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Abstract

Wehaveperformedadetailedstudyof theorderanddynamicsof thecommerciallyavailableBL038

liquid crystal(LC) insidenanosized(50–300nm) dropletsof a reflection-modeHolographicPolymer

DispersedLiquid Crystal (H-PDLC) device whereLC nanodropletslayersand polymer layersare

alternatelyarranged,forming a diffractiongrating.Here,we have determinedthemacroscopicconfig-

urationof theLC local nematicdomaindirectorandderiveda modelof thenanodropletorganization

insidethelayers.To achieve this, we have takenadvantageof thehigh sensitivity of theelectronspin

resonance(ESR)spinprobetechnique,notpreviouslyusedto studythesematerials.Thespectroscopic

analysiswasconductedataseriesof temperaturesrangingfromthenematicto theisotropicphaseof the

LC. In conjunctionwith SEMimagesof theH-PDLCcross-section,whichprovideadditionalinforma-

tion on thenanodropletsizeandshapedistribution, theobserved directorconfigurationhasbeenmod-

eledasa bidimensionaldistribution of elongatednanodroplets(prolateellipsoid) whoselong axis is,

on theaverage,parallelto thelayersandwhoseinternaldirectorconfigurationis a quasi-monodomain

(“stretched”bipolar) alignedalongthe nanodropletlong axis. Interestingly, at room temperaturethe

moleculestendto keepanaverageorientationparallelto thenanodropletlayersevenwhentheseare
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perpendicularto themagneticfield,suggestingthatthemolecularorganizationis dictatedmainlyby the

confinement.This resultmightexplain,at leastin part,(i) theneedfor switchingvoltagessignificantly

higherand(ii) theobservedfasterturn-off timesin H-PDLCscomparedto standardPDLCdevices.

Keywords:surface-inducedorder; bragg gratings;phaseseparation,confinedliquid crystals

Intr oduction

Liquid crystals(LCs) are increasinglyusednot only in displaysbut in the preparationof new materi-

als with unconventionalproperties.1,2 Among theseLC basedmaterials,polymerdispersedLC (PDLC)

composites,wheremicrodropletsof LC arerandomlydispersedin a polymermatrix, areof considerable

interest,both for technologicalapplicationsandfrom a morebasicstandpoint,becauseof thepossibility

of varying their opticalpropertiesby applyinganexternalfield. In thecaseof a standardPDLC thesize

of theLC dropletsis largeror comparableto thevisible wavelengthandtheensuingscatteringrendersit

opaque.A PDLC film placedbetweentwo conductive layerscanbemadeto vary from this opaquestate

to transparentuponapplicationof a field thatcausesthenematicLC to align andchangetheobservable

refractive index soasto matchor mismatchthatof thepolymermatrix. A morerecentdevelopmentis the

possibilityof usingLC dispersionsof submicron(100–300nm)sizeto preparerewritablescreensfor holo-

graphicprojection.However in HolographicallyformedPDLCs(H-PDLCs)theLC dropletsarearranged

in stratifiedlayersalternatingwith polymerlayers.3 Reflection-modeH-PDLCsarereconfigurableBragg

gratings,which reflecta narrow bandof incidentwavelengthandtransmitit whentheelectricfield is ap-

plied. Index mismatchbetweentheLC andpolymerlayersresultsin thereflective propertywhenfield is

not appliedacrossit. In thefield-onstatetherefractive index becomesuniform, resultingin transmission

of the entire incidentspectrum.The switchableandreflective propertiesof H-PDLCshave beenstud-

ied extensively for applicationssuchasdisplays,4–6 color filters7 andopticalswitches.8 To optimizethe

designof H-PDLCsfor diverseapplicationsandimprove their switchingperformance,it is fundamental

to characterizethenanodropletmicroscopicstructure,theLC behavior andtheLC–polymerinteractions

particularlysincelargechangesin physicalpropertiesoccurdueto finite sizeandconfinementeffects.To

this aim, severalmicroscopicandspectroscopictechniqueshave beenextensively used.SEM andTEM

microscopy methodsareessentialfor thenanometerscalestructuralanalysis(seee.g.3 andrefs therein)

andNuclearMagneticResonance(NMR) hasprovedto beasuitabletechniqueto studytheorientationand
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dynamicsof theLC insidethepolymermatrix.9 NMR wasusedfor thefirst timeto studytheconfiguration

of directorsanddynamicsin PDLCsby Golemmeetal.10,11EarlyNMR analysisonPDLCrevealedafirst

ordernematicto isotropic(N-I) phasetransitionfor large dropletsof LC. For dropletsbelow thecritical

diameterof ≈ 35 nm, the N-I phasetransitionshowed a continuousvariationfrom an orderednematic

phaseto a weakly orderedisotropicphase.11 Iannacchioneet al. performeddeuteronnuclearmagnetic

resonance(DNMR) studieson H-PDLCsandsurmised that an homeotropicliquid crystalconfiguration

is presentat the LC-polymer interface.12 Their resultsindicatedalsoa lower orientationalorder in the

nanodropletscomparedto thebulk LC. Vilf anetal.13 usedDNMR anddynamiclight scattering(DLS) to

studytheorientationalorderanddynamicsof a BL038-5CBLC mixturein a H-PDLC.DLS showedthat

theonsetof thenematicphaseoccursat a temperatureabout40 K lower, comparedto thebulk, andtakes

placegradually. This is possiblydueto a polydispersityof nanodropletsizeshaving differentcomposi-

tionsof non-liquid-crystallineingredients.DNMR indicatedthatthestructureof thedirectorconfiguration

is macroscopicallyisotropicandcomposedby a smallerfractionof a powder-like (low fluidity) nematic

polydomain,with high local order, whereasthelargerpartof theLC is still in theisotropicphase,evenat

roomtemperature.However, thebulk BL038 LC, at roomtemperature,shows a highly orderednematic

phase. The authorssuggestedthat the locally orderedstructureis locatedon the nanodropletsurface,

sinceits contribution to thetotal DNMR spectrumis smallandits translationaldiffusionis two ordersof

magnitudeslower thanthatfoundin thebulk of thedropletcavity.

