accepted for publication in Journal of Physical Chemistry B (2009).

Order and dynamics inside H-PDLC nanodroplets:
an ESR spin probe study

Corrado Bacchiocchi,  Isabella Miglioli,T Alberto Arcioni, llaria Vecchi,T Kashma Rai,¥

Adam Fontecchio,:c and Claudio Zannoni*T

Dipartimentodi ChimicaFisica e Inorganicaand INSTM,Universita, iale Risogimento4, 1-40136
Bologna, Italy, and Departmenbf Electrical and ComputerEngineering Drexel University,

PhiladelphiaPA, 19104,USA

E-mail: claudio.zannoni@unibo.it

Abstract

We have performedadetailedstudyof theorderanddynamicsof thecommerciallyavailableBL0O38
liquid crystal(LC) insidenanosized50-300nm) dropletsof a reflection-modeHolographicPolymer
DispersedLiquid Crystal (H-PDLC) device where LC nanodropletdayersand polymer layersare
alternatelyarrangedforming a diffractiongrating. Here,we have determinedhe macroscopiconfig-
urationof the LC local nematicdomaindirectorandderived a modelof the nanodroplebrganization
insidethelayers. To achieve this, we have taken advantageof the high sensitvity of the electronspin
resonanc€ESR)spinprobetechniquenot previously usedto studythesematerials. The spectroscopic
analysisvasconductedtaseriesof temperaturegngingfrom thenematico theisotropicphaseof the
LC. In conjunctonwith SEMimagesof the H-PDLC cross-sectionyhich provide additionalinforma-
tion onthe nanodroplesizeandshapedistribution, the observed directorconfiguratiorhasbeenmod-
eledasa bidimensionalistribution of elongatednanodropletgprolateellipsoid) whoselong axisis,
ontheaverage parallelto thelayersandwhoseinternaldirectorconfigurationis a quasi-monodomain
(“stretched”bipolar) alignedalongthe nanodropletong axis. Interestingly at room temperaturehe

moleculestendto keepan averageorientationparallelto the nanodropletayerseven whentheseare

TUniversitadi Bologna
*Drexel University



CorradoBacchiocchietal. ESRstudyof HPDLC

perpendiculato themagnetidield, suggestinghatthemolecularorganizationis dictatedmainly by the
confinementThisresultmightexplain, atleastin part, (i) theneedfor switchingvoltagessignificantly

higherand(ii) the obseredfasterturn-off timesin H-PDLCscomparedo standard®DLC devices.

Keywords: surface-inducedrder; bragg gratings; phasesepaation, confinediquid crystals

Intr oduction

Liquid crystals(LCs) are increasinglyusednot only in displaysbut in the preparationof nev materi-
alswith uncorventionalpropertiest? AmongtheselLC basedmaterials,polymerdispersed.C (PDLC)
compositesywheremicrodropletsof LC arerandomlydispersedn a polymermatrix, areof considerable
interest,bothfor technologicalpplicationsandfrom a morebasicstandpointpecausef the possibility
of varyingtheir optical propertiesby applyingan externalfield. In the caseof a standard®DLC the size
of the LC dropletsis largeror comparabléo the visible wavelengthandthe ensuingscatteringrenderst
opaque.A PDLCfilm placedbetweeriwo condictive layerscanbe madeto vary from this opaquestate
to transparentiponapplicationof a field that causeshe nematicLC to align andchangethe obsenable
refractve index soasto matchor mismatchthatof the polymermatrix. A morerecentdevelopments the
possibilityof usingLC dispersion®f submicron100-300hm) sizeto preparaewritablescreengor holo-
graphicprojection.However in HolographicallyformedPDLCs(H-PDLCs)the LC dropletsarearranged
in stratifiedlayersalternatingwith polymerlayers? Reflection-modéd-PDLCsarereconfigurabléragg
gratings,which reflecta narrov bandof incidentwavelengthandtransmitit whenthe electricfield is ap-
plied. Index mismatchbetweerthe LC andpolymerlayersresultsin thereflective propertywhenfield is
not appliedacrosst. In thefield-onstatethe refractive index becomesuniform, resultingin transmission
of the entire incidentspectrum. The switchableand reflectve propertiesof H-PDLCs have beenstud-
ied extensiely for applicationssuchasdisplays#-° color filters” andoptical switches® To optimizethe
designof H-PDLCsfor diverseapplicationsandimprove their switchingperformanceit is fundamental
to characterizeéhe nanalropletmicroscopicstructure the LC behaior andthe LC—polymerinteractions
particularlysincelarge changesn physicalpropertiesoccurdueto finite sizeandconfinemeneffects. To
this aim, several microscopicand spectroscopitechniqueshave beenextensvely used. SEM and TEM
microscoy methodsare essentiafor the nanometescalestructuralanalysis(seee.g 2 andrefs therein)

andNuclearMagneticResonancé€NMR) hasprovedto beasuitabletechniqueo studytheorientationand
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dynamicsof theLC insidethepolymermatrix.? NMR wasusedfor thefirst time to studytheconfiguration
of directorsanddynamicsn PDLCsby Golemmeetal.1%11Early NMR analysison PDLC revealedalfirst

ordernematicto isotropic(N-1) phasetransitionfor large dropletsof LC. For dropletsbelow the critical

diameterof ~ 35 nm, the N-I phasetransitionshaved a continuousvariationfrom an orderednematic
phaseto a weakly orderedisotropic phasel! lannacchioneet al. performeddeuteronnuclearmagnetic
resonancéDNMR) studieson H-PDLCsandsurmised thatan homeotropidiquid crystal configuration
is presentat the LC-polymerinterfacel? Their resultsindicatedalso a lower orientationalorderin the
nanodropletsomparedo thebulk LC. Vilfanetal.13 usedDNMR anddynamiclight scattering DLS) to

studythe orientationalorderanddynamicsof a BL0O38-5CBLC mixturein aH-PDLC. DLS shavedthat
the onsetof the nematicphaseoccursat atemperatur@about40 K lower, comparedo the bulk, andtakes
placegradually This is possiblydueto a polydispersityof nanodroplesizeshaving differentcomposi-
tionsof non-liquid-crystallinegngredients DNMR indicatedthatthe structureof thedirectorconfiguration
is macroscopicallysotropicandcomposedy a smallerfraction of a powderlike (low fluidity) nematic
polydomain,with high local order whereaghelargerpartof the LC is still in theisotropicphasegvenat

roomtemperature However, the bulk BLO38 LC, at roomtemperatureshavs a highly orderednematic
phase. The authorssuggestedhat the locally orderedstructureis locatedon the nanodropletsurface,
sinceits contribution to the total DNMR spectrums smallandits translationaliffusionis two ordersof

magnitudeslower thanthatfoundin thebulk of thedropletcavity.

