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SUMMARY: Stable free radical polymerization has been used in the controlled synthesis of poly(2,5-bis[(4-
butylbenzoyl)oxy]styrene), PBBOS. This “mesogen-jacketed liquid crystalline polymer”, which has mesoge-
nic units attached directly to the backbone in a side-on mode, has been found to exhibit thermotropic liquid
crystallinity similar to more conventional main-chain architectures. Stable free radical polymerization of
PBBOS consistently produced molecular weight distributions below the theoretical limiting polydispersity of
1.5 calculated for a conventional free radical polymerization process. Surprisingly, a comparison of the syn-
thesis of polystyrene to the polymerization of PBBOS under nearly identical conditions showed that the
PBBOS polymerized with a significantly higher reaction rate and monomer conversion efficiency. The nema-
tic phase of these polymers was determined to be stable over the temperature range spanning the polymer
glass transition temperature up to the temperature for thermal decomposition. The molecular arrangement of
the PBBOS polymers was examined by wide-angle X-ray diffraction and is described here.

Introduction ethane ) (see Fig. 1), the SFRP process has been demon-
Stable (or controlled) free radical polymerization (SFRP)strated to work extremely well for styrene and its deriva-
has gained in importance over the last few years becausgiites'. As an example of the diversity of materials so far
can be applied to the controlled radical synthesis of bothroduced, star polymers have been prepared using multi-
block copolymers and homopolymers. Based on initiatingite initiators. Unusual monomers such as vinylbenzyl
systems of either 2,2,6,6-tetramethyl-piperidinyl-1-oxychloride have been polymerized with little branching.
(TEMPO) and benzoyl peroxide (BPO) or an initiator such Other variations of controlled radical polymerization
as 1—pheny|-1—(’22’,6’,()J—tetramethyl—i-piperidinyloxy)- using activated halogens have now been developed that
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Fig.1. Schemeof synthesis of poly(2,5-bis[(4-butylb@&zoyl)-oxyjstyrene)(PBBOS via stable
freeradicd polymerization

a Stablefreeradicd polymerization,living freeradicd polymerizationand controlledradical polymerizadion aretermsfor radical
polymerizationin the presencef aradicaltrappingspecies
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Fig. 2.
temperaurein CDCl;

succeshully prodiwce narrov molecular weight distribu-
tion methacrylag$®. Exanples of side group LC poly-
(methacylates)formedby atomtransferradical polymer-
ization have also beenpreparedand studiedby Pugh et
al.® The SFRPprocedire hasbeensuccessfily appliedto
styrenebasedmonomersfor the synthesisof side group
liquid crystalline polymers with the mesogerg units
longitudirally attachedto the flexible main chair?. In
thesemateials, the side group was attached to a vinyl
phenolgroup a monomerthat had beenpreviously poly-
merizedby SFRPin otherstructures.

In this pape, we report the synthess via SFRPof the
mesogenjackeed liquid crystalline polymer, poly(2,5-
[(4-butylbenzoylpxy]styrene), PBBOS (3), using (1) as
initiator. PBBOS has been previously synthesizedvia
conventbnal radical polymerizationby Zhou et al.*® The
monomeris interestingbecaseit is basedon vinylhydro-
guinone a monomerthat hasbeenlargely unexpbredin
recenttimes The resuting polymer hasbeenreportedto
be a side group LC polyme with mesogerg units
attachel directy to the backbonein a side-onmode to
form a "mesayen-jackéed liquid crystalline polyma”
(MILCP12, For this classof polymes, the presenceof
a flexible spacerbetweenthe baclkbone and the meso
genic units is unnecesary for mesghaseformation, in
contrastto the needfor sucha spacerin conventonal
(end-attachd) side group LCPS?. The steric crowding
betweenthe backbor andthe rigid andbulky mesaenic
units actsto stiffen the chain backboneleadng to poly-
mersthat behaveassemi-rigid main chain liquid crystal-
line polymers(MCLCPs)with persistenceengthsin the
rangeof 15 nm**%, Consguently MJLCPsare distinct
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H NMR spectrumof 2,5-bis[(4-butylb@zoyl)oxy]styrene(BBOS) at room

from both corventiond main chain and side group LC
polymersandform a uniqueclassof mainchainLC poly-
mersthat canbe synthe&zed by conventonal chainpoly-
merization (e.g., radicalpolymerization) The useof cort
trolled radical polymerizgion to syntheize a MJLCP,
suchas PBBOS, permtis the synthesisof new polymers
with low polydispersity and potentially rod-coil block
copolymers In this paper we presentthe SFRPsynthess
of amesogenacketedLC polymer, PBBOS along with a
desciption of someof its physical propeties.

