materias.

We carried out specificliquid crystalline BMIsby
incorporating flexible groupsof polymethylenic, poly-
ethylene oxidesand fluorinated type among “arylates”
and “aramides” mesogenic groupst®4%, Theseflexible
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FigurelBismaleimidesstudied. EO: ethyleneoxidizes, F: fluorinated, J: Junction, G.S.: flexiblegroup, X: function
insidethemesogenicgroup, F*:—(CH,),—(CF,)—(CH,),—

groups madeit possibleto |lower melting point tem-
peratures. Degradation temperatures are not cata-
strophic. Theseworksfollow precedingworks® * and
madeit possibleto carry out three seriesof BMIsand
study their thermal properties(Figure 1).

EXPERIMENTAL

Reagents, solvents and analyses

All thereagents and the solventsare pure products
fromAldrichand wereused without further purification.
The *H NMR spectra were recorded on a Bruker
spectrometer (400 MHZz) with deutered chloroform as
solvent. TheFTIR spectrawererecorded onan Infrared
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Fourier Transform spectrophotometer Nicolet (Impact
410). The IR spectrawere obtained with KBr pellets.
Calorimetric studieswere carried out withaDSC-92
Setaram thermd andyzer with ascan rate of 10°C min?
and 20°C min. Thermogravimetricandyses(TGA) were
performed under an air amosphere at aheating rate of
10°C mint up to 800°C with aTG-DTA-92 Setaram
thermogravimetric analyser. The degradation tempe
ratures(Td, and Td,) aredetermined a theinflexion points
of theTGA curves Trangtiontemperaturesand textures
were observed in polarized light with an olympus
mi croscope equipped withaMettler FP 90 plate hegting
sydem(PLM). DynamicMechanicd AndysSDMA) was
performed with asolid visco analyser 2980from T.A.
Ingtruments. The‘dynamic compression’ method is used.
A pike pressthesample. Thismethod makesit possible
towork with smdl crosdinked products. Thesampleis
cylinder-shaped (diameter: about 15mm and height: about
5mm). Vibrationfrequency wasfixed at 1Hz. Pre-tendgon
load and amplitude of deformation were optimised
respectively to 1IN and 2um. Sampleswerehested from
35°C to 300°C(or 350°C) at 3*Cmin? to avoid al
artefacts. Tan o(tan 6=E”/E”) is precisely determined by
thedevice.

Synthesis

The syntheses of 4-maleimidobenzoyl chloride
(SCHEME 1), of the N-(4-hydroxyphenyl) maleimide
(SCHEME 2), the a.,-bis(4-carboxyphenoxy) akane
(SCHEME 2) and of BMI «amide-aromatic» (Figure
1) werecarried out using published protocol 349,

Thelast stage of the synthesisof bisma emidesof
seriesll andlll fluorinated wascarried out usngthesame
protocol (SCHEME 1). Two solutionswerecarried out:
A and B. Solution A consisted in 0.0182mol of
triethylamine, 0.0091moal of derivativediphenolicand 20
ml of anhydrous chloroform. Solution B consistedin
0.0191mol of 4-maeimidobenzoyl chloridein 20ml of
anhydrous chloroform. Solution A was added drop by
dropto solution B. Themixturewasmaintained at 0°C.
After two hours of reaction at 0°C, the mixture was
filtered. Then, theliquid part wasevaporated. Thesolid
was dissolved in dimethylformamide(DMF) and was
precipitated in water, filtered, and dried. The solid was
dissolvedinaminimumof DMF Thissolutionwaspurified
onaslicacolumnwith chloroformasd uent. Thesolvent
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was evaporated and the solid that was obtained was
dissolved inaminimum of DMF, then precipitatedin
water, filtered, and dried. TheBMIswere characterized
(structure and purity) by *H NMR, FTIR, DSC and
eementd analyses®.