Thelackof NMR resultsindicating,atleast,asmallfractionof nematicorderalongtheNMR magnetic
field is surprisingandappeargo bein contrastwith the operatingprinciple hypothesizedor a H-PDLC
device,whenafield is applied. To shedfurtherlight on theinternalnematicdirectorconfigurationof the
nanodropletsthe local molecularorderand dynamics,andto comparethe obsened behaior with that
foundin the bulk, we proposeherethe useof the electronspin resonanc€ESR) spin probetechnique,
dopingthenematicL.C employedwith astablenitroxideradicalatavery low (=~ 10~* w/w) concentration
andmonitoringits spectrain differentconditions. This technique hithertounusedon H-PDLC studies,
allows, dueto its very high sensitvity, for the direct study of an actualdevice. Indeedin a preliminar
feasibility studywe have verified thatit is possibleto obtaina 100:1signal-to-noiseatio usinga single
20 um thick H-PDLC cell. Besidesthe extremelylow concentratiorof the probedoesnot introducea

significantperturbatiorto the system.

Thepresenpapers organizedasfollows: a brief descriptionof the samplepreparatiorandthe exper
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imentalmethodsusedis presentedn the next section. In the Theorysectionwe summarizeéhe models
adoptedo simulatethe ESRspectradiscussinghetypical spectralcomponentsncludedin theanalysis.
we considetthe sepctraasa sumof contritutions,whereeachcomponentorrespondso a different“site”
(ervironment)wherethespinprobecanbelocatedandwhosefractionalcontributionto the ESRspectrum
is proportionalto its LC moleculegpopulation.In the Resultssectionwe introducethe modelparameters
andthescheme&mployedto recoverthemfrom a global analysis.We shav thata consistentemperature
dependencef the parameterganbe achiezed only by assuminga multi-site model. In the Discussion
sectionwe compareour findingswith theresultsobtainedn previous, relatedstudies®14 andwe present
the combination®f nanodroplesizeandshapedistribution aswell asinternaldirectorconfigurationthat
arecompatiblewith our results.We concludetrying to drav sometechnologicaindicationsaimingatthe

improvementof H-PDLC devices.

Experimental Methods

TheH-PDLC s preparedy photopolymerizatiomf a prepolymersyrupthatconsistsof tri andhexafunc-
tional oligomersEBECRYL 4866andEBECRYL 8301 (Cytec,NJ, USA), both at a fraction of 23.85%
wiw, 28.4%w/w of LC BL0O38 (EM IndustriesNY, USA) dopedwith the spinprobe,13.34%w/w pho-
toinitator (4% w/w RoseBengal, 10% w/w of coinitiator N-Pheryl Glycine and 86% w/w of N-Vinyl
Pyrrolidone)to sensitizethe mixture to visible wavelengthsand 10.56%w/w surfactantwhich is usedin
anactualdevice to improve the electrooptic responseThe mixture is placedbetweenwo uncoatedal-
kali free,borosilicateglassslides(display-gradeCorning1737,Corning NY, USA), separatedy 20 um
spacergorming anapproximately2 mm thick cell. Thecell, held by the glassslidesat the sides,is then
exposedo a532m, 5 W, Nd:YAG Verdilaser(CoherentCA, USA) usingareflectionhologramsetupto
createa reflectiongratingwherethe dropletlayersareparallelto the glassslides3 A capillarytubeglued
to theborderof thecell is usedto holdit in thechoserpositionandorientationwithin the ESRcavity (see
experimentakchemen Figurel). Two typesof cells,with samewidth of 5 mm (thelargestdimensiorfit-
ting insidethe dewar tubein the cavity), but differentlengthweremanufctured.To maximizethesignal,
whichappearedo beof critical importancan a preliminaryseriesof measurementsghefirst cell typewas
35 mm longto fully spanthe ESRcavity (25 mm long) with the central,uniformly photo-curedportion

of thecell. Dueto its dimensionsthisrectangulacell couldberotatedaroundthe X axisof thelaboratory
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framebut notaroundthe Y axis (seescheman Figurel). This allowed usto studythe anisotroy of the

directorconfigurationwith respecto a changen the orientationof the nanodropletayersfrom parallel

(“parallelgeometry”,asin the schemeof Figurel) to perpendiculato the magnetidfield (“perpendicular
geometry”). To verify our hypothesisthat the director configurationis, instead,symmetricwith respect
to arotationaroundan axis perpendiculato the nanodropletayers(seethe Resultsandthe Discussion
sectiondor details),asquaredell, with alengthof 5 mm, waspreparedThis smallercell wassimply cut

out from the rectangulatype andcould be rotatedby 90° aroundthe Y axis by changingthe sidewhere
the capillarywasattached Dueto its smallerdimensionsthis cell gave a lower signalthatwashowever

still sufficientto clearlyshaw all the featuresof the spectra.

TheBLO38is acommercialLC mixture,with high birefringencepftenusedin opticaldevices.In the
temperatureange285.2-383.X, exploredin this study it exhibits awide, highly orderednematicphase
((P,) ~ 0.8 aroundroomtemperatureandanisotropicphase Theclearingtemperature], is at3732K,
preceededby aN-I coexistenceregion of about3 K.