Experimental part

Synthes

The monomey 2,5-bis[(4-butylbenzoyl)oxy]styreneBBOS,
((2), Fig. 1), wassynthesizedby reactionof 2-vinyl-1,4-dihy-
droxyberzeneand 4-butylbenzoylchloride accordingto the
methoddescribedby Zhouetal 1%

H NMR (CDCL): 0 = 0.95ppm, 6H for CHg, 1.35ppm,
4H for CH3, 1.65ppm, 4H for CHg, 2.70ppm, 4H for CHg,
5.10-5.90ppm, 2H for = CHs, 6.60-6.95ppm, 1H for
—CH' = and 7.00-8.30ppm, 11H for the phenylenerings
(Fig. 2).

BBOS possesseassmecticphase(Fig. 3) betweernits melt-
ing point (60°C) and its clearing temperature(95°C) (see
DSC thermogramin Fig. 4). The higher melting point ob-
tainedfor this compoundcomparedvith theliteraturevalues
presentdin ref9, islikely attributableto its higherpurity.

The polymerizationsvere carriedoutin bulk, first heating
the monomer 2,5-bis[(4-butylbenzoyl)oxy]styren€?), and
initiator (1) (purchasedrom Binrad, Inc.) in a molar ratio of
100/0.3at 80°C underinert atmospherdor 5 min andthen



Fig.3. A photomicrogra(g)hof 2,5-bis[(4-butylbenzoyjoxy]-
styrene(BBOS)takenat 84 C showinga smecticmesofhase
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Fig.4. DSC cure of 2,5-bis[(4-butylbenzoyoxy]styrene
(BBOS)(N,, 10°C/min)
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heatingthe mixture to 118°C. Reactiontimes between0.5
and20 h wereused PBBOS(3) wasprecipitatedn methanol
anddriedin avacuumovenat roomtemperatue.

Characterization

A VarianXL 200 MHz NMR wasusedwith chloroformd as
solventto obtainNMR spectraof all the compoundsTher

mal analysiswascarriedout undera nitrogenatmospheréy

meanf PerkinElmer DSC7andTGA7 instrumentausinga
heatingrateof 10°C/min. Theliquid crystallinepropertiesof

all compoundswere characterizedusing a Nikon HFX-DX

polarizing microscopewith a Mettler FP80 heating stage.
Measuremenbf molecularweight and polydispersityof all

polymer sampleswere carried out by gel permeationchro-
matographyGPC)equippedusingfour WatersUltrastyragel
HT columns(connectedin series)operatingat 31°C. THF

wasusedasthe solventandthe GPCwasoperatedat 0.3 ml/

min. Solution concentrationsof 1.0 mg/mL and solution
volumesof 20 UL wereemployed.GPCdatawere collected
usinga Waters490 programmablenultiwavelengthdetectoy
and molecular weights were calculatedfrom GPC elution
volumedatausingmonodispersgolystyrenestandards.
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Wide-angle X-ray scattering(WAXS) experimentswere
conductedwith a Rigaku rotating anode X-ray generator
operatedat 40kV and 260mA, usinga coppertarmget anda
graphite monochromatorA parallel bundle of about5-10
fibers drawnfrom the nematicmelt was placedon a pinhole
collimator in a vertical orientation,and the diffraction pat-
terns were recordedon a phosphoricimage plate using a
Statton cameraat room temperature.Diffraction patterns
were obtainedby scanningthe phosphoridmageplate using
a Molecular Dynamics Storm 820 image-platereader The
diffraction peakpositions(d-spacingsandwidths werecali-
bratedwith silicon powder andtheintensitieswerecorrected
for absorptionpolarization,and scatteringgeometryfactors.
Intensity profiles asa function of the Braggangle(26) were
obtainedusing Image®ol software. UTHSCSA Image®ol
is beta-versiorsoftwareavailableby anonymous=TP from
maxrad6.uthscsa.edu.