Thelackof NMR resultsindicating,at least,asmallfractionof nematicorderalongtheNMR magnetic

field is surprisingandappearsto be in contrastwith the operatingprinciplehypothesizedfor a H-PDLC

device,whena field is applied.To shedfurther light on theinternalnematicdirectorconfigurationof the

nanodroplets,the local molecularorderanddynamics,andto comparethe observed behavior with that

found in the bulk, we proposeherethe useof the electronspin resonance(ESR)spin probetechnique,

dopingthenematicLC employedwith astablenitroxideradicalatavery low (≈ 10−4 w/w) concentration

andmonitoringits spectrain differentconditions. This technique,hithertounusedon H-PDLC studies,

allows, dueto its very high sensitivity, for the direct studyof an actualdevice. Indeedin a preliminar

feasibility studywe have verified that it is possibleto obtaina 100:1signal-to-noiseratio usinga single

20 µm thick H-PDLC cell. Besides,the extremelylow concentrationof the probedoesnot introducea

significantperturbationto thesystem.

Thepresentpaperis organizedasfollows: abrief descriptionof thesamplepreparationandtheexper-
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imentalmethodsusedis presentedin the next section. In the Theorysectionwe summarizethe models

adoptedto simulatetheESRspectra,discussingthetypical spectralcomponentsincludedin theanalysis.

weconsiderthesepctraasasumof contributions,whereeachcomponentcorrespondsto adifferent“site”

(environment)wherethespinprobecanbelocatedandwhosefractionalcontribution to theESRspectrum

is proportionalto its LC moleculespopulation.In theResultssectionwe introducethemodelparameters

andtheschemesemployedto recover themfrom aglobal analysis.Weshow thataconsistenttemperature

dependenceof the parameterscanbe achieved only by assuminga multi-site model. In the Discussion

sectionwe compareour findingswith theresultsobtainedin previous,relatedstudies13,14andwe present

thecombinationsof nanodropletsizeandshapedistribution aswell asinternaldirectorconfigurationthat

arecompatiblewith our results.We concludetrying to draw sometechnologicalindicationsaimingat the

improvementof H-PDLCdevices.

Experimental Methods

TheH-PDLCis preparedby photopolymerizationof aprepolymersyrupthatconsistsof tri andhexafunc-

tional oligomersEBECRYL 4866andEBECRYL 8301(Cytec,NJ, USA), both at a fractionof 23.85%

w/w, 28.4%w/w of LC BL038 (EM Industries,NY, USA) dopedwith thespinprobe,13.34%w/w pho-

toinitator (4% w/w RoseBengal, 10% w/w of coinitiator N-Phenyl Glycine and86% w/w of N-Vinyl

Pyrrolidone)to sensitizethemixture to visible wavelengthsand10.56%w/w surfactantwhich is usedin

anactualdevice to improve theelectrooptic response.Themixture is placedbetweentwo uncoated,al-

kali free,borosilicateglassslides(display-grade,Corning1737,Corning, NY, USA), separatedby 20 µm

spacersforming anapproximately2 mm thick cell. Thecell, heldby theglassslidesat thesides,is then

exposedto a532nm, 5 W, Nd:YAG Verdi laser(Coherent,CA, USA) usinga reflectionhologramsetupto

createa reflectiongratingwherethedropletlayersareparallelto theglassslides.3 A capillarytubeglued

to theborderof thecell is usedto hold it in thechosenpositionandorientationwithin theESRcavity (see

experimentalschemein Figure1). Two typesof cells,with samewidth of 5 mm(thelargestdimensionfit-

ting insidethedewar tubein thecavity), but differentlengthweremanufactured.To maximizethesignal,

whichappearedto beof critical importancein apreliminaryseriesof measurements,thefirst cell typewas

35 mm long to fully spantheESRcavity (25 mm long) with thecentral,uniformly photo-cured,portion

of thecell. Dueto its dimensions,this rectangularcell couldberotatedaroundtheX axisof thelaboratory
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framebut not aroundtheY axis(seeschemein Figure1). This allowedusto studytheanisotropy of the

directorconfigurationwith respectto a changein theorientationof thenanodropletlayersfrom parallel

(“parallel geometry”,asin theschemeof Figure1) to perpendicularto themagneticfield (“perpendicular

geometry”). To verify our hypothesisthat the directorconfigurationis, instead,symmetricwith respect

to a rotationaroundan axis perpendicularto the nanodropletlayers(seethe Resultsandthe Discussion

sectionsfor details),asquaredcell, with a lengthof 5 mm,wasprepared.Thissmallercell wassimplycut

out from therectangulartypeandcouldberotatedby 90◦ aroundtheY axisby changingthesidewhere

thecapillarywasattached.Dueto its smallerdimensions,this cell gave a lower signalthatwashowever

still sufficient to clearlyshow all thefeaturesof thespectra.

TheBL038 is a commercialLC mixture,with high birefringence,oftenusedin opticaldevices.In the

temperaturerange285.2–383.2K, exploredin thisstudy, it exhibitsawide,highly orderednematicphase

(〈P2〉 ∼ 0.8 aroundroomtemperature)andanisotropicphase.Theclearingtemperature,Tc, is at373.2 K,

preceededby aN-I coexistenceregionof about3 K.

The nitroxide spin probe,usedfor doping the LC, was the 3β -DOXYL-5α-cholestanefree radical

(CSL,Aldrich) whichwasemployedin anumberof previousstudies15–17whereit provedto bea reliable

probeof theorderandthedynamicsof theLC systemsinceit is similar in size,rod-likeshapeandrigidity

to the5CB LC, which is themaincomponentof theBL038 LC. TheCSL structureis shown in Figure2

togetherwith thechosenordering(x,y,z, solid line) andmagnetic(x′,y′,z′, dashedline) molecularframes

andthe indicationof its two main reorientationalmotions,tumbling andspinning,with the correspond-

ing componentsof the rotationaldiffusion tensor:D⊥ (reorientationof themolecularlong axis)andD‖

(rotationaroundthelongaxis),respectively.