The nitroxide spin probe, usedfor dopingthe LC, wasthe 33-DOXYL-5 a-cholestandree radical
(CSL, Aldrich) whichwasemployedin anumberof previous studies®>17whereit provedto beareliable
probeof theorderandthe dynamicsof the LC systemnsinceit is similarin size,rod-like shapeandrigidity
to the 5CB LC, which is the maincomponenbf the BLO38 LC. The CSL structureis shavn in Figure2
togethewith the choserordering(x, y, z, solid line) andmagnetioX',y, Z, dashedine) molecularframes
andthe indication of its two main reorientationamotions,tumbling and spinning,with the correspond-
ing component®f the rotationaldiffusiontensor:D | (reorientationof the molecularlong axis) and DH
(rotationaroundthelong axis),respecitrely.

The molecularmagneticframe (X, Yy, Z) waschosenaccordingto the standardsystemof coordinates
for theN-O paramagnetienoietywith thex’ axisalongtheN-O bond*>'8andtheZ axisperpendiculato
thefive-memberedng, i.e. parallelto thepzorbital containingheunpairecelectrondensity Accordingto
astandardapproachthez axisof the orderingframeis consideregbarallelto theprincipalaxisof inertia of
theprobe(its “long axis”) and,to simplify therotationwhich takestheorderinginto themagnetidrame 1°
they axisis considerecparallelto the Z axis. To reducethe correlationamongvariableparametersthe
Eulerangles 8 andy, betweerthemolecularframes,werefixedin thefits to 15° and90°, respectrely, in
agreementvith previousresultsobtainedn relatedsystemst>—18

In a preliminaryseriesof measurementandanalysis the signallevel wasabouttentimeslower than
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the expectedone basedon the initial amountof CSL addedto the H-PDLC syrup,indicatingthat about
90% of the spin probefree radicalwasoxidizedduring the curing processandthe subsequenstorageof
the cell. The signal/noisg(S/N) ratio wasabout10-15andwasfound to be too low to unambiguously
assigna given modelto eachexperimentalspectrumand determinethe correspondingrarameters.To
allow for a consistentinalysisof the spectraa noiselevel aboutfive to tentimessmalker thanthe (often
relatively small)differencesamongthe calculatedi nestapesof competingnodelswasroughlyestimated,
which correspondetb arequiredS/Nratio of about80-100,acrosgshewholetemperatureangeexplored.

To compensatéor the signalloss, the initial concentratiorof CSL presentin the prepolymersyrup
wasthereforeincreasedo 6 x 102 g.g /gg o35 Which is six timeslarger thanthe limiting concentration
typically suggestetf to avoid Heisenbey spin exchangedistortion effects. Typical final spectrahada
S/Nratio largerthan100for therectangulacellsandlargerthan40 for the squaredtells,with lineshapes
essentiallyidenticalto the (noisier) spectraobtainedin the preliminarysetof measurementsf H-PDLC
cellspreparedvith 1 x 103 9ca /9, c» thusindicatingthe absencef spectraldistortions.

We acquiredESRspectrawith a Bruker EMX spectrometeequippedwith an ER 041XG microvave
X-band(9.5 GHz) GunnDiode bridgeandarectangulaER 4102cavity. The samplesverethermostated
with a nitrogenflux througha variabletemperatureunit Bruker B-VT 2000. The temperaturemonitored
with a calibratedtype T thermocouplgComarkLtd.) keptin contactwith the samplecell, shoved a
stability betterthan + 0.05 K. In a typical acquisition,100 to 200 scanswere averagedto reachthe
requiredS/N ratio.

To study the effects due to annealing,spectrarecordedfrom freshly preparedcells were compared
with thoserecordedafter either “field cooling” (FC) or “zero field cooling” (ZFC) the sample. This
wasdoneby heatingit at 353.2K (above the polymerTy of 336.0K, determinedby DSC), thenslowly
coolingit to 323.2K, approximatelyl K/min, with the magneticfield eithersetat 6300G (the highest
available on the ESR spectrometerpr turnedoff, andthen equilibratingfor 20 min. Finally, the cell
was broughtto the requiredtemperaturdor the measurementThe temperatureof 323.2K wasa good
compromisebetweenhaving a large fraction of orderedLC molecules(this fraction startsto decrease
at highertemperaturesandthe highestdegreeof local orderof the LC (which, dueto the confinement,
decreaseatlowertemperatures)t waschosenjn apreliminaryseriesof tests to maximizethe effectsof
annealing Seealsothe Resultsandthe Discussiorsectiondor furtherdetails.

Imagesof cross-sectionsf theH-PDLC have beenrecordedwith aZeissSupra50VP SEM, following
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theproceduredoptedn apreviousstudy!3 by freezefracturingthecell andremoving the LC with ethanol.
Digital imageprocessingvasconductedvith the Photoshogrogramto estimatehe nanodroplesizeand

shapdlistribution.

Theory

Theunsaturatedyigh-field ESR monodomairspectrumm(w — ay, B4) atfrequeny w andatananglef,
betweernthe directorandthe spectrometemagneticfield, of the nitroxide spin probelm(w — y, By), is
calculatecdusingtheclassicStochastid_iouville Equation(SLE) approactof Freedandcollaborator$®-21

which predictsthat:

im0 63 Bg) = (P —12) +i(e— )1y, ®

wherethecentralfrequeny wy, atthespectrometefield B(0.33T) is obtainedrom theg factorg, and
the Bohr magnetonBe: wy, = g,8:B,/h, - is the Liouville superoperatoobtainedfrom the orientation
dependenspin Hamiltonian, is the diffusion superoperatotdescribingthe reorientationamotion of the
probe,|v) is avectorcontainingspintransiton momentseragedver the equilibriumensemblendl is

theidentity. The matrix elementof r assuminghe probereorientatiorto bediffusional,aret®-21

