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ABSTRACT

Thedielectric relaxation behavior of hydroxyl-terminated poly tetrahydrofuran (HO-PTHF-OH) network hasbeen
investigated.The networks were prepared by a hydrolysis condensation process of the 3-isocyanato
propyltriethoxysilane end capped-oligmersfor the crystalline relaxation covering arange in the temperature and
frequency. Also, the crystallization process of the investigated sample has been studied dielectrically as a func-
tion of time and temperature. Furthermore, the results obtained showed that (i) the optimum crystallization tem-
perature is about 25°C; (ii) the time at which crystallization startsis a function of the working temperatures and
apparently isreduced to just afew minutesat 30°C; and (iii) the crystallization processis completed within aperiod

of lessthan 1 hrsin the temperature range 20-30°C.

INTRODUCTION

Polymer systems may exhibit arich hierarchical
sructurewhen crystalize at temperatureabovetheglass
trangtion temperature(Tg). Theprocessof crystalliza-
tion hasbeen historica ly sudied from the viewpoint of
the crystallinestructure devel opment!™. However, poly-
mers never crystallize completely and they always
present acomplex structure, consisting, at least, of two
phases: crystalineand amorphous.

Themolecular motionsoccurringintheamorphous
phase of asemicrystaline polymer present characteris-
tic aspectswhich depend, in afirst approximation, on
thedegreeof crystdlinityt?. Insemicrystaline polymers
at temperatureshigher than theglasstrangtion tempera-
ture, T, theamorphouspolymer chainsare confined to
move between the crystallineregions?4. Thisrestric-
tionmodifiesthedieectric o relaxation whichisde-
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tected in polymeric systemsat temperature above T,
Itisknownthat thisrel axationinvolvesmotionsextended
to severd molecular segments. However, whendealing
with the dynamicsof theamorphous phaseinasemic-
rystdlinepolymer, thecrystdlinity itsdf isnot enoughto
characterizethe system, and profound informetion about
themicrostructure, i.e., thiscrystalinity isdistributed
along thesample, isneeded. Crystallization at condi-
tionsof relatively high chainmohility andlow nuclegtion
density leadsto amorphol ogy that imposes|ess con-
straint on the motion of the amorphous chains. That
loosening of the crystalline constraint has been attrib-
uted toimproved crysta perfectioni.e., adecreasein
lamellar surface roughness® aswell asathickening of
theamorphousinterlayer’®”. Die ectric relaxation spec-
troscopy is apowerful technique that can detect the
molecular dynamicsaswell asthetransformation phe-
nomenain polymersat the earlier stages.
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Didectric spectroscopy(DS) techniquesarewidely
used to study the dynamic of theamorphouschainsin
polymeric systemd®. DS has been used to study, in
real time, themodification of the dynamicsof the seg-
mentsintheamorphousphaseduring crystdlization pro-
cesses.

Thea relaxation, that appearsat T>Tg associated
to the segmenta motionsof the chainsintheamorphous
date. Thisa reaxationishighly affected by crystaliza-
tion process.

The didlectric rel axation characteristics of amor-
phousand semicrystdlinepoly (ether ether ketone) have
beeninvestigated asafunction of crystdlization higtory;
both the a-relaxation and 3-relaxation were exam-
ined%, The characteristics of the a-relaxation were
highly sengitiveto crystallinity owing to the constraint
imposed on the amorphous phase dipol esby the pres-
ence of the crystalline phase. The magnitude of the a-
rel axation strengthindicated animmobilized rigid amor-
phousphasefractioninthesemicrystdlinesampleswhich
appearedtorelax at temperature aboveTg; finiterigid
amorphousfractionswereobserved for both cold-crys-
tallized and melt-crystallized specimens. The 3 relax-
ationwasaso senstivetothepresence of crystdlinity:
theisochrond lossmaximameasured for thecold-crys-
tallized sampleswere offset to higher temperature as
compared tothewholly-amorphousmaterid, and adis-
proportionate decreasein the 3 strength with the de-
greeof crystalinity wasobserved. Theinfluenceof the
crystalline phase on the 3 rel axation thus appearsto
extend wdl into theamorphous materid length sceas
compared to moreflexiblepolymers.

Inthisstudy, thediel ectric relaxation characteristic
of a series of semicrystalline hydroxyl-terminated
polytetrahydrofurane network (OH-PTHF-OH) isin-
vedtigated. Thecrysdlization processisstudied asfunc-
tioninthedielectric relaxation spectroscopy (DRS).
Alsowestudy thetimeat whichthecrystdlization sarts
asafunction of theworking temperature.