Themolecularmagneticframe(x′,y′,z′) waschosenaccordingto thestandardsystemof coordinates

for theN-O paramagneticmoietywith thex′ axisalongtheN-O bond15,18andthez′ axisperpendicularto

thefive-memberedring, i.e. parallelto thepzorbitalcontainingtheunpairedelectrondensity. Accordingto

astandardapproach,thezaxisof theorderingframeis consideredparallelto theprincipalaxisof inertia of

theprobe(its “long axis”) and,to simplify therotationwhichtakestheorderinginto themagneticframe,15

they axis is consideredparallelto thez′ axis. To reducethecorrelationamongvariableparameters,the

Eulerangles,β andγ, betweenthemolecularframes,werefixedin thefits to 15◦ and90◦, respectively, in

agreementwith previousresultsobtainedin relatedsystems.15–18

In a preliminaryseriesof measurementsandanalysis,thesignallevel wasabouttentimeslower than
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the expectedonebasedon the initial amountof CSL addedto the H-PDLC syrup,indicatingthat about

90%of thespinprobefreeradicalwasoxidizedduring thecuringprocessandthesubsequentstorageof

the cell. The signal/noise(S/N) ratio wasabout10-15andwasfound to be too low to unambiguously

assigna given model to eachexperimentalspectrumanddeterminethe correspondingparameters.To

allow for a consistentanalysisof thespectra,a noiselevel aboutfive to tentimessmaller thanthe(often

relatively small)differencesamongthecalculatedlineshapesof competingmodelswasroughlyestimated,

whichcorrespondedto arequiredS/Nratioof about80-100,acrossthewholetemperaturerangeexplored.

To compensatefor the signal loss, the initial concentrationof CSL presentin the prepolymersyrup

wasthereforeincreasedto 6×10−3 gCSL/gBL038 which is six timeslarger thanthe limiting concentration

typically suggested19 to avoid Heisenberg spin exchangedistortioneffects. Typical final spectrahada

S/N ratio largerthan100for therectangularcellsandlargerthan40 for thesquaredcells,with lineshapes

essentiallyidenticalto the(noisier)spectraobtainedin thepreliminarysetof measurementsof H-PDLC

cellspreparedwith 1×10−3 gCSL/gLC, thusindicatingtheabsenceof spectraldistortions.

We acquiredESRspectrawith a Bruker EMX spectrometerequippedwith anER 041XGmicrowave

X-band(9.5GHz) GunnDiodebridgeanda rectangularER 4102cavity. Thesampleswerethermostated

with a nitrogenflux througha variabletemperatureunit Bruker B-VT 2000.Thetemperature,monitored

with a calibratedtype T thermocouple(ComarkLtd.) kept in contactwith the samplecell, showed a

stability better than± 0.05 K. In a typical acquisition,100 to 200 scanswere averagedto reachthe

requiredS/N ratio.

To study the effectsdue to annealing,spectrarecordedfrom freshly preparedcells werecompared

with thoserecordedafter either “field cooling” (FC) or “zero field cooling” (ZFC) the sample. This

wasdoneby heatingit at 353.2K (above the polymerTg of 336.0K, determinedby DSC), thenslowly

cooling it to 323.2K, approximately1 K/min, with the magneticfield eithersetat 6300G (the highest

available on the ESR spectrometer)or turnedoff, and then equilibratingfor 20 min. Finally, the cell

wasbroughtto the requiredtemperaturefor the measurement.The temperatureof 323.2K wasa good

compromisebetweenhaving a large fraction of orderedLC molecules(this fraction startsto decrease

at highertemperatures)andthe highestdegreeof local orderof the LC (which, dueto the confinement,

decreasesat lower temperatures),it waschosen,in apreliminaryseriesof tests,to maximizetheeffectsof

annealing.SeealsotheResultsandtheDiscussionsectionsfor furtherdetails.

Imagesof cross-sectionsof theH-PDLChavebeenrecordedwith aZeissSupra50VPSEM,following
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theprocedureadoptedin apreviousstudy13 by freezefracturingthecell andremoving theLC with ethanol.

Digital imageprocessingwasconductedwith thePhotoshopprogramto estimatethenanodropletsizeand

shapedistribution.

Theory

Theunsaturated,high-fieldESRmonodomainspectrumIm(ω −ω0,βd) at frequency ω andatanangleβd

betweenthe directorandthe spectrometermagneticfield, of the nitroxide spin probeIm(ω −ω0,βd), is

calculatedusingtheclassicStochasticLiouville Equation(SLE)approachof Freedandcollaborators19–21

whichpredictsthat:

Im(ω −ω0;βd) =
1
π
〈〈v| [(Γ̂ΓΓ− iL )+ i(ω −ω0)III ]

−1 |v〉〉 , (1)

wherethecentralfrequency ω0 at thespectrometerfield B(0.33T) is obtainedfrom theg factorg0 and

the Bohr magnetonβe: ω0 = g0βeB0/h̄, L is the Liouville superoperatorobtainedfrom the orientation

dependentspinHamiltonian,Γ̂ΓΓ is thediffusionsuperoperatordescribingthereorientationalmotionof the

probe,|v〉 is a vectorcontainingspintransition momentsaveragedover theequilibriumensembleandIII is

theidentity. Thematrixelementsof Γ̂ΓΓ, assumingtheprobereorientationto bediffusional,are19–21

〈〈σ1|Γ̂ΓΓ|σ2〉〉 = δL1,L2
δM1,M2

δK1,K2
δps

1,p
s
2
δqs

1,q
s
2
δpI

1,p
I
2
δqI

1,q
I
2

×
{

D⊥L1(L1 +1)+(D‖−D⊥)K2
1

}

, (2)

where

|σn〉 ≡

(

2L+1
8π2

)1/2

DL
M,K(Ω) |pS

n,q
S
n; pI

n,q
I
n〉 (3)

is the spin-orientationalspacebasisset and D‖, D⊥ are the principal componentsof the rotational

diffusion tensorof the probefor rotationsaroundits long or short axis, respectively. The basisset is

obtainedfrom thedirectproductof theelectronspinSwith thenuclearspinI eigenfunctions

|pS,qS; pI ,qI 〉 ≡ (|S,mS〉〈S,m′
S|)(|I ,mI 〉〈I ,m

′
I |) , (4)

while DL
M,K aretheorientationalWignerrotationmatriceswith L, M, K integer;L≥ 0; |M| and|K| ≤ L,
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forming thebasissetfor theorientations.Thereorientationalmotionof theprobeis assumedto takeplace

in thelocal,meanfield orderingpotentialwhich we assumeto bea simpleuniaxial〈P2〉-typeto limit the

numberof modelparameters(seealsotheResultsandtheDiscussionsections)

U(β ) = −kT{λ20D
2
00(β )} , (5)

whereλ20 is the strengthof the potential. The local order is describedby the orientationalorder

parameter〈P2〉 definedas

〈P2〉 ≡ 〈D2
0,0〉 =

∫

D2
0,0(β ) exp[−U(β )/kT] sinβ dβ
∫

exp[−U(β )/kT] sinβ dβ
, (6)

whereβ is theprobeorientationwith respectto thedomaindirector.