(oullflay)) = 6L1,L25M1,M26K1,K25p§7p§ 03,05~ p},ph ~al.oh

X {DLLl(L1+1)+(D\\_DL)Kf} ; (2)
where
2L +1\ 2
|On) = <8ng> Dk (Q) [P, Gh: Ph. Gn) 3)

is the spin-orientationakpacebasissetand D”, D, arethe principal componentof the rotational
diffusion tensorof the probefor rotationsaroundits long or shat axis, respectrely. The basissetis

obtainedirom thedirectproductof the electronspin Swith thenuclearspinl eigenfunctions

p%0%p'd') = (1S mg) (S mgl) (1, m) (1, m{]) , (4)

while Dk,I’K aretheorientationaWignerrotationmatriceswith L, M, K integer;L > 0; |[M| and|K| <L,
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forming the basissetfor theorientations.Thereorientationamotionof the probeis assumedo take place
in thelocal, meanfield orderingpotentialwhich we assumeo be a simpleuniaxial (P,)-typeto limit the

numberof modelparametergseealsothe Resultsandthe Discussiorsections)

U(B) = —KT{A,oD50(B)} , (5)

where A, is the strengthof the potential. The local orderis describedby the orientationalorder
parametefP,) definedas
_ /D§o(B) exp[-U(B)/KT] sinp dp

P2 = (P50 = e U @) KTIsnpdp ©

wheref is the probeorientationwith respecto the domaindirector

In the complex H-PDLC systenwe aim to studythe orientationof the nematicwill hardlybeasingle
monodomaing.g.dueto the surfaceandlocal curvatureof the nanodropletaindthe possibilitywe have to
accountfor of localdomainswith differentorderandfluidity assuggestedby the previousDNMR studies
[13]. Thus, the experimentalESR spectrumof the H-PDLC samples| (w — «y), was modeledasthe
weightedsumof several spectralcontritutions, I;, correspondindo different“environments”’wherethe

CSL spinprobeis supposedo belocated.

(@-ap) =Y f (- w). 7)

wheref; is thefractionalcontritution of thei-th ervironment.

Besideghe monodomaindescribedabove, the environmentsmodeledwere: threedimensional par
tially orderedpolydomain(3DPOP);two dimensionalpolydomain(2D); isotropic (ISO) andrigid-limit
(RL).

In the 3ADPOPenvironmentthe spinprobeis assumedo reorientin a distribution of ordereddomains
with local directororientationf3; with respecto the magneticfield. The corresponding=SR spectrum,
|l sppop(@ — &), is givenby the superpositiorof the monodomairspectra?23

s
I

lappop(@0— @) = [ 1(0— i By P(B) sinBy df. ®
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where to furtherlimit thenumberof modelparameterghe unknownn distribution of thedomaindirec-
tors,P(B,), hasbeenmodeledasit is usuallydone(e.g.in theEPRLL “family” of ESRspectrasimulation
programs?), by a uniaxial, (P,)-type distribution P(B3,) O exp[A4P,(cosB,)] whereP, is a secondrank
LegendrepolynomialandA is a positive constant.The orderof the domaindirectorsis describedy the

orientationalbrderparametefP,), definedas

(P, = J Py(cosBy) exp[Ay Py(coshy)] sinB, dBy
2ld Jexp[AqPy(cosBy)] sinBy dBy

(9)

A valueof (P,), = O representshelimiting caseof anisotropicdistribution of the domaindirectors,
correspondind®(3,) = 1/, whereasn theotherlimit of (P,) , = 1 thesystemis amonodomairaligned
parallelto the magnetidield with P(3,) = ().

The 2D ervironmentis modeledsimilarly to the 3DPOPoneby changingheangularvolumeelement

from sinf3, to d3d
1 n
lp(w—ay) = IT/o | (w— awy; By) dBy- (10)

ThelSO contritutionis calculateddy settingat zerothe strengthof theorderingpotential A, whereas
a simpler approachis adoptedfor the RL componentwhich is modeledas a powvder spectrumwhere

reorientationatelaxationeffectsareneglected(seee.g 22 andrefs. therein).

Results

Final ESRspectravererecordedacrosshe temperaturentenal 285.2-383.XK which waschoseno be
wide enoughto studyall the significantspectralchangesxhibited by the system,asdeterminedrom a
seriesof preliminary spectra.Due to the unavoidableloss of signal, after about1-2 weeksof measure-
ments,it wasnot possibleto recordall the requiredspectrafrom a singleH-PDLC cell. In the end,four
rectangulaandtwo squaredells (seethe Experimentakectionfor details)wereusedto cover different,
partially overlappingportionsof the chosentemperaturenterval. Spectraof differentcell replicas(even
whenpreparedrom separatéatcheof the prepolymersyrup)recordedat the sametemperatur@andafter
thesametemperaturéreatmenyi.e. FC or ZFC) werecompletelyreproducibld.e. they wereidenticalor
exhibitedvery smalldifferences.

Figure3, uppermosplot, shavsatypical ESRspectrunof theH-PDLC cell at285.2K, recordedn the
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parallelgeometry(||) after FC also in the parallelgeometry(greenline), comparedo atypical rigid-limit
spectrunof thecell recordedat 153.2K in the parallelgeometry(black,solid line). Despitetherelatively
large differencein temperaturethe spectrumat 285.2K appeardo have somekey featuresn common
with therigid-limit one,suggestinghatat leasta fractionof the CSL spinprobeis locatedin arigid-limit
ernvironment. Spectraat 285.2K of the freshly preparedcell or after ZFC, alsorecordedn the parallel
geometry(notshawn), wereonly slightly differentto theoneafterFC. Thespectrunrecordedmmediately
aftera90° rotationof theFCcell (i.e. in theperpendiculageometry:Figure3, lowermostplot, greenline)
wasclearlydifferent,revealingthe presencef ananisotropiccontritution which did notrealignalongthe
magneticfield. In a seriesof preliminary analysis,theseFC parallel and perpendécular spectrawere
globally fitted to a 3-site model (rigid-limit + 3DPOP+ isotropic), but the recoveredbestfit (P,), was
inconsistenbeingessentiallyzerofor the parallelspectrumbut very closeto unity for the perpendicular
asif a monodomaincontrikution, perpendiculato the magneticfield, was present. The spectracould
be insteadconsistentlynodeled(red line) by replacingboth the isotropicand 3ADPOPcomponentsvith
a bidimensional(2D) distribution of local nematicLC domains,in the assumptiorthat the symmetry
axis of the distribution is perpendiculato the nanodropletayersandthat the distribution rotates“as a
whole” with the cell in the magneticfield. The best-fitcomponent®f this 2-sitemodelareshavn in the
threecentralplots of Figure3. The rigid-limit contritution (RL, black, dashedine), beingisotropic, is
unafectedby the 90° rotationwhereaghe bidimensionakontritution changedrom parallel(2D ||, blue
line) to perpendiculaf2D L, cyanline). By adoptingthis model,a consistentemperaturelependence
of the best-fitparametersvasrecoveredfrom the globalanalysisof the parallelandperpendiculaspectra
recordedin the temperaturgange285.2-308.X, after FC in the parallelgeometry Resultsof the fits
arepresentedn Figure4 (experimental:dashedines, fits: solid lines; ||, L: paralleland perpendicular
geometryrespectrely) andshav excellentagreementvith experiment.

