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Anchoring behavior, orientational order, and reorientation dynamics of nematic liquid crystal
droplets dispersed in cross