In thecomplex H-PDLC systemwe aim to studytheorientationof thenematicwill hardlybea single

monodomain,e.g.dueto thesurfaceandlocalcurvatureof thenanodropletsandthepossibilitywehaveto

accountfor of localdomainswith differentorderandfluidity assuggestedby thepreviousDNMR studies

[13]. Thus, the experimentalESR spectrumof the H-PDLC samples,I(ω −ω0), was modeledas the

weightedsumof several spectralcontributions, Ii , correspondingto different“environments”wherethe

CSLspinprobeis supposedto belocated.

I(ω −ω0) = ∑
i

fi Ii(ω −ω0) , (7)

where fi is thefractionalcontributionof the i-th environment.

Besidesthemonodomain,describedabove, theenvironmentsmodeledwere: threedimensional,par-

tially orderedpolydomain(3DPOP);two dimensionalpolydomain(2D); isotropic(ISO) andrigid-limit

(RL).

In the3DPOPenvironmentthespinprobeis assumedto reorientin a distribution of ordereddomains

with local directororientationβd with respectto the magneticfield. The correspondingESRspectrum,

I3DPOP(ω −ω0), is givenby thesuperpositionof themonodomainspectra:22,23

I3DPOP(ω −ω0) =
∫ π

0
I(ω −ω0;βd)P(βd) sinβd dβd . (8)
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where,to furtherlimit thenumberof modelparameters,theunknown distributionof thedomaindirec-

tors,P(βd), hasbeenmodeled,asit is usuallydone(e.g.in theEPRLL“f amily” of ESRspectrasimulation

programs24), by a uniaxial, 〈P2〉-type distribution P(βd) ∝ exp[λd P2(cosβd)] whereP2 is a secondrank

Legendrepolynomialandλd is a positive constant.Theorderof thedomaindirectorsis describedby the

orientationalorderparameter〈P2〉d definedas

〈P2〉d =

∫

P2(cosβd) exp[λd P2(cosβd)] sinβd dβd
∫

exp[λd P2(cosβd)] sinβd dβd
. (9)

A valueof 〈P2〉d = 0 representsthe limiting caseof an isotropicdistribution of thedomaindirectors,

correspondingP(βd) = 1/π, whereasin theotherlimit of 〈P2〉d = 1 thesystemis a monodomainaligned

parallelto themagneticfield with P(βd) = δ (βd).

The2D environmentis modeledsimilarly to the3DPOPoneby changingtheangularvolumeelement

from sinβd to dβd

I2D(ω −ω0) =
1
π

∫ π

0
I(ω −ω0;βd) dβd . (10)

TheISOcontribution is calculatedby settingatzerothestrengthof theorderingpotential,λ20 whereas

a simpler approachis adoptedfor the RL componentwhich is modeledas a powder spectrumwhere

reorientationalrelaxationeffectsareneglected(seee.g.22 andrefs. therein).

Results

Final ESRspectrawererecordedacrossthetemperatureinterval 285.2–383.2K which waschosento be

wide enoughto studyall thesignificantspectralchangesexhibitedby thesystem,asdeterminedfrom a

seriesof preliminaryspectra.Due to the unavoidablelossof signal,after about1-2 weeksof measure-

ments,it wasnot possibleto recordall therequiredspectrafrom a singleH-PDLC cell. In theend,four

rectangularandtwo squaredcells (seetheExperimentalsectionfor details)wereusedto cover different,

partially overlappingportionsof thechosentemperatureinterval. Spectraof differentcell replicas(even

whenpreparedfrom separatebatchesof theprepolymersyrup)recordedat thesametemperatureandafter

thesametemperaturetreatment(i.e. FC or ZFC) werecompletelyreproduciblei.e. they wereidenticalor

exhibitedverysmalldifferences.

Figure3,uppermostplot, showsatypicalESRspectrumof theH-PDLCcell at285.2K, recordedin the
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parallelgeometry(‖) afterFC also in theparallelgeometry(greenline), comparedto a typical rigid-limit

spectrumof thecell recordedat153.2K in theparallelgeometry(black,solid line). Despitetherelatively

large differencein temperature,the spectrumat 285.2K appearsto have somekey featuresin common

with therigid-limit one,suggestingthatat leasta fractionof theCSLspinprobeis locatedin a rigid-limit

environment. Spectraat 285.2K of the freshly preparedcell or after ZFC, alsorecordedin the parallel

geometry(notshown),wereonly slightly differentto theoneafterFC.Thespectrumrecordedimmediately

aftera90◦ rotationof theFCcell (i.e. in theperpendiculargeometry:Figure3, lowermostplot, greenline)

wasclearlydifferent,revealingthepresenceof ananisotropiccontributionwhichdid not realignalongthe

magneticfield. In a seriesof preliminary analysis,theseFC parallel and perpendicular spectrawere

globally fitted to a 3-sitemodel(rigid-limit + 3DPOP+ isotropic),but the recoveredbestfit 〈P2〉d was

inconsistentbeingessentiallyzerofor theparallelspectrumbut very closeto unity for theperpendicular,

as if a monodomaincontribution, perpendicularto the magneticfield, waspresent. The spectracould

be insteadconsistentlymodeled(red line) by replacingboth the isotropicand3DPOPcomponentswith

a bidimensional(2D) distribution of local nematicLC domains,in the assumptionthat the symmetry

axis of the distribution is perpendicularto the nanodropletlayersandthat the distribution rotates“as a

whole” with thecell in themagneticfield. Thebest-fitcomponentsof this 2-sitemodelareshown in the

threecentralplots of Figure3. The rigid-limit contribution (RL, black,dashedline), beingisotropic,is

unaffectedby the90◦ rotationwhereasthebidimensionalcontribution changesfrom parallel(2D ‖, blue

line) to perpendicular(2D ⊥, cyan line). By adoptingthis model,a consistenttemperaturedependence

of thebest-fitparameterswasrecoveredfrom theglobalanalysisof theparallelandperpendicularspectra

recordedin the temperaturerange285.2–308.2K, after FC in the parallelgeometry. Resultsof the fits

arepresentedin Figure4 (experimental:dashedlines,fits: solid lines; ‖, ⊥: paralleland perpendicular

geometry, respectively) andshow excellentagreementwith experiment.