Thelineshape®f ESRspectraat highertemperaturegecordedn the parallelgeometryafter FC also
in the parallelgeometry(see,e.g., spectrumat 353.2K in Figure 5, experimental: dashedines, fits:
solid lines), appearedo correspondo a nematicmonodomaircontribution superimposedo the typical
threepeaksof a relatively fastmotionalisotropic spectrum.Indeed,in the temperaturenterval 345.2—
373.2K, aconsistentemperaturelependencef the best-fitparametersvasobtainedoy adoptinga 3-site
modelcomposedy a nematicmonodomainanisotropicanda, still presentrigid-limit contribution. In

theinterval 337.2—-343.K, a moreconsistenbehaior of the parametersvasobtainedby replacingthe

10
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nematicmonodomaircontribution with a threedimersional, partially orderedpolydomain(3DPOP)and
theisotropiccontritutionwith a 2D distribution with low local (P,) (whosecontrikutionis, in fact,similar
to theisotropicone). Resultsof thefits arepresentedn Figure5 (experimental:dashedines, fits: solid
lines). Thelineshape®f the nematicnonodomaircontritution decreasatincreasingl’ becomingbarely
visible at 373.2K, whereits fractionis estimatedo be lower than10 %. Above 373.2K the sampleis
fully isotropic.

The analysisof the FC spectrarecordedin the temperaturegegion 313.2-335.XK proved to be the
moredifficult one,sinceall the spectralcomponentsiescribedsofar arepresent.In a preliminaryseries
of fits, a 4-sitemodel,composedy arigid-limit, 2D, 3DPOPandisotropiccontritutionswastested.The
isotropiccomponentvaspoorly determinedandit shaved large correlationswith the 2D component. A
3-sitemodelcomposedy arigid-limit, 2D and3DPOPcomponentvasthenadopted.This simplermodel
provided morestablebest-fitparametersvith a consistentemperaturelependence.

In thetemperatureange285.2—-353.X, thespectraecordedn theparallelandperpendiculageome-
try couldbeglobally fitted to the samevaluesof thefractionsof thecomponentdpcal (P,) anddynamics,
in theassumptiorthatthe orderedfractiondid not realignalongthe magneticfield afterthe 90° rotation.
Individual (not global) analysisof the spectran the perpendiculageometryindeedindicatedthatthe or-
deredfractionrotatedasa whole with the sample remainingessentiallyunafectedby the magneticfield
upto 353.2K. At 357.2K, thebest-fitlocal (P,) decreaseffom 0.60,beforetherotation,to 0.31afterit
andathighertemperaturethe orderof the nematicfractionwascompletelydisrupted becomingsotropic.
At all thetemperaturestudied,spectrarecordedmmediatelyafterthe rotationandtwo hourslaterwere
identical.

Figure 6 shavs the spectralchangesobsered at 353.2K uponthe 90° rotation from the parallel
(uppermosplot) to the perpendiculaflowermostplot) geometry(greenline: experimentalred line: fit
to the 3-sitemodeldescribedabore, RL + ISO+ N || or N L). Thebest-fitcomponent®f the modelare
shawn in thethreecentralplotsof Figure6: nematiccontritutionto the parallelor perpendiculaspectrum
(N ||, blueline andN _L, cyanline) andisotropiccontritution (ISO, black,dashedine) assumeddentical
in thetwo fits. For clarity, the smallerfractionof therigid-limit contributionis not shawvn.

Thefractionalcontrikbution of the orderedcomponentvasalwayslargerafter FC the samplecompared
to ZFC. In particular the effects of annealingthe cell in the magneticfield were more evident in an

intermediatetemperaturgegion (~ 310-350K) anddecreasedt the lowestand highesttemperatures.
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Figure7, upperplot, shavs a comparisorbetweerthe spectraecordedafter ZFC or FC the samereplica
at323.2K (blackandgreenlines,respectrely). The spectrunof the FC sampleexhibits a clearincrease
of the peakscloserto thecentralone,in keepingwith theincreaseof theorderedcomponen Both spectra
could be globally fitted to the samelocal (P,) anddynamicsbut with differentfractionalcontritution of
the SDPOPcomponentThe experimentakpectrumafter FC (greenline) andthefit to a 3-sitemodel(red
line) areshavn in the lower plot, togethemwith the threecomponentsrigid-limit (RL, black,dashedine),
bidimensional2D, blueline) and3DPOP(cyanline).