Thelast stageof the synthesisof series| wascarried
out by pouring drop by drop 0.15moal of triethylamine
inasolution of 20ml of anhydrouschloroformand 20ml

BMI Il n=6 Yield: 60%
CaH300N,: Cac. C66.67, H4.23, N 3.70, 0 25.40
(M=756gmol™)  Found C67.27, H 4.48, N 3.78,0 25.30
BMI Il n=7 Yield:  65%
CugHaOpN,: Calc. C67.01, H 4.42,N 3.64, 0 24.93
(M=770gmol™)  Found C66.52, H 4.50, N 3.70, O 25.08
BMI Il n=8 Yield: 64%
CaHaOnN2: Calc. C67.34, H4.62, N 357,0 24.46
(M=784gmol™)  Found C66.87 H4.66 N 3.56, O 24.13
BMI Il n=10 Yield: 52%
CugHagON2: Cac. C67.98 H4.93 N 345, 02364
(M=812gmol™)  Found C66.93, H5.01, N 3.50,0 23.72

BMI Il fluorinated Yield:  51%

CuHzONF1:  Calc.  C53.70,H 2.72,N 2.72, 0 18.68,
F 2218

(M=1028gmol™) Found C51.53, H 2.60, N 2.87, 0 19.79,
F 23.01

of anhydroustetrahydrofurane containing 0.157mol of
N-(4-hydroxyphenyl) maleimide and 0.0787mol of
dichloride acyl. The mixture was maintained under
agitation at 0°C for 1 hour. Then, the precipitatewas
filtered, then washed with water. The solid waswashed
with asolution of potassium hydroxide, then dried at
room temperature under reduced pressure. Thesolid
was then dissolved in DM SO and precipitated in
methanol. The product wasdissolved in aminimum of
DMFand purified by chromatography onsilicagd with
chloroform assolvent. Two purificationson columnare
enough to obtain agood purity.

Crosdinking

BMIswerethermaly crosslinked beforethe DMA
study. Conditionsof crosdinkingwere: 15minat 275°C

BMI | n=5 Yield: 35%
CagH30010N2: Calc. C6822 H4.37,N 4.08, 02332
(M=686g mol ™) Found C67.51, H4.42, N 4.19, O 23.38
BMI | n=7 Yield: 35%
CuHaO10N,: Calc. C6891,H476 N392 02241
(M=714g mol™) Found C 69.35, H 5.36, N 3.60, 0 22.76
BMI | n=8 Yield: 32%
CarH3010N2: Calc. C69.23 H4.95 N 3.85 021.98
(M=728g mol %) Found C 67.54,H 5.21, N 3.82, 0 21.64
BMI | n=10 Yield: 38%
CasHagO10N2: Calc. C69.84,H5.29, N 3.70,021.16
(M=756g mol %) Found C 68.24, H 5.42, N 3.84, 0 20.55
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SCHEME 2: Synthesisof BM| seriel

and 30min at 300°C for BMI I n=5; BMI I n=7; BMI |
n=8; BMI | n=10; BMI Il n=7; BMI Il n=10; BMI 11|
(EO); BMI 11 (fluorinated)-15min at 290°C and 156min
at 310°Cfor BMI Il n=6-15min at 250°C and 15min at
300°C for BMI 11 n=8. These cure conditions makeit
possibleto obtainrates of advancet closeto 1. Theset
rateswereeva uated with DSC by studying theevolution
of the crosslinking exotherm(t=AH/AH,;). AH,
representstheentha py of reticulation at timet, AH,, the
enthapy at time0. These crosdinking conditionsare not
optimal but enableacomparison of BMls.