Thelineshapesof ESRspectraat highertemperatures,recordedin theparallelgeometryafterFC also

in the parallel geometry(see,e.g., spectrumat 353.2K in Figure 5, experimental: dashedlines, fits:

solid lines),appearedto correspondto a nematicmonodomaincontribution superimposedto the typical

threepeaksof a relatively fastmotional isotropicspectrum.Indeed,in the temperatureinterval 345.2–

373.2K, aconsistenttemperaturedependenceof thebest-fitparameterswasobtainedby adoptinga3-site

modelcomposedby a nematicmonodomain,an isotropicanda, still present,rigid-limit contribution. In

the interval 337.2–343.2K, a moreconsistentbehavior of theparameterswasobtainedby replacingthe
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nematicmonodomaincontribution with a threedimensional, partially orderedpolydomain(3DPOP)and

theisotropiccontributionwith a2D distributionwith low local 〈P2〉 (whosecontribution is, in fact,similar

to the isotropicone). Resultsof thefits arepresentedin Figure5 (experimental:dashedlines,fits: solid

lines).Thelineshapesof thenematicmonodomaincontributiondecreaseat increasingT becomingbarely

visible at 373.2K, whereits fraction is estimatedto be lower than10 %. Above 373.2K the sampleis

fully isotropic.

The analysisof the FC spectrarecordedin the temperatureregion 313.2–335.2K proved to be the

moredifficult one,sinceall thespectralcomponentsdescribedsofar arepresent.In a preliminaryseries

of fits, a 4-sitemodel,composedby a rigid-limit, 2D, 3DPOPandisotropiccontributionswastested.The

isotropiccomponentwaspoorly determinedandit showed largecorrelationswith the2D component.A

3-sitemodelcomposedby arigid-limit, 2D and3DPOPcomponentwasthenadopted.Thissimplermodel

providedmorestablebest-fitparameterswith aconsistenttemperaturedependence.

In thetemperaturerange285.2–353.2K, thespectrarecordedin theparallelandperpendiculargeome-

try couldbegloballyfittedto thesamevaluesof thefractionsof thecomponents,local〈P2〉 anddynamics,

in theassumptionthat theorderedfractiondid not realignalongthemagneticfield after the90◦ rotation.

Individual (not global)analysisof thespectrain theperpendiculargeometryindeedindicatedthattheor-

deredfractionrotatedasa wholewith thesample,remainingessentiallyunaffectedby themagneticfield

up to 353.2K. At 357.2K, thebest-fitlocal 〈P2〉 decreasedfrom 0.60,beforetherotation,to 0.31after it

andathighertemperaturestheorderof thenematicfractionwascompletelydisrupted,becomingisotropic.

At all the temperaturesstudied,spectrarecordedimmediatelyafter therotationandtwo hourslaterwere

identical.

Figure 6 shows the spectralchangesobserved at 353.2 K upon the 90◦ rotation from the parallel

(uppermostplot) to the perpendicular(lowermostplot) geometry(greenline: experimental,red line: fit

to the3-sitemodeldescribedabove, RL + ISO + N ‖ or N ⊥). Thebest-fitcomponentsof themodelare

shown in thethreecentralplotsof Figure6: nematiccontributionto theparallelor perpendicularspectrum

(N ‖, blueline andN ⊥, cyanline) andisotropiccontribution (ISO,black,dashedline) assumedidentical

in thetwo fits. For clarity, thesmallerfractionof therigid-limit contribution is not shown.

Thefractionalcontributionof theorderedcomponentwasalwayslargerafterFCthesamplecompared

to ZFC. In particular, the effects of annealingthe cell in the magneticfield were more evident in an

intermediatetemperatureregion (≈ 310–350K) anddecreasedat the lowestandhighesttemperatures.
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Figure7, upperplot, shows a comparisonbetweenthespectrarecordedafterZFC or FC thesamereplica

at 323.2K (blackandgreenlines,respectively). Thespectrumof theFC sampleexhibits a clearincrease

of thepeakscloserto thecentralone,in keepingwith theincreaseof theorderedcomponent. Bothspectra

couldbeglobally fitted to thesamelocal 〈P2〉 anddynamicsbut with differentfractionalcontribution of

the3DPOPcomponent.TheexperimentalspectrumafterFC(greenline) andthefit to a3-sitemodel(red

line) areshown in the lowerplot, togetherwith the threecomponents:rigid-limit (RL, black,dashedline),

bidimensional(2D, blueline) and3DPOP(cyanline).

The temperaturedependenceof the fractions, fi , of the variousspectralcontributions is shown in

Figure8 (lines area guidefor the eye). As the temperatureincreases,the rigid-limit fraction decreases

and its distinctive peakaround3363–3364 G, whereno othersignal is present,is clearly visible up to

365.2K in the spectrawith the bestS/N ratio (seeFigure5). Above this temperatureandup to 373.2

K, the peakbecomescomparableto the noiseandeven if it seemsto be still present,its contribution of

about5–10%, recoveredfrom theanalysis,bearsrelatively largeuncertainty. Thefractionalcontribution

of the 2D componentis approximatelyconstantup to 308.2 K, thenit begins to decreasewhena more

ordered3DPOPcomponentappears.At 345.2K this componentbecomesa nematicmonodomain(N)

anddecreasesapproximatelylinearly with the temperature.The local orderof the 2D component(see

Figure9) oscillatesaroundverysmallvaluesbetween328.2and343.2K, thusbecomingsimilar to anISO

component.Only above 343.2K the best-fit, local 〈P2〉 of the 2D componentbecomesconstantlyvery

closeto zero.Startingat345.2K the2D contribution is thereforereplacedwith anISOcomponentwhich

increasesandbecomestheonly contributionpresentabove thebulk Tc.