The temperaturedependencef the fractions, f;, of the various spectralcontritutionsis showvn in
Figure8 (lines area guidefor the eye). As the temperaturencreasesthe rigid-limit fraction decreases
andits distinctive peakaround3363-364 G, whereno othersignalis present,is clearly visible up to
365.2K in the spectrawith the bestS/N ratio (seeFigure5). Above this temperaturendup to 373.2
K, the peakbecomesomparabldo the noiseandevenif it seemdo be still presentjts contritution of
about5-10%, recoveredfrom the analysis bearsrelatively large uncertainty The fractionalcontribution
of the 2D componenis approximatelyconstantup to 3082 K, thenit beginsto decreasavhena more
ordered3DPOPcompnentappears.At 345.2K this componenbecomesa nematicmonodomain(N)
and decreasespproximatelylinearly with the temperature.The local order of the 2D componentsee
Figure9) oscillatesaroundvery smallvaluesbetweer828.2and343.2K, thusbecomingsimilarto anISO
component.Only above 343.2K the best-fit,local (P,) of the 2D componenbecomesonstantlyvery
closeto zero. Startingat 345.2K the 2D contrikution is thereforereplacedvith anISO componentvhich
increasesandbecomedshe only contritution presentabove thebulk Te.

In Figure9 thelocal (P,) of the orderedcomponentgthinner dashedines area guidefor the eye)
is comparedo that obsened in the bulk BLO38 LC. Figure 10 shavs the temperaturadependencef
the rotationaldiffusiontensor D |, of the variouscomponentgthinner dashedines area guidefor the
eye) togetherwith a comparisono the bulk BLO38 LC (valuescloseto the T, in the bulk BLO38 N-I
coeistenceregion, have beenremorved).

The effect of a 90° rotationof the squaredH-PDLC cellsaroundthe Y axiswasstudiedat 323.2K,
after FC. At thistemperature¢he 3DPOPcontrikution is approximatelyat its maximumandthe dynamics
is still relatively slow. Theseconditionswould thereforetendto maximizepossibledifferencesdueto an
anisotropy of thedirectorconfigurationwith respecto thisrotation. Spectraecordedeforeandafterthe

rotation(notshovn) were,insteadjdenticalandvery similar, albeitrelatively noisier, to thosetakenatthe
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sametemperatureafter FC, from therectangulacells (see e.g.,Figure7, FC plot).

Figure 1l shavs a SEM imageof the samplecross-sectionThe nanodropletayersareclearly visible
asparallelarrangementef darker areasseparatedby brighter purepolymerlayers. A digital analysisof
theimagerevealsthatthe nanodroplesizeandshapes quite variable. The sizerangeis estimatedo be
about50-300nm. Thegenerakhapss irregularratherthanuniformly sphericalindappeardo be,onthe
averagestretchedalongthelayers.In particular thedirectionof theelongationseemso beparallelrather
thanperpendiculato thelayers.

We would like to point out that even if the modelingis apparentlycomplicated,all the parameters
canbe unambiguouslyrecoreredfrom the global fits sincethe experimentaldataandtheir temperature

dependencaresensitve to this level of detalil.

Discussion

The consisteng of the ESR spectraof differentreplicasof the H-PDLC samplecells, even whencom-
paringreplicaspreparedrom separatdatchesindicatedthe high reproducibilityof the processnvolving
theirmanufcturingandphotocuring Whendifferencesverepresentthey werealwaysvery small,tended
to decreasatincreasingemperatur@andcould be consistentlyinterpretedijn theanalysisjn termsof the
samelocal orderanddynamicsbut a slightly differenttemperaturéreatmeniof the sample(FC or ZFC),
resulting,e.qg.,in aslightly different(P,) , of thelocal nematicdomaindirectordistribution or in adifferent
(< 5%) fractionalcontritution of the spectracomponentgonsideredn thefitting model.

Thespectrakhnalysisndicateghatthedirectorconfigurationnsidethe H-PDLC nanodropletss more
complex thanwhathasbeenpreviously found®10-12.13andprovide new evidence atthe molecularscale,
to further narrav the rangeof possiblemodelsdescribingthe anisotroy of the droplet size and shape,
their orientationaldistribution within the layersandtheirinternaldirectorconfiguration.

At thelowesttemperaturstudied,285.2K, ourresultsseemedo bein agreementvith thoseobtained
by Vilfan et al.13 who reportedthe presencef arigid-limt (powderlike) and an isotropic contritution,
but the cleardifferenceobseredbetweerspectraecordedn the parallelandthe perpendiculageometry
(rotation of the samplecell aroundthe laboratoryX axis, seeFigure 1, upperpart), in the temperature
range285.2-373.X, clearly indicatedthe presenceof a macroscopicallyanisotropiccontrikbution, not

obsened before. At 285.2K the FC, parallel spectrumwas only slightly differentfrom that recorded
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after ZFC or that of a freshly preparedcell. In anintermediateemperaturgange(~ 310-350K), the

differencedetween-C andZFC or thefreshcell werethe largestandtendedto decreasagain at higher
temperaturesThis behaior suggestamodelwhere atthelowesttemperatureghedirectorconfiguration
is governedmainly by the confinemenandis, therefore Jesssensitve to the annealingwhereasat higher
temperaturesjueto increasednobility, the moleculeg(or, at least,a certainfraction of them)will align

alongthe magnetidield, without the needof theannealingto form a 3DPOPor a nematicmonodomain.
In the intermediateéemperatureegion, betweenthe confinement-inducedndthe field-induceddirector
configuration FC the sampleproduceghe largesteffects.

The natureof the suggested@onfinement-inducedirectorconfiguration which appeargo be present
up to a certaintemperaturegcanbe further understoody consideringhatthe orderedfraction, obsened
in the parallelspectradid notrealignalong themagnetidield in the perpendiculabnes but insteadeither
rotated‘as awhole” with the sample(up to 353.2K) remainingessentiallyunafectedby thefield, or was
disruptedby thefield, becomingisotropic(above 357.2K). Spectrarecordedwo hoursafterthe rotation
or aftera sequene of up to four FC in the perpendiculageometrydid not shav ary significantchange,
suggestinghatthefield is notableto induceanalignmentperpendiculato the layers.

Spectrarecordedbeforeandaftera 90° rotationof the cell aroundan axis perpendiculato the layers
(Y axis, Figurel, lower part) were,instead,dentical,in agreemenwith anaxial symmetryof the local

nematicdomaindirectorsaroundtheY axis.