RESULTSAND DISCUSSION

Synthesis

The BMI series|1(n=6 and 8) and Il (EO) were
synthesized using protocols already developed in
laboratory!®2°41 The other BMIs are original.
Diphenolicand diacyl derivativeswerecarried out under
good conditions(atmospheric pressure and low
reactionstemperatures) with interesting yieldsusing
previously published protocols. Thelast stepsof the
BMI syntheses with maleimidobenzoyl chloride
(SCHEME 1) werecarried out withyiddsranging from
51%to 65% whilethelast stages of the BMI syntheses
with N-hydroxyphenylmaleimide(SCHEME 2) were
carried out with yields reaching 32% to 38%. The
reactionyieldsthat |ead to the production of the BMI
seriel arethelowest ones. This can be explained by
problems of reagent solubility. The acyl dichlorides
(SCHEME 2) arevery little solubleinthe chloroform
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Figure2: 'H NMR spectrum (example) of BMI Seriell n=7

used during thelast stage. The solubility isbetter by
mixing chloroformwith THF. The mixture chloroform-
THF makesit possibleto obtain better yields. Theyields
of BMI serie Il near 65%, are interesting for esteri
fications which are carried out on two sites of the
molecule. The good quality of the BMI purity was
systematica ly confirmed by emental analyses, DSC,
'H NMR and FTIR (examples: Figure2 and 3).

The spectra (Figure 2 and 3) given as examples
show agood purity of the products. The spectra*H
NM R show schematically three groups of signas: the
aromatic and ethylenic protons gppear between 6,6ppm
and 8,4ppm. Then, around 4ppm, the protons|ocated
on the carbon atomsthe nearest of thejunctionsappesr,
andfinally theother protons making the flexiblegroup
show aresonance between 1 and 3ppm. For the BMI
seriesl and I, themostimportant modificationsconcern
thearomatic protons. For the ester junction, thedeblin
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Figure4: DSC (A) and TGA (B) thermogramsof BMI |1
n=7 (example: air)

dage of the protons|ocated on the carbon a thepoint o
of thejunctionishigher. Thisdeblindagebecomesmore
importantinthepresenceof fluorinated groups(BM | serie
[11 fluorinated). Then the general appearance of the
gpectrum between 1 and 3ppm dependsonthelength of
theflexiblegroup. For thelongest BMIs, anextrasigna
appears(near 1,45ppm). It correspondsto the protons
which arestuated on thecarbonlocated at thepoint 3 of
thejunction. Theinfluenceof theinductiveeffectsonthe
protonsplaced at the centre of theflexiblegroupisless

= Pyl Paper

important. The FTIR spectraof theBMIsof thethree
seriesarelittledifferent (Figure 3). Likethe*H NMR
Spectra, they show agood purity of the products. They
all bring up the absorption bands of aromaticsand of
esters and methylenic groups. The absorption bands,
phenolic and acid intermediates used for the BMI
synthesis, arenot present*?. Sometypica bandscould
be specified. At 3100cm'?, wefind the absorption band
of thevibrations (H-C=) of themaleimiderings. This
signd isvery finewhen thecompound isamorphous™.
Theobtained spectrashow rdaivey widesignas(often
with ashoulder), which characterize products showing
good crystalinity™. TheBMI 111 (fluorinated) showsa
doublet typical of thestrongly crystallynecompoundg .
Thisresult isconfirmed by microscopica examination
which bringsup astrong reflection of polarized light.
The absorption bands measuring 2850cm* and about
2925cm't correspond to thevibrations of thebonds C-
H of methylenic groups present intheflexible group.
The absorption bands measuring 2848cm and
2923cm? are, as foreseen, much less intense with
fluorinated BMI. At 1700cm, wefind the absorption
bandsof carbonyl groups. estersandimides. At about
1500cm't, we find the bands due to the vibrations of
thearomatic C=C bonds. At about 1270 cm?, the C-
Ovibrationsof ethersoccur. They areimportant for the
BMI seriel. At 820cm? the bands typical of the C-H
bonds of aromatic cyclesare present.