In Figure9 the local 〈P2〉 of the orderedcomponents(thinner, dashedlines area guidefor the eye)

is comparedto that observed in the bulk BL038 LC. Figure 10 shows the temperaturedependenceof

the rotationaldiffusion tensor, D⊥, of the variouscomponents(thinner, dashedlines area guidefor the

eye) togetherwith a comparisonto the bulk BL038 LC (valuescloseto the Tc, in the bulk BL038 N-I

coexistenceregion,havebeenremoved).

Theeffect of a 90◦ rotationof thesquaredH-PDLC cellsaroundtheY axiswasstudiedat 323.2K,

afterFC.At this temperaturethe3DPOPcontribution is approximatelyat its maximumandthedynamics

is still relatively slow. Theseconditionswould thereforetendto maximizepossibledifferencesdueto an

anisotropy of thedirectorconfigurationwith respectto this rotation.Spectrarecordedbeforeandafterthe

rotation(notshown) were,instead,identicalandverysimilar, albeitrelatively noisier, to thosetakenat the
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sametemperature,afterFC, from therectangularcells(see,e.g.,Figure7, FC plot).

Figure1 shows a SEM imageof thesamplecross-section.Thenanodropletlayersareclearlyvisible

asparallelarrangementsof darker areasseparatedby brighter, purepolymerlayers.A digital analysisof

the imagerevealsthat thenanodropletsizeandshapeis quitevariable.Thesizerangeis estimatedto be

about50–300nm. Thegeneralshapeis irregularratherthanuniformly sphericalandappearsto be,on the

average,stretchedalongthelayers.In particular, thedirectionof theelongationseemsto beparallelrather

thanperpendicularto thelayers.

We would like to point out that even if the modelingis apparentlycomplicated,all the parameters

canbe unambiguouslyrecoveredfrom the global fits sincethe experimentaldataandtheir temperature

dependencearesensitive to this level of detail.

Discussion

The consistency of the ESRspectraof differentreplicasof the H-PDLC samplecells, even whencom-

paringreplicaspreparedfrom separatebatches,indicatedthehighreproducibilityof theprocessinvolving

theirmanufacturingandphotocuring.Whendifferenceswerepresent,they werealwaysverysmall,tended

to decreaseat increasingtemperatureandcouldbeconsistentlyinterpreted,in theanalysis,in termsof the

samelocal orderanddynamicsbut a slightly differenttemperaturetreatmentof thesample(FC or ZFC),

resulting,e.g.,in aslightly different〈P2〉d of thelocalnematicdomaindirectordistributionor in adifferent

(< 5%) fractionalcontributionof thespectralcomponentsconsideredin thefitting model.

ThespectralanalysisindicatesthatthedirectorconfigurationinsidetheH-PDLCnanodropletsis more

complex thanwhathasbeenpreviously found9,10,12,13andprovide new evidence,at themolecularscale,

to further narrow the rangeof possiblemodelsdescribingthe anisotropy of the droplet sizeandshape,

their orientationaldistributionwithin thelayersandtheir internaldirectorconfiguration.

At thelowesttemperaturestudied,285.2K, our resultsseemedto bein agreementwith thoseobtained

by Vilf an et al.13 who reportedthe presenceof a rigid-limt (powder-like) andan isotropiccontribution,

but thecleardifferenceobservedbetweenspectrarecordedin theparallelandtheperpendiculargeometry

(rotationof the samplecell aroundthe laboratoryX axis, seeFigure1, upperpart), in the temperature

range285.2–373.2K, clearly indicatedthe presenceof a macroscopicallyanisotropiccontribution, not

observed before. At 285.2K the FC, parallel spectrumwas only slightly different from that recorded
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after ZFC or that of a freshly preparedcell. In an intermediatetemperaturerange(≈ 310–350K), the

differencesbetweenFC andZFC or thefreshcell werethelargestandtendedto decreaseagain at higher

temperatures.Thisbehavior suggestsamodelwhere,at thelowesttemperatures,thedirectorconfiguration

is governedmainlyby theconfinementandis, therefore,lesssensitive to theannealing,whereasathigher

temperatures,dueto increasedmobility, themolecules(or, at least,a certainfractionof them)will align

alongthemagneticfield, without theneedof theannealing,to form a 3DPOPor a nematicmonodomain.

In the intermediatetemperatureregion, betweenthe confinement-inducedandthe field-induceddirector

configuration,FC thesampleproducesthelargesteffects.

Thenatureof thesuggestedconfinement-induceddirectorconfiguration,which appearsto bepresent

up to a certaintemperature,canbefurtherunderstoodby consideringthat theorderedfraction,observed

in theparallelspectra,did not realignalong themagneticfield in theperpendicularones,but insteadeither

rotated“asawhole” with thesample(up to 353.2K) remainingessentiallyunaffectedby thefield, or was

disruptedby thefield, becomingisotropic(above 357.2K). Spectrarecordedtwo hoursafter therotation

or aftera sequenceof up to four FC in theperpendiculargeometrydid not show any significantchange,

suggestingthatthefield is notableto induceanalignmentperpendicularto thelayers.

Spectrarecordedbeforeandaftera 90◦ rotationof thecell aroundanaxisperpendicularto thelayers

(Y axis,Figure1, lower part)were,instead,identical,in agreementwith anaxial symmetryof the local

nematicdomaindirectorsaroundtheY axis.

Model for the dir ector configuration inside the droplets

Our modelsdo not make assumptionsaboutthe preferredorientationofthe LC at the droplet surface.