Model for the dir ector configuration inside the droplets

Our modelsdo not make assumptionsboutthe preferredorientationofthe LC at the droplet surface.
Severalauthorshave suggestedhatthe additionof a surfactant,presentalsoin our case shouldfavor an
homeotropimrientation® Ouronly assumptionin this respectjs thattherigid-limit contritutionis dueto
CSL locatedin thefraction of the LC moleculescloseto the dropletinner surfacewhereagheinterior of
thenanodropletshavs alargermobility. It is alsoimportantto recognizethatthe ESRdatado notreveal
whetherthe differentervironmentswherethe CSL canbelocated coexist within eachdroplet. Fromthis
pointof view, theremightbenanodropletentirelyrigid-limit, evenif this seemgatherunlikely, andother
nanodropletsully isotropicor 3DPOP We caninsteadexaminethe variousarrangementsf the different
domainsinsidethe samedroplet. First we noticethatthe assumptiorof an equilibrium, within the same

droplet, betweenthe isotropic fraction and the 3DPOP—Ncontribtution doesnot seemto be compatible
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with ourresults.In suchamodel,in fact,the orderedractionshouldconcevably occupy the“core” of the
dropletto minimizethe enepgy thatwould be otherwisemuchlargerif this orderedfractionwerein direct
contactwith the surfacelayer Suchan orderedcore surroundedy anisotropicregion, with a mobility
of the sameorderof magnitudeof thatobseredin the bulk (seeFigure10), shouldbe reorientedby the
magneticfield, at leastpartially. Our rotationtests(seealsonext section)clearly indicated,instead that
thesampledid not reorientalongthefield.

In our model,we thuspostulatean equilibriumbetweerLC moleculedorming a layeron thedroplet
surface,with a very limited mobility, and moleculesin the remainingvolume, the droplet cavity, with
a fasterdynamics. At eachT, the local (P,), the (P,), of the director distribution andthe T depend
on the size and shapeof the cavity, which, in turn, dependson the size and shapeof the dropletand
on the thicknessof the interfacial layer As the T increases|essandlessmoleculesremain“frozen”
on the surfacelayer, thusincreasingthe size of the cavity. At the sametime, anincreasingfraction of
nanodropletseacheshe T, thusbecomingsotropic.

The directorconfigurationat eachtemperatureanbe viewed asthe resultof a differentequilibrium
betweenwo limiting situations.Above a certaindimensionof the cavity, the surface-inducedlistortions
to the LC structurein the cavity are negligible, the director configurationis bipolar, orientedalongthe
axis of the elongateddroplet,with a bulk like local (P,). Upon FC, a monodomainprientedalongthe
magneticfield, canbeformed. Below a certaindimensionof the cavity, the bipolardirectorconfiguration
is distortedby surfaceeffectsandthe local (P,) is lower comparedo the bulk. Upon FC, the bipolar

configurationcanbe annealedthusimproving the alignmentalongthe axis of thedroplet.

Model for the nanodroplet distrib ution

In the assumptiorof a bipolar LC director configurationinside the nanodropletsthe obsened 2D dis-
tribution of local nematicdomainswould be compatiblewith an H-PDLC structurewherethe layersare
formedby elongatednanodropletsvhosemainaxisis parallelto the layersandis randomlyorientedin a
bidimensionatistribution (seeFigurel11).

On the otherhand,by assuminga bidimensionaldirector configurationinside eachnanodropletthe
resultingmacrascopic directordistribution would be compatiblewith thatobsenedexperimentallyonly if
all thenanodropletsvereelongatedperpendiculariyto thelayers,but clearlythis would notbecompatible

with whatcanbe obsenedfrom the SEM images(seeFigurel).
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At highertemperaturethe bipolardirectorconfiguration preseninsidea fractionof thenanodroplets,

canbemoreeasilyalignedalongthe magneticield whenthisis parallelto thelayers.

Conclusions

The molecularorganizationandthe local fluidity of the BLO38 liquid crystal (LC) insidethe nanosized
dropletsof an actualreflection-modeHolographic-PDLC(H-PDLC) cell have beenanalyzedin detail.
Using the ESR spin probetechnique we found for the first time evidenceof the presenceof a fraction
of LC moleculeswith a macroscopicallyanisotropicLC director configuration. The main experimental
supportto this wasthe consistentdifferencebetweenESR spectraof field cooledsamplesrecordedin
the paralleland perpendiculageometrywhich could be obseredin the temperaturgange285.2—373.2
K (theBLO38LC bulk Te). This resultextendsprevious NMR studies?13which found animmobilized
LC fraction, closeto the polymer surface,and an isotropic fraction. The main findingsfrom the ESR
measurementsombinedwith theinspectiorof the SEM imagesarecompatiblewith abipolarLC director
configurationinsideelongatednanodropletsThesefindingsare:

(i) aglobalanalysisof spectraecordedn the parallelandperpendiculageometrybetweer285.2and
308.2K clearly indicatesthat the macroscopid_C director configurationis unafectedby the magnetic
field and hasan axial symmetrywith the local nematicdomaindirectoruniformly distributedalongthe
nanodropletayers.

(i) between313.2and373.2K, only in the parallelgeometry a fraction of the LC moleculesforms
a partially orderedpolydomainalignedalong the magneticfield, and hencealongthe layers,which at
345.2K becomesa nematicmonodomain.Whenthe sampleis orientedin the perpendiculageometry
this alignedcontribution eithermaintainsthe orientationalongthe layers,retainingalmostthe samelocal
order(upto about353.2K), or it becomessotropic(above 357.2K);

(i) SEMimagesindicatethatthe nanodropleshapes, onthe average elongated(prolateellipsoid),
having thedirectionof the elongation (nanodropletxis) preferentiallyparallelto the layers.