Resultsand discussion

Synthesis

The monomer 2,5-bis[4-butylbenzoyl)oy]styrene,
BBOS, hasbeenshownto form semi-igid LC polymers
by radcal polymerization. We obsened that BBOS is a
very reactive monomerwhen polymerizd under stable
freeradicalconditionsthatusel asinitiator. Tab.1 shows
the molecubr weight, polydispersity, and monomercon-
version data for different sampes of PBBOS obtaned
using differert reacton times underbulk polymerizaion
corditions. Molecular weights were detemined by gel
pemeation chromdography on samples taken directly
from the reactionmixture andarereportedaspolystyrene
equvalentmolecubr weights. Polydspersityvalueswere
calcuated as the ratio of M,, to M,. Conversbns were
obtainedby compaing therelativeareador the monomer
and polymer UV peaks on each chromatogram. As
expectedfor SFRpolymerizaion conditions, eachsamjpe
of PBBOS had a narow molecular weight distribution
(Fig. 5). In evel cas, it wasalways below the theaeti-
cal limiting polydispersiy of 1.5 calcuatedfor a conven
tional free radical proces$”. In contrast,only extrenely
polydispersesamplesPBBOS (PDI =3) were obtained
by Zhou et al. by corventiond free radical polymeriza-
tion using AIBN asinitiator. Moreove, we were readily

Tab.1. Polymerization of PBBOS (molar ratio monomer
(BBOS)/initiator:1000/3)

Sanple M, M PDI Time Conv InMo/M;
inh in%
S1 4800 6770 1.41 0.5 17 0.19
S2 18600 23600 1.27 2.5 34 0.42
S3 31200 40500 1.30 4 48 0.65
S4 48000 61000 1.27 15 60 0.65
S5 51000 66000 1.29 20 67 1.10
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Fig.5. GPC curvesof poly(2,5-bis[4-butylberzoyl)oxy]styr
ene) (PBBOS) sampes (see Tab.1) showing the incremental
increaseof molecularweightwith time
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Fig.6. Plotof M, (8) and%-conversion(m) for poly(2,5-bis[4-
butylbenzoylpxy]styreng (PBBOS)versugtime of reactian (see
alsoTab.1)

able to contrd both the resdting molecula weight of
eachPBBOS sampleand monomerconvesion by lengh
of readion time (Fig. 6).

As typical of SFRPreactiors, it wasobservedhat the
molecubr weight of the growing polymerchaingradualy
increasedvith time while maintainirg its narow molecu-
lar weight distribution (Fig. 7). The rate of polymeriza-
tion wasquite fastduring the initial 4 h of reacton when
50% conversion of monomeris readed. In the subse-
guentreactionperiod, the molecular weight of the poly-
mer confinuesto graduallyincreaseandafter 20 h, mole-
cular weightsof =50000 Dalton and a converson equal
to =70% canbe obtained.Theseresultsare quite unusual
if compaedto thoseobtainedfor polystyrenesyntesized
via SFRPundernealy identicalconditions.High molecu-
lar weight polystyrene (M, >10000 Dalton) can be
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Fig.7. Plotof M, versusconvesionin a comparisorbetween
polystyrene(PS) and poly(2,5-bis[(4-butylb@zoyl)oxy]styreng
(PBBOS) synthesizd via SFRP under nearly identical condi-
tions. (¢) PBBOS, (®) PS (synthesizedat 123°C, no additives.
Seealsoref), (W) PS(synthesizet 130°C andusingcamphor
sulfonic acid (CSA) asadditive. Seealsoref.?%), (&) PS(synthe-
sized at 125°C andusingFMPTSasadditive. Seealsoref 2%)
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Fig.8. Percentconverson versustime of reaction,a compai-
son between polystyrene (PS) and poly(2,5-bis[(4-butylb&z-
oyl)oxy]styrene) (PBBOS) synthesizedvia SFRPunder nearly
identical conditions.(4) PBBOS,(®) PS(syntheized at 123°C,
no additives. Seealsoref?), () PS (synthesizecat 130°C and
using CSA as additive. Seealsoref??), (A) PS (syntheized at
125°C andusing FMPTSasadditive. Seealsoref.2%)