Severalauthorshave suggestedthat theadditionof a surfactant,presentalsoin our case,shouldfavor an

homeotropicorientation.3 Ouronly assumption,in thisrespect,is thattherigid-limit contribution is dueto

CSL locatedin thefractionof theLC moleculescloseto thedropletinnersurfacewhereastheinterior of

thenanodropletsshows a largermobility. It is alsoimportantto recognizethattheESRdatado not reveal

whetherthedifferentenvironments,wheretheCSLcanbelocated,coexist within eachdroplet.Fromthis

pointof view, theremightbenanodropletsentirelyrigid-limit, evenif thisseemsratherunlikely, andother

nanodropletsfully isotropicor 3DPOP. We caninsteadexaminethevariousarrangementsof thedifferent

domainsinsidethesamedroplet. First we noticethat theassumptionof anequilibrium,within thesame

droplet,betweenthe isotropic fraction andthe 3DPOP–Ncontribution doesnot seemto be compatible
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with our results.In suchamodel,in fact,theorderedfractionshouldconceivablyoccupy the“core” of the

dropletto minimizetheenergy thatwouldbeotherwisemuchlargerif this orderedfractionwerein direct

contactwith the surfacelayer. Suchan orderedcoresurroundedby an isotropicregion, with a mobility

of thesameorderof magnitudeof thatobserved in thebulk (seeFigure10), shouldbereorientedby the

magneticfield, at leastpartially. Our rotationtests(seealsonext section)clearly indicated,instead,that

thesampledid not reorientalongthefield.

In our model,we thuspostulateanequilibriumbetweenLC moleculesforming a layeron thedroplet

surface,with a very limited mobility, andmoleculesin the remainingvolume, the dropletcavity, with

a fasterdynamics. At eachT, the local 〈P2〉, the 〈P2〉d of the director distribution and the Tc depend

on the size and shapeof the cavity, which, in turn, dependson the size and shapeof the droplet and

on the thicknessof the interfacial layer. As the T increases,lessand lessmoleculesremain“frozen”

on the surfacelayer, thus increasingthe sizeof the cavity. At the sametime, an increasingfraction of

nanodropletsreachestheTc thusbecomingisotropic.

Thedirectorconfigurationat eachtemperaturecanbeviewedasthe resultof a differentequilibrium

betweentwo limiting situations.Above a certaindimensionof thecavity, thesurface-induceddistortions

to the LC structurein the cavity arenegligible, the directorconfigurationis bipolar, orientedalongthe

axis of the elongateddroplet,with a bulk like local 〈P2〉. Upon FC, a monodomain,orientedalongthe

magneticfield, canbeformed.Below a certaindimensionof thecavity, thebipolardirectorconfiguration

is distortedby surfaceeffectsand the local 〈P2〉 is lower comparedto the bulk. Upon FC, the bipolar

configurationcanbeannealed,thusimproving thealignmentalongtheaxisof thedroplet.

Model for the nanodroplet distrib ution

In the assumptionof a bipolar LC directorconfigurationinside the nanodroplets,the observed 2D dis-

tribution of local nematicdomainswould becompatiblewith anH-PDLC structurewherethe layersare

formedby elongatednanodropletswhosemainaxis is parallelto thelayersandis randomlyorientedin a

bidimensionaldistribution (seeFigure11).

On the otherhand,by assuminga bidimensionaldirectorconfigurationinsideeachnanodroplet,the

resultingmacroscopic directordistribution wouldbecompatiblewith thatobservedexperimentallyonly if

all thenanodropletswereelongatedperpendicularlyto thelayers,but clearlythiswouldnotbecompatible

with whatcanbeobservedfrom theSEM images(seeFigure1).

15



CorradoBacchiocchietal. ESRstudyof HPDLC

At highertemperature,thebipolardirectorconfiguration,presentinsidea fractionof thenanodroplets,

canbemoreeasilyalignedalongthemagneticfield whenthis is parallelto thelayers.

Conclusions

The molecularorganizationandthe local fluidity of the BL038 liquid crystal(LC) insidethe nanosized

dropletsof an actualreflection-modeHolographic-PDLC(H-PDLC) cell have beenanalyzedin detail.

Using the ESRspin probetechnique,we found for the first time evidenceof the presenceof a fraction

of LC moleculeswith a macroscopicallyanisotropicLC directorconfiguration.The main experimental

supportto this was the consistentdifferencebetweenESRspectraof field cooledsamplesrecordedin

the parallelandperpendiculargeometrywhich could be observed in the temperaturerange285.2–373.2

K (theBL038 LC bulk Tc). This resultextendspreviousNMR studies12,13 which foundan immobilized

LC fraction, closeto the polymersurface,andan isotropic fraction. The main findings from the ESR

measurementscombinedwith theinspectionof theSEMimagesarecompatiblewith abipolarLC director

configurationinsideelongatednanodroplets.Thesefindingsare:

(i) aglobalanalysisof spectrarecordedin theparallelandperpendiculargeometrybetween285.2and

308.2K clearly indicatesthat the macroscopicLC directorconfigurationis unaffectedby the magnetic

field andhasan axial symmetrywith the local nematicdomaindirectoruniformly distributedalongthe

nanodropletlayers.

(ii) between313.2and373.2K, only in theparallelgeometry, a fractionof theLC moleculesforms

a partially orderedpolydomainalignedalong the magneticfield, andhencealong the layers,which at

345.2K becomesa nematicmonodomain.Whenthe sampleis orientedin the perpendiculargeometry,

this alignedcontribution eithermaintainstheorientationalongthelayers,retainingalmostthesamelocal

order(up to about353.2K), or it becomesisotropic(above357.2K);

(iii) SEM imagesindicatethat thenanodropletshapeis, on theaverage,elongated(prolateellipsoid),

having thedirectionof theelongation(nanodropletaxis)preferentiallyparallelto thelayers.

Thelackof alignmentalongadirectionperpendicularto thedropletlayers(thedirectionof thesocalled

“grating vector”3) appearsto be in contrastwith theusualoperationalgeometryof a reflection-modeH-

PDLC device, wherethe electricfield-inducedalignmentshouldform a monodomainperpendicularto

the droplet layers. Moreover, the analysisshowed that the local nematicorder in the H-PDLC at room
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temperatureis smallerthanthatobservedin thebulk BL038LC. Webelievethatthesefindingscanexplain

theratherlargeelectricfield neededto switchanH-PDLCdevice,comparedto astandardPDLCdevice.