Thelackof alignmentalongadirectionperpendiculato thedropletlayers(thedirectionof thesocalled
“grating vector”®) appeargo bein contrastwith the usualoperationageometryof a reflection-modeH-
PDLC device, wherethe electric field-inducedalignmentshouldform a monodomainperpendiculato

the dropletlayers. Moreover, the analysisshoved that the local nematicorderin the H-PDLC at room
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temperaturés smallerthanthatobsenredin thebulk BLO38LC. We believe thatthesefindingscanexplain
theratherlarge electricfield neededo switchanH-PDLC device, comparedo astandard®DLC device.
Thereflection-modéd-PDLC technologymight beimprovedby avoidingthe LC preferredorientation
alongthenanodropletayers,obsenedatroomtemperaturewhich requiresarelatively largeelectricfield
to be switchedto a monodomairperpendiculato thelayers.A possiblestratgy might be thatof remov-
ing the axial symmetryof the director configurationby favoring, e.g., a three-dimensiongbolydomain
directorfield. A key element,n sucha device, would be the presencef splerical insteadof elongated,

nanodroplets.
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FIGURE CAPTIONS

Figurel. Schemendlaboratoryreferencérameof the ESRmeasurementga) placementf therectan-
gular cell insidethe instrumentcavity in the parallel(left) or perpendiculafright) geometry (b): place-
mentof the squarectell. (c) scanningelectronmicrographof a cross-sectiomf the H-PDLC usedin the
ESRmeasurement$arallelarrangementsf darker areasarethe nanodropletayersclearly separatedby

brighter purepolymerlayers.Thegratingspacings about300nm.

Figure2. Chemicalstructureof the CSL spinprobetogethemwith thechoserordering(xyz, solid line)
andmagnetiogX’y’z’, dashedine) molecularframes,thetilt angle,3, andthe principalcomponentsD
(reorientationof the molecuar long axis) and DH (rotationaraund the molecularlong axis), of therota-

tional diffusiontensor

Figure3. Uppermosplot: typical ESRspectrumof the H-PDLC cell recorced at 285.2K, afterfield
cooling (seetext for details),in the parallelgeometry(greenline), comparedo atypical rigid-limit spec-
trum recordedat 153.2K (black, solid line), andfit (RL + 2D ||, red line) to a modelformed by two
contritutions,oneis rigid-limit (RL, black,dashedine) the otheris a bidimensionalirectordistribution
(2D ||, blueline). Lowermostplot: spectrumof the H-PDLC cell aftera 90° rotationto the perpendicu-
lar geometry(greenline) andfit (RL + 2D L, redline) to the samemodel,in the assumptiorthat only
thebidimensionatontribution haschanged?2D L, cyanline), whereagherigid-limit contribution, being

isotropic,is unafectedby therotation.

Figure4. Temperaturelependencef typical experimentaESRspectrgdashedine) andfits to a2-site
model(bidimensioml + rigid-limit, solid line) recordedafterfield cooling (FC), in the parallelgeometry
(I andthenrotatedto the perpendiculageometry(_L). Spectradid notchangeaftersubsequerfCin the

perpendiculageometry(seetext for details).
Figure5. Temperaturelependencef typical experimentaESRspectraecordedn the parallelgeom-

etry, afterfield cooling (dashedine) andfits (solid line) to a 3-sitemodel(337.2-343.XK: RL + 3DPOP
+ 2D, 345.2-373.X: RL + N + ISO) or to asinglesite,isotropicmodel(383.2K).
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Figure6. Uppermosplot: typical ESRspectrumof the H-PDLC cell recordedat 353.2K, afterfield
cooling,in the parallelgeometry(greenline) andfit to a 3-sitemodel(RL + ISO+ N ||, redline) formed
by arigid-limit, anisotropic(ISO, black,dashedine) anda nematicmonodomair(N ||, blueline) contri-
bution. Lowermostplot: spectrunof the H-PDLC cell aftera 90° rotationto the perpendiculageometry
(greenline) andfit to thesamemodel(RL + ISO+ N L, redline), in theassumptiorihatonly the nematic
monodomaircontribution haschangedN _L, cyanline). For clarity, the smallerfractionof therigid-limit

contribution is notshavn.

Figure7. Upperplot: typical ESR spectraat 323.2K of a zerofield cooled(ZFC, black line) and
a field cooled(FC, greenline) H-PDLC cell. Lower plot: FC experimentalspectrum(samegreenline
of the upperplot) andfit to a 3-sitemodel (red line) formedby a rigid-limit (RL, black, dashedine), a
bidimensional 2D, blueline) anda threedimensionalpartially orderedpolydomain(3DPOR cyanline)

contrikbution.

Figure8. Temperaturelependencef the fractionalcontrikution, f;, to the ESR spectrumof the ob-
senedspectralcomponentsLinesarea guidefor theeye. Theverticalline at 373.2K indicatesthe bulk

BLO38liquid crystalTe.

Figure9. Temperaturelependencef the local orientationalorder parameter(P,), of the bidimen-
sional (2D), partially orderedpolydomain(3DPOP)and nematicmonodomainN) componentgseetext
for details)comparedo the bulk BL0O38 liquid crystal. Thinner dashedinesarea guidefor theeye. The
verticalline at373.2K indicateshebulk BLO38 T..

Figure 10. Temperaturalependencef the tumbling diffusion coeficient, D |, of the bidimensional
(2D), partially orderedpolydomain(3DPOP),nematicmnonodomainN) andisotropic(ISO) components
(seetext for details)comparedo the bulk BL0O38 liquid crystal. Thinnet dashedinesarea guidefor the

eye. Theverticalline at373.2K indicateshebulk BLO38 Te.

Figurell. In-planemodelof anH-PDLC layershaving the nanodropletssizeandshapedistribution,

their orientationwithin the layerandthe temperaturelependencef their internaldirectorconfiguration.
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At low temperaturethedirectorconfigurations dictatedmainly by theconfinemenandindependentrom
themagnetidield. At highertemperaturedueto increaseanobility, afractionof thedroplet,thelargerin
size,tendto align alongthefield, whereasanotherfraction,the smallerones,becomessotropic(seealso

text for details).
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