Thermal behaviours

Temperaturesand melting enthd py weredetermined
by DSC (Figure4-example). Temperaturesweregiven
at the peak of melting endotherm. Enthal pies change
according to BMIsfrom 43kJmol to 87kJmol. They
present aparity effect. Theenthapiesof odd BMIsare
lower thanthose of theeven BMIs(TABLE 1, Figure
5-A). Thisparity effect could be partly explained by a
higher density of crystallites, alarger crystallinity, for
the mol ecul es showing even numbers of methylenic
groups. The molecules with even groups are better
aligned®41, They could crystallize moreeasily. The
BMI serielll (fluorinated) isagood examplefor this
observation (AHmishigh).

The same parity effect was highlighted with the
melting temperatures. The melting temperatures of
synthesized BMIsvary depending on flexible group

—r—,  \lBCromolecules
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TABLE 1: Thermal propertiesof BMI

Series  n Tm AH, ASm Tr AHg Td; Td, Tand
°C kJmol* JmolK® °C kdmol™ °C  °C (°C)
5 226 59 119 307 161 427 571 165
I 7 216 78 159 299 139 445 577 230
8 231 87 172 288 164 446 612 216
10 211 68 140 279 86 450 596 191
6 212 50 103 325 150 416 609 177
T 7 166 44 100 288 96 418 573 178
8 182 50 110 308 139 425 650 280
10 156 58 134 292 104 404 575 160
m EO 187 43 94 286 109 422 596 264
F 143 69 166 297 122 383 588 143

Tm: Melting temperatures(DSC-peak of endothermic); AHm:
enthalpy of melting; ASm: entropy of melting; T, Temperatures

of polymerization (top of the exothermic); AHR: enthalpy of
polymerization; Td,: first degradation temperatures; Td,: second
degradation temperatures; Tan8(DMA)
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Figure5: Parity effect: enthalpies(A), mdtingtemperatures
(B) and entropies(C) accor dingtothenumber of methylenic
groupspresent in theflexiblegroup

length from 143°C to 231°C(TABLE 1, Figure 5-B).
They decreaseaccordingto flexiblegroup length. The
melting temperaturesof odd BMIsarerelatively low.
Thejunction playsaso animportant roleinthe melting
temperatures. The comparison between the melting
temperaturesof BMI (n=7, 8 and 10) of seriesl and Il
shows that the ester junction enables a significant
lowering of themdting temperatures (Figure5). Indeed,
theester junction, in comparison withtheether junction,

bringsmoreflexibility to themolecule. Furthermorewe
can noticethat if wecomparethe BMI seriell n=10to
BMI serielll (F), weobservethat the presence of fluor
intheflexiblegroup also enablesthelowering of the
melting temperature.

Theentropy variationscomputed from mdting tem-
peratures and enthal piesal so show aparity effect (Fig-
ure5-C). Smilar parity effectshavebeen characterized
and andyzed with non-reactive dimesogenic compounds
with centra flexiblegroups*#8. They could comefrom
thedigned structureof even molecules Themdtingtem-
peraturesof |aboratory synthetized BMIsareinteresting
becausethey arenot very high. Polymethylenic, polyeth-
yleneoxidesand fluorinated groupsbringflexibility tothe
“arylate” and “aramide” BMIs.

Temperaturesand crosdinking entha pies, aswell
as melting temperatures, were characterized by DSC
(Figure4(A) and TABLE 1). The exothermic peaks
which correspond to the highest crosslinking speeds
happen at about 300°C for the whole of the BMIs. For
these BMIs, temperatures do not depend on flexible
group length(TABLE 1). Crosdinking enthd pieshappen
between 86kJmol* and 164kJ mol- for aheating rate
of 10°Cmin’. They decreasedightly with flexiblegroups
length(TABLE 1). They aresimilar to those of other
nonliquidcrystdlineBMIs.