EXPERIMENTAL

Materials

Tetrahydrofuran(THF) was obtained from the
Fischer Company as HPLC grade and then distilled
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over potassium meta. Trifluromethanesulfonic acid
anhydride(triflic anhydride) wasused asreceived from
theAldrich Company, and sodium hydroxideand di-
ethyl ether weresimilarly used without further purifica:
tion. 3-isocyanatopropyltriethoxysilane(95%) was pur-
chased from United Chemical Technologies, Inc. Stan-
nous octoate was obtained from Pfaltz & Bauer, Inc.
and used without further purification. For purposes of
comparison, two low molecular weight PTHF samples
were obtai ned from theAldrich Chemical Company,
with quoted number average mol ecular weights of 650
and 2,900g mol .

Synthesisof hydroxyl-terminated polymer

Tetrahydrofuran(THF) was polymerized by acat-
ionic ring opening mechanism™. Thedetailsof thepro-
ceduresof synthesisareasfollows: 2.5ml of triflican-
hydridewas added to 200ml of distilled THF. Themix-
turewas mechanically stirred at —5°C for 90min and
the polymerization permitted to proceed under aninert
atmosphere (dry Ar). 20ml of 3% aqueous NaOH so-
lution was added to the polymer thusformed, and the
mixturewasthen stirred for 30 minat 0°C. Thisgave
hydroxyl-terminated polymert*y,

Synthesisof theelastomeric networks

The PTHF networkswere prepared in aprevious
study™ by end-capping the hydroxyl-terminated PTHF
with 3-isocyanatopropyltriethoxysilane, using Sn-
octoate (tin-2 ethyl hexanoate) ascatalyst Under anAr
atmosphere, the polymer was dissol ved in anhydrous
THF and stirred continuoudly at 60°C, after which Sn-
octoate(1.2% of theweight of polymer) wasadded and
thestirring continued for 20minf*. A stoichiometric
amount of 3-isocyanatopropyltriethoxyslanewasadded
with continuousstirring for 10min at the sametempera-
ture. Someadditiona formulationsweremadewith sto-
ichiometricimbal ance, with the compositions charac-
terized by themolar ratio r=[end linker]/[ polymer] Y.
Thereactionmixturewaspouredintoanauminummold,
subsequently sea ed with Teflon, and thereaction car-
ried out on ahot pressat 70-80°C for 24-30hrs. The
resulting networkswere extracted with tolueneat room
temperature, gradually deswelled with methanol, and
thendriedinavacuum ovenfor two days.

Characterization of theoligomer sand networks
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Thehydroxyl-terminated pol ytetrahydrofuran were
synthesizedinapreviousstudy!™¥. Theoligomersthus
obtained were characterized using gel permeation
chromatography(Waters GPC model 501) withtolu-
ene as solvent, and with polystyrene standards. Infra-
red measurementswerecarried out usngaPerkin Elmer
(Spectrum one) Spectrophotometer™,

Differentid scanning ca orimetry DSC experiments
werecarried out with aPerkin-Elmer DSC, instrument
at aheating rate 10°C/min. Sub-ambient operation was
carried out by usng acontrolled flow of cooled nitrogen
gasby usngaPerkin-Elmer TA7. Thetemperaturewas
calibrated by using indium standard. Thesampleswere
encapsulated inauminum pansand thetypical samples
weightsused in these experimentswere about 5mg. In
differentid scanning cdorimetry(DSC), thethermd prop-
ertiesof asampleare compared against astandard ref-
erence materia which hasnotrangtioninthetempera-
turerangeof interest, such aspowdered alumina

Dielectric spectroscopy measurements

Thedidectric constant and diel ectriclossweremea-
sured using HIOK(3532) LCR typewhichhasafre-
quency band from 42Hz to 5SMHz with high resol ution.
Thisdeviceisanimpedance meter, usesatouch panel
which enableseasy operation.

Thedidectric sampleissubjected to an alternating
eectricfidd. Thesampleisusualy athin disc prepared
by molding, calendaring, or solvent casting. To insure
good contact with the electrodes of the condenser, the
samplemust havethin dectrodesadhered directly toits
surfaces. These € ectrodes can be vacuum deposited,
painted with special conducting paints contai ning col-
loidd slver or graphite, or made of duminumfoil care-
fully oiledinplace.

The measurements monitored using thin samples
prepared in theform of discs 10mm in diameter and
1.4mm thick by using (HIOKI LCR 3532) typewitha
dielectricinterfaceand control temperatureunitinfre-
quency range 1x10%-5x10° at different temperatures.

RESULTSAND DISCUSSION

Differential scanningcalorimetry (DSC)

Thenetwork investigated herehad Mm=2900 and
r=1.Infigure 1the Differential Scanning Calorimetry

Woteriols Science mmm—

Figurel: Differential scanning calorimetry of HO-PTHF-
OH network
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Figure2: Variation of dielectric constant (g’) with tem-
peratureat different frequency

(DSC) for theinvestigated sampleisillustrated. It can
be seen that, thereisasharp peak at about 50°C and a
set of multiple peaks of lower intensitiesin thetem-
peraturerangeto. Thiscould beowingto higher vaues
of the polydispersity index of network chains.