obtained at similar rates in high yield by SFRPonly if
patticular addtives, which help to increasethe rate of
polymerizaion, arepresentin thereadion mixture?®-23),

It wasobservedhatthis appro@h wasunrecessaryor
formation of PBBOS High malecular weightsand con
versionscanbe reachted during the first hoursof readion
without any addtives and at lower temperatue than
required for simple styrene polymerization. Thesehigh
rates of polymerizaion occur at temperatues at least
15°C lower than usualy reportedfor PS (seeFig. 7 and
8). Moreo\er, it was observedthat very high molecular
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Tab.2. Polymerization of PBBOS (molar ratio monomer
(BBOS)/initiator:1000/1)

Sample M., My PDI
S6 107000 113000 1.06
S7 108000 122000 1.13

weights of PBBOS, greater than 100000 Dalton, and
polydispesitieslessthan 1.2 canbe realizedby decras-
ing the quantiy of initiator in the mixture of reaction
Tab.2 shows the polystyrene equivalent molecula
weights and polydispersiy resultsobtainedfor sanples
of PBBOS[S6 andS7]synthesizedunderthe same condi-
tions describedabove (conversim =20%), but using a
molarratio betweemrmonomerandinitiator of 1000/1.

Theseresultsdenonstrateseverd unusual feaures of
this monomerand the importantdifference in the reac-
tion stateof BBOS conparedto styrene.In seaching for
explanatonsof this higherrate of reactivty, it wasnoted
thatliquid crystallinity might play arole. Pdymerizations
werecarriedout at temperaturesibovethoseof theinitial
LC state of the monomey but polymerizaion quickly
inducedformation of a new polymeric mesophaseThis
preordemg may enablemoreefficient polymerization,as
the monomerswould be lined up. Preorderig effects
havebeenobservedn manyLC systens including some
of thosereportedrecently by Percecet al?® Since the
monomerside grougs lie roughly orthogoral to the poly-
mer chahn direction, backbonegrowth occursperpendtu-
lar to themesogerd groupdirector It is alsopossilbe that
the electronwithdrawing charater of the berzoategroups
on the monomerprovide a more reactivestatefor SFRP
The effect of severe steric hindranceon the TEMPO is
presentlyunknown. The evential slowing down of the
polymerizationrateis probaly dueto theincreasedrisc-
osity of thesesemirigidrod polymers.

We expectthat BBOS is a very reactve monomerfor
block copolymeization. Preliminary resuts apper to
confirmthis view. Presefly, we areexploringthe possil-
lity of syntheg&zing block copolymers of poly(acetoxy-
styreneb-2,5-bis[(4-buylbenzoy)oxy]styrene), starting
from TEMPO-termirated poly(actoxystyree). We have
observedthat p-acetoxytyreneis a monomerwith reac
tivity fasterthan styrene.A recer report by Zhou et al.
describeghe preparationof block copolymes basedon
styrenewith a BBOS-ike monomef®.