Thereflection-modeH-PDLCtechnologymightbeimprovedby avoidingtheLC preferredorientation

alongthenanodropletlayers,observedat roomtemperature,whichrequiresarelatively largeelectricfield

to beswitchedto a monodomainperpendicularto thelayers.A possiblestrategy might bethatof remov-

ing the axial symmetryof the directorconfigurationby favoring, e.g.,a three-dimensionalpolydomain

directorfield. A key element,in sucha device, would bethepresenceof spherical, insteadof elongated,

nanodroplets.
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FIGURE CAPTIONS

Figure1. Schemeandlaboratoryreferenceframeof theESRmeasurements.(a) placementof therectan-

gularcell insidethe instrumentcavity in theparallel(left) or perpendicular(right) geometry. (b): place-

mentof thesquaredcell. (c) scanningelectronmicrographof a cross-sectionof theH-PDLC usedin the

ESRmeasurements.Parallelarrangementsof darker areasarethenanodropletlayersclearlyseparatedby

brighter, purepolymerlayers.Thegratingspacingis about300nm.

Figure2. Chemicalstructureof theCSLspinprobetogetherwith thechosenordering(xyz, solid line)

andmagnetic(x’y’z’, dashedline) molecularframes,thetilt angle,β , andtheprincipalcomponents,D⊥

(reorientationof the molecular long axis) andD‖ (rotationaround the molecularlong axis),of the rota-

tionaldiffusiontensor.

Figure3. Uppermostplot: typical ESRspectrumof theH-PDLC cell recordedat 285.2K, afterfield

cooling(seetext for details),in theparallelgeometry(greenline),comparedto a typical rigid-limit spec-

trum recordedat 153.2K (black, solid line), andfit (RL + 2D ‖, red line) to a model formedby two

contributions,oneis rigid-limit (RL, black,dashedline) theotheris a bidimensionaldirectordistribution

(2D ‖, blue line). Lowermostplot: spectrumof theH-PDLC cell aftera 90◦ rotationto theperpendicu-

lar geometry(greenline) andfit (RL + 2D ⊥, red line) to the samemodel, in the assumptionthat only

thebidimensionalcontributionhaschanged(2D⊥, cyanline), whereastherigid-limit contribution,being

isotropic,is unaffectedby therotation.

Figure4. Temperaturedependenceof typicalexperimentalESRspectra(dashedline) andfits to a2-site

model(bidimensional + rigid-limit, solid line) recorded,afterfield cooling(FC), in theparallelgeometry

(‖) andthenrotatedto theperpendiculargeometry(⊥). Spectradid notchangeaftersubsequentFC in the

perpendiculargeometry(seetext for details).

Figure5. Temperaturedependenceof typicalexperimentalESRspectrarecordedin theparallelgeom-

etry, afterfield cooling(dashedline) andfits (solid line) to a 3-sitemodel(337.2–343.2K: RL + 3DPOP

+ 2D, 345.2–373.2K: RL + N + ISO)or to asinglesite,isotropicmodel(383.2K).
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Figure6. Uppermostplot: typical ESRspectrumof theH-PDLC cell recordedat 353.2K, afterfield

cooling,in theparallelgeometry(greenline) andfit to a 3-sitemodel(RL + ISO + N ‖, redline) formed

by a rigid-limit, anisotropic(ISO,black,dashedline) anda nematicmonodomain(N ‖, blueline) contri-

bution. Lowermostplot: spectrumof theH-PDLC cell aftera 90◦ rotationto theperpendiculargeometry

(greenline) andfit to thesamemodel(RL + ISO+ N ⊥, redline), in theassumptionthatonly thenematic

monodomaincontributionhaschanged(N ⊥, cyanline). For clarity, thesmallerfractionof therigid-limit

contribution is not shown.

Figure7. Upperplot: typical ESRspectraat 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,dashedline), a

bidimensional(2D, blue line) anda threedimensional,partially orderedpolydomain(3DPOP, cyan line)

contribution.

Figure8. Temperaturedependenceof the fractionalcontribution, fi , to theESRspectrumof theob-

servedspectralcomponents.Linesarea guidefor theeye. Thevertical line at 373.2K indicatesthebulk

BL038 liquid crystalTc.

Figure9. Temperaturedependenceof the local orientationalorderparameter, 〈P2〉, of the bidimen-

sional(2D), partially orderedpolydomain(3DPOP)andnematicmonodomain(N) components(seetext

for details)comparedto thebulk BL038 liquid crystal.Thinner, dashedlinesarea guidefor theeye. The

verticalline at373.2K indicatesthebulk BL038Tc.

Figure10. Temperaturedependenceof the tumbling diffusion coefficient, D⊥, of the bidimensional

(2D), partially orderedpolydomain(3DPOP),nematicmonodomain(N) andisotropic(ISO) components

(seetext for details)comparedto thebulk BL038 liquid crystal.Thinner, dashedlinesarea guidefor the

eye. Theverticalline at373.2K indicatesthebulk BL038Tc.

Figure11. In-planemodelof anH-PDLClayershowing thenanodroplets’sizeandshapedistribution,

their orientationwithin the layerandthetemperaturedependenceof their internaldirectorconfiguration.

21



CorradoBacchiocchietal. ESRstudyof HPDLC

At low temperature,thedirectorconfigurationis dictatedmainlyby theconfinementandindependentfrom

themagneticfield. At highertemperature,dueto increasedmobility, a fractionof thedroplet,thelargerin

size,tendto align alongthefield, whereasanotherfraction,thesmallerones,becomesisotropic(seealso

text for details).
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CorradoBacchiocchietal. ESRstudyof HPDLC

���������	��

���
�����

�
���������������� "!$#%�'&
!
�

()

*�+ ◦ ,

*�+.-

D
⊥

/10
2 −1

3�3 
4 5�6 
7 5�8 
4 5��

7 5��

4 5�3 
7 5�

������ 5
��9
�4 5
������ 5
�:!��4 5
�


�� 5
!
�
�4 5



4 3 !




4 5
 6 9


4 5
 8 !


4 5
��:�


4 5
�!��


4 5


�


Figure10:

32



CorradoBacchiocchietal. ESRstudyof HPDLC
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