Dielectric measurements

Dielectricresultsfor OH-PTHF-OH network are
presented asplotsof dielectric constant, ’, and dielec-
tricloss, £, versustemperatureat different frequency.

Thevariation of dielectric constant, €’, with tem-
perature at different frequenciesisshowninfigure2. It
isevident fromthisfigurethat astepwiseincreaseine’,
with temperature due to an increase in the effect of
mobility, that |eadsto anincreasein the orientation po-
larization and henceanincreasein¢’. Theincreasein
moblitieswould a so enhance, the ease of rotation and
polarization of the side groups and other flexible por-
tionsof thepolymer chain.

Thestepwiseincreasein g’ correspondsto large
sca emoilization of theamorphouschainspresent. An
increasein temperature past the melting transition of
theinvestigated sample, theva uesof didectrice’ reaches
itsmaximum valueand aplateauisattained afterwards.
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Figure3: Variation of dielectricloss(g”’) with tempera-
tureat different frequency
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Figure4: Variation of lossfactor (tand) with temperature

at different frequency
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The shape of dielectric constant versustempera-
ture curve past the melting trangtion isdetermined by
two factors. Namely, thetemperature changesinduced
infilmthickness, and the conversion of semicrystaline
to amorphousmaterial. Themaximaine’ (t) isan evi-
denceof meting liquid relaxation. Inmost of practica
applications, thedid ectric congtant of themateridsused
for capacitors should be stablewithin the operationa
temperature range of € ectronic devices*?.

Thevariation of dieectricloss, €, of HO-PTHF-
OH networkswith temperature at variousfrequencies
isshowninfigure 3. It can be seenthat, anincreasein
didectricloss, £, with temperature occursdueto the
enhanced orientation of possiblepolarizationinthesys-
tem. A multiple set of melting transition peaksthat are
frequency dependent isobserved. Thisisin agreement
withthe DSCresults, cf. figure 1. Thisbehavior iscer-
tainly owingto high polydispersity of theoligomer and
to imperfection intheformation of the network by sol
gel condensation that could result in afraction of the
chains highly constrained by crosslinks of higher
functionalities*!. Undoubtedly afraction of thechains
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would be unrestricted owing to inexact stoichiometry.
Thus, aswould be expected, crystalliteshaving differ-
ent sizesand constraints on their cooperative motion
will be present. Such behavior would bereflected in
the presence of the observed multipletransitions.

Itisknownuniversaly that, there aretwo types of
dielectriclossfor dl polymerg®. Thefirst typeof di-
electriclossiscalled dipole segmental losswhich asso-
ciated with orientational rotation of the polar unitsof
themacromolecule under the conditionswhere segmen-
tal movementispossible. Therelaxation of crystaline
chainsobserved infigures 2 and 3isattributed to crys-
talline-amorphoustrangitionsthat would be owing to
increased segmental motionstaking placeintheamor-
phous phase at temperatures abovethe T . The sec-
ond type, called dipole group, isdueto orientation of
thepolar groupsthemselves. Thisrel axation observed
isattributed to the melting of the crystallinedomains.
Subsequently, themohbility of theamorphouschainsand
orientation of dipoleswill increase; asisclearly indi-
cated by theapparent increasein é.Againinfigure4,
themultiplereaxationsareshownintheplot of tand vs.
temperature. One again, the results are in excellent
agreement with results obtained from DSC measure-
ments.

Thereaxation in polymer was described by means
of Havriliak-Negami (HN) equation*¥ empirica relax-
ationfunction:

x—g 4 0780

€ _8w+[1+(i(m:)b]° (@)
wheree isthecomplex didectric permittivity, e* =¢°-
ie”, € and oo being therelaxed and unrelaxed dielec-
tricconstant values T isthe central relaxation time of
thereaxationtimedistribution, and b and ¢ (O<b, c<1)
are shape parameterswhich describethesymmetricand
asymmetric broadening of therelaxation timedistribu-
tionfunction, respectively. Whenb=1, Equation (1) re-
ducesto Davidson-Coleexpression corresponding to
arelaxation spectrumwhichisskewed to higher fre-
guencies, whilefor c=1, Equation (1) leadsto Cole-
Colefunction™! corresponding to abroad but symmet-
ric relaxation curve. When both b and c areequal to
theunity, the Debye expressionisrecovered.