Thermalcharacterization

Initial characteization hasreveded that all the sanples
of PBBOS were not crystalline, but insteadare glassy
mesophaséerming polymerswith a glasstransition tem
perature =130°C. Above this temperatue, PBBOS
becomesbirefringent and a nematic mesghasecan be

S.Pragliola,C. Ober P. T. Mather H. G. Jeon

Fig.9. Photonicrographof poly(2,5-bis[4-butylbenzoyl)oy]-
styrene) (PBBOS) taken at 148°C showing a nematic meso-
phase

obseved (Fig. 9). It wasimpossille to observeany clear
ing transition, becausethe polymer decommsesbefore
reading its nemdic-isotrogc transition temperaure
(“clearing point”). Additionally, a 10% weight loss was
obseved at 380°C by TGA. Thesethermal dataare con
sigentwith the datapreviouslypubishedby Zhouetal 1

X-ray dataanalysis

The X-ray diffraction pattens obtained for fibers of
PBBOS, S8 (M, = 87 K) andS9 (M, = 39 K) drawnfrom
the nematicmetlt are shown in Fig. 10 in which the fiber
axis is vertical Two chamcteristicreflections appear in
the patternspnebeinga strong, orientedarc on the equa
tor, and the secondbeing a diffuse and lightly oriented
diffraction signd on the meridian. Previously Xu et al.®
reported similar X-ray resuts on their sheaforiented
sanples.The relatively shap diffraction attributed to the
distance betweenpolymer backboms is highly intense
around the equabr, indicating that the chainsare prefer-
entially oriented along the draw direction. The outer dif-
fraction peak,attributedto the spatialcomelationbetween
mesa@enicunits, is weakly conentratedaroundthe meri-
dian indicating that the axesof mesogengendto orient
pemendicubr to the polymer chains. The orientational
order paramegrs ({P.) hawe been deternined’® and
conpared betweenS8 (Fig. 10a) and S9 (Fig. 10b) by
sanningazimuttally boththe inner and outer diffraction
rings. The inner diffraction peak for S8 yields {P.,) =
0.50+0.02, while the same peak for S9 (lower MW)
yields (Pz) = 0.49=+ 0.02,indicating no significanteffect
of molecula weight In cortrast, the orientatianal order
parametersmeasued from the outer diffraction peaksare
of much lower value, indicating that the mesaensare
relatively lessoriented. In patticular, we havefound that
for the outer diffraction peak {P,)= 0.34+0.02 for S8,
while {P,)=0.31+0.02 for S9. In light of the lack of
MW-dependencefor the innerpeak {P,) data, this outer
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Fig.10. X-ray diffraction patternsobtainedfrom (a) high molecularweight polymer(S8) and(b) low molealar weight poly-
mer (S9) by drawinga fiber from the nematicmelt. The contras of eachpatternhasbeendigitally enhancedor viewing pur-
pose while dataanalysishasbeenperformel on unenhancediffraction patterns Thefiber axisis verticd
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Fig.11. WAXS profiles of high (i) and low (ii) molecular
weight polymersalong the equatorand WAXS profiles of high
(iii) andlow (iv) molecularweightpolymeis alongthe meridian

peak data indicates a degreeof orienational indepen-
dencefor the mesogert units with respet to the main
chains.

Fig. 11 shows the plots of intensity versus2 ) for both
high (S8) andlow (S9) malecular weight polyme's. The
equatorialspacirgs (i andii) provideinformation regad-
ing interchain packing distance which is slightly
decreaed from =18 A (29= 4.9) for sample S9 to
=17.2 A (20=5.1° for sample S8 indicating a more
ordered and compact structure devebped in the high
molecubr weight polymer. The meridional spacirgs (iii

andiv in Fig. 11) which representhe intermoleculardis-
tance betweenthe mes@enic units show diffuse scatter

ing at 20 = 19.8 (d =4.5 A), causedy the liquid-like

associationof the alignedmesogert groups. Compaison
of high andlow molecuar weight polymersrevealsthat
the meridional intensity profiles are exactly coinciden

with each other as shown in Fig.11. This interesting
resut suggeststhat the compactessof lateral packng of

polymer backbonegloesnot seriouslyaffect the correla-
tion lengh betweenmesogensan obsevation corsistent
with <P2> measurerantsdiscussedabove. Moreover, this
obsevation suggest nematic biaxiality in PBBOS with

sone indepenénceof backbor and mesogerdirectas.
The ability providedby SFRPformation of thesepoly-

mersto cortrol molecula weight, molecubr weight dis-
tribution and polyme chain archtecture makes these
materials usetil modelsof main chain LC polymersfor

futureinvestigationsin polymerphysics
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