Degradation temperatureswere characterized by
TGA (Figure4(B); example). Thethermograms show
two masslosses (Figure4(B)). They correspond to two
different degradationkinetics Intheair, thefirst bresking
down temperature happens, following n, between
383°C and 450°C (TABLE1). The second happens
approximately around 600°C. The first degradation
kineticscould mainly correspond to the degradation of
theflexiblegroup. The second could correspondto the
oxidation of theremainder of themacromolecul e after
crosdinking. Thedegradation processcould beginwith
ahomol ytic breaking from the CH connection located
at ester or ether junctions. Thisassumption seemsto
be confirmed by therel aive weakness of “fluorinated”
BMIsto thermal oxidation. Indeed, fluorine atoms
exercisethdr atractive effect on dectronsand take part
inthe CH connection destabilization. These protons
fixed on carbonsin ethersor esters o junctions, show a
srong deblindagein NMR. TheBM I with ether junction
(seriel) have abetter resistanceto thermal oxidation

Macromolecules « —
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Figure6: BMI |1 n=8: exampleof ther motr opic behaviour
and crosdlinking; Tk and Ti wer edeter mined at thefirst
and second heating by microscopy (PLM)

s B
s

Figure7: M |cfoph0tdgrabf137(?M I IJI‘n:7(X 200): liquid
crystallinestateobtained at 165°C after melting during
thefirst heating

TABLE 2: Thermotropicpropertiesof BMI. T, : transition
crystallinestate-liquid crystallinestate(PLM); Ti: tempera
ture of isotropisation(PLM); () : rough values; R,
(between Tk and Ti at thefirst heating), R, (between Tk and Ti
at thesecond heating), R, (over Ti) : crosslinking possibilities
: NO: nocrosdinking, YES: possiblecrosslinking

. First Second L
Series n heating heating Crosdinking
Woae W W R R R
I 5 223 228 (158) 207 NO NO YES
7 220 225 (189) 206 NO NO YES
8 210 215 (167) 212 NO YES YES
10 197 200 (160) 165 NO YES YES
I 6 206 214 163 185 YES YES YES
7 163 166 154 171 NO NO YES
8 182 185 164 180 YES YES YES
10 152 154 (145 152 NO NO YES
I EO 186 193 (85 182 NO NO YES
F 148 150 (125) 132 NO NO YES

(for medium Td1 at 442°C) than the BMI with ester
junction (seriell : formedium Td1 at416°C). The effect
of attraction of e ectronsisstronger with ester groups.
This phenomenon can be observed from the spectra

—= Py Paper

H NMR, for instance for the BMIsn=10 of series|
and Il which show respectively for the protons of
carbonslocated a the point o of thejunctions, chemica
shiftsof 3,99ppm and 4,32ppm. The chemical shifts of
the protonsof carbonswhich are near the ester groups
aremoredeblinded.

Liquid crystallinebehaviour

The study of these BMIs with Polarized Light
Microscopy(PLM) shows that they present a
thermotropi c behaviour. During thefirg phaseof heeting,
the liquid crystalline field observed(AT=Ti-Tk) is
systematicdly very low (TABLE 2, Figure6and 7). But
itiswith the second heating, after melting and getting
back toroomtemperature, thet theliquid crystdlinestate
can bebest observed (Figure 6, 8and TABLE 2).

Observing texturesand trandtionsisoften difficult
duetotheparticular character of theseliquid crystals.
Indeed, during the heating, melting the crystalline part
turnsinto theliquid crystalline state but these BMIs
crosdink under theeffect of heat. Thehigher themelt-
ing temperatureis, thefaster the speed of crosslinking
IS, andthemoresgnificantitsrateof crosdinking. There-
fore, tolimit thiscrosdinking characterizationsof tran-
stiontemperaturesand structureswere carried out with
high heating and cooling rates(10°Cmin* and 20°C
min't). But these high speedsdisturb theformation phe-
nomenaof mesomorphic and crystalline states. Tests
were carried out with radical reactioninhibitors. They
were negative. They do not completely stop polymer-
ization. Moreover, they behaveasimpuritiesthat modify
temperaturestransition by plasticization.