Argand diagramsof dielectricloss, &, versusdi-
electric constant, €, were constructed at some selected
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Figure5: Argand diagram of HO-PTHF-OH network
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Figure6: Didectric constant, (€’), asafunction of timeat
different crystallization temper atures

temperaturesfor OH-PTHFOH network samples; rep-
resentativeresultsfor samplesareshowninfigure5. It
can be noticed that, the di spersion was symmetric and
was described by Cole-Coleform of Havriliak-Negami
(HN) equation with a, the skewing parameter, equd to
unity. In Cole-Coleplots, the plotisperfect semicircle
with the center on the axis of dielectric constant, soa
primary singlerelaxationtime describesthematerids.
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Similarly, intotally amorphous polymer, theglass
trangition process studied diel ectrically hasal oss peak
or complex planeplot that is skewed toward high fre-
guency but isotherwiserelatively narrow!*l. In con-
trast, in semicrystalline polymers, the process appears
to bemoresymmetrica and much broader.

Oneparticularly intriguing aspect of didlectric spec-
troscopy isits applicability to the studies of systems
that undergo chemica and/or physica changesduring
theapplication of thedectricfield, dueto, for example,
chemical reactionsor crystalization'@. Thelatter situa-
tionisaddressed inthiscommunication. Specificdly we
show how one can follow by diel ectric measurements
thetwo principa polarization mechanismsinorganic
dielectric materias, namely chargemigration and di-
pole orientation, and utilizethem to monitor thedevel -
opment of crystallinity and morphology.

Inthisinvestigation, we have probed theuse of di-
polesas molecular probesinthe study of thecrystalli-
zationkineticsarevery attractive becauseit providesa
direct measure of the chemicd and physicd state of the
matter inred time. Thereorientationd dynamicsof the
dipolescan beinvestigated by diel ectric measurements
inthedesired frequency, time, and temperaturedomain.

Infigurethe onset of crystallization at 25°C, fol-
lowing theinduction period of 40 minutes, bringsabout
adramatic changeinthedielectric response. Thisis
clearly seeninfigure 6 wheredidectric congtant isplot-
ted asafunction of timewith temperatureasaparam-
eter. Thisfigureshowsgradua increaseinthepeak in-
tengity asaresult of isothermal crystdlization.

Thefigure showsalso how the peak intensity de-
creaseswithtimeasaresult of theongoing crystaliza-
tion. In other words, theobserved dropinthedie ectric
constant during crystallization is caused by thetrans-
formation of theamorphousphaseinto acrystalineone,
whereby thereorientationd ability of dipolesisdrasti-
cally reduced.

The optimum crystallization temperature can be
eva uated experimentaly using thetraditionad method.
Thiscan bedone by scanning thediel ectric constant at
different crystdlization temperatures(25, 30 and 40°C)
asafunction of time, asshowninfigure6. Thisfigure
showsthat thediel ectric constant increasesduring the
first few minutes of measurement. Theincrease can be
attributed elther to an increase inthe sampletempera
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Figure7: Didectric constant decr ement,(8g), asafunction
of crystallization temperature(T)

tureto attain apre-ordered state that is required for
achieving thecrystallization process. However, dueto
theextremey small weight of thesample(0.1g) whichis
placed between two copper € ectrodes(thermal ly con-
ducting) and mountedin apreheated measuring cdll with
ahomogenous heating flux, it isimpossibleto attribute
thisincreaseto the attainment of therma equilibrium.
Therefore, it can beconcluded that theincreaseine’ is
mainly attributed to apre-order reorientation process
of thedipoles. Thisprocessisfollowed by the crystal-
lization processwhich strongly restrictsthedipolar re-
orientation and therefore leadsto arapid decreasein
the dielectric constant. It would be expected that an
increasein thetemperaturewould lead to afaster pre-
order process. Thisimpliesthat theonset timeat which
thecrystallization process startswill beshorter within-
creasngtemperaure, sincetheonset crysdlizaiontime
isshortened from 40 minto 30 and 20 for 25, 30 and
40°C, respectively.

It can be expected that, aplot of thedecrement in
thedidectric constant, d¢, with thecrystallization tem-
peraturefigure 7 would offer apossibility for determin-
ing the optimum crystal lization temperature, T
where d¢ isthe difference between thedie ectric con-
stant at the onset time of crystallization and that after
attaining equilibrium®?, Figure 7 Showsthat the opti-
mum crystalli zation processisaround 25°C. Themo-
lecular motionsoccurring in the amorphous phase of a
semicrystalline polymer present characteristic aspects
which depend onthe degree of crystdlinity!d. In semi-
crystalline polymers, at temperatures higher thanthe
glasstransitiontemperature, T o theamorphous poly-
mer chainsare confined to move between the crystal-
lineregiong4. Thisrestriction modifiesthedidectrica
relaxation which isdetected in polymeric systems at
temperaturesaboveto T ¢ Theobserved decreasein
therateof crygdlizationiscommonfor semi crysaline
polymer; a lower crystalization temperatureisexpected
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owingtolower chainmobilities.
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