These new BMIswith flexible groups present a
thermotropic behaviour on several heating-cooling
cycles, whereas the rigid liquid crystalline BMIs
crosslink immediately after metinginthenematic state.

During thefirst phase of heating (TABLE 2), the
liquid crystallinestate occursimmediately after melting
(Figure7). Thismesomorphic Sateisstableonly inone
very narrow thermd fidd. But, itisduringthenew phase
of heating that theliquid crystalline state can be best
observed (Figure 8). Transitionsfrom crystalline state
toliquid crystdlinestateand fromliquid crystdlinesate
toisotropic state are clearer. Thefield of stability is
relatively significant and thetextureischaracteristic of
thesmectic state (Figure 8). Severa heating— cooling

e, \M@Cromolecules
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Figure 8 : Microphotography of BMI Il n=8(X 200):
transition crystallinestate- liquid crystallinestateduring
thesecond heating

cyclesarepossible. Thermal behaviour isvery closeto
the thermal behaviour of usual non-reagent liquid
crystals. TheBMIsof seriell show theclearest liquid
crystalline character, theeasiest to observe (TABLE 2,
Figure 6 and 8). Thisbetter result could beduetothe
presenceof theester junctionwhich enablesanincrease
of the length of the mesogenic group, through its
conjugation withthearomatic cycle.

Crosglinkinginthesmectic order

These BMIs can be crosslinked by providing an
orderly smectic C sae. Threetypesof crosdinkingwere
sudied(Fgure6): crosdinkingintheliquidaryddlinesae
obtained immediately after melting (R,), intheliquid
crystdlinestate obtai ned during the phase of re-heating
(R,) andfindly from theisotropic phase obtained after
thefirse melting (R,).

DuringR,, BMI [ n=6and Il n=8 crosdlink inthe
orderly smectic C state (TABLE 2). Crosdinkinginthe
smectic statehad aready been characterized for BMI |1
n=6(3%, Thissmectic C statewasal o characterized,

Figure9: Pinholecamera powder X-ray diagramsof BMI 11 n=8a,b,c

Macromolecules

using BMI 1l n=8, by X-ray diffraction (Figure9a). The
gpectrum presentsareflection correspondingtoasmectic
periodicity a narrow angle(d=35.5+A). The comparison
between d and thelength of therepetitive unit givesan
angleof Tilt of 6=35°C(cosb=d/l). At wide angles, an
additiond lineisobsarved. Withsmettic C, thereisanother
moreorderly phaseof type Sml or SmJ. Nowadays, we
cannot explain the presence of these more ordered
phases. During R, theBMIsof series| and 11, do not
crosdink intheorderly state. The ether junction, which
bringsmorerigidity tothemolecule, could detabilizethe
mesophaseduringcrosdinking. BMI Il n=7 and [I n=10
could not becrosdinked. Thelr transition temperature
arenot highenough. Thebismdemidescrosdink a higher
temperatures. The mechanisms and the kinetics of
crodinkingintheliquid crysdlinesatearenct yet known
with precision. They have been very much studied
especidly liquid crystdlinediacrylatesand diepoxydes
(275159 Reactionsarefaster intheliquid crystdlinestate
thanintheamorphousgae Thishigher speadisexplained
by agreater proximity of thereactivegroupsdueto order.

Thenumber of BMIscrossinkinginaorderly state
during R, ismoresignificant. Weshowed fromthe BMI
seriell n=8that thiscrossinkingiscarried out inthe
smectic C state (SmC1). Indeed, the X-ray spectrum
(Figure 9b) presents areflection corresponding to a
smectic periodicity at narrow angles(d=35.5+A). The
Tilt angleisalways 35°C. Asprevioudy, an additiona
line is observed at wide angles that corresponds to
smectic orderly Sml or SmJ.

R, testsmakeit possibleto obtain acrosslinking
revedingtheliquid crystdline smectic C statefromthe
amorphousstatewith all BMIs. Thissmectic stateis
characterized by astrong reflection observed with PLM.
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Figure10: Exampleof DM A spectra: BM1 11 n=10

The most intense reflections in polarized light are
obtained for BMI seriell n=8 and serielll(EO). This
smectic state was also characterized by X-ray
diffraction from seriell n=8(Figure 9c). Theorderly
sructureisof type SMCL. TheR resultsareinteresting.
Theliquid crystalline order occurs by heating after
melting. Hoyt and Benicewicz already observed this
phenomenonfromliquid crystdlinebisnadimides. Their
explanation can begppliedto bismaeimides. Theliquid
crystaline state occurs at a certain stage of the
crosslinking. It could occur when the length of the
oligomer formed presentsacritica lengthwhichwould
allow the mesophase formation. The rigid liquid
crysdlinebisnadimidescrosdink showing mesomorphic
state of nematic type. BMIs with flexible groups,
synthesized inlaboratory, crosslink showing aliquid
crystalline smectic C state. The order obtained with
theseBM Iswithflexiblegroupsismoreimportant. Other
authorshave shownthat theflexible group at the center
of themoleculed so makesit possibletoobtainasmectic
statefromliquid crystdline epoxydes.

Thermomecanical properties

Tan &(energy dissipation) were characterized by
DMA (TABLE 1, Figure10). Thisisaninteresting and
important parameter for theagpplications. Tan d isoften
assimilated to thetemperature of glasstransition®"%,
The BMIswerecrosslinked according to the specific
conditions of each product (see experimental part).
These conditionsmakeit possibleto obtain conversion
degreessimilar crossinkages. They are near the unit.
The conversion degreeswere specified by DSC. The

resultsareprovidedin TABLE 1.

Asawhole, Tan é arerdatively high for molecules
presenting long flexiblegroups. Apart from BMI series
[l n=8andlll (EO), Tan é of BMI seriel arethe highest
ones. Thesehigher vauescould bedueto their stronger
rigidity relativy to the presenceof ether junctions. BMI
series|l n=8and I1I(EO) reved thehighest Tan 5(280°C
and 264°C). Within the framework of thiswork these
results could not be explained precisdly. But thesehigh
Tan 6 could bedueto the higher order that was obtained
during crosdinking with theseBMIs. Thishigher order
was characterized, but no quantified withintheframe
work of thiswork, by theintensity of the reflection of
polarized light observed by PLM. With these BMIs,
the decrease of thethermomechanica propertiestakes
place under very high temperatures. Assuggested by
other authors, thisimprovement of thermomechanial
propertiesmight berelated totheattaining of very high
conversion degreesdueto the proximity of theactive
centers which is involved by the smectic ordered
structure of thematerial 7.

Moreover, BMI serielll(EO) presentsamesogenic
group of thearamidetypewhich promoteshigh Tan &
in presenceof hydrogen bonds. These hydrogen bonds
limit the motions of the chain segments. Workscarried
out on diepoxydes show that the presence of aliquid
crysdlinestatemakesit possibletoimprovether Tan o.

CONCLUSION

This work made it possible to show that
bi smaleimides with mesogenic groups and flexible
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groups, could present, atrueliquid crystaline behaviour
according to temperatures and undergo many thermal
cycleswithout crosdinking. Theredaiveylow melting
point of these of thermotropic BMIsenablecrosdinking
in good conditions, that gives of crosslinked material
withasmectic C mesophase. Tan 6 of theseliquid crysta
[lineBMIsarehigh. Theszeof theorder could strongly
increase Tan 6. The bismaleimide“arylate” with ester
junction and flexible group with eight carbons keeps
good thermomechanical propertiesup to 280°C after
crosdinkinginthesmectic C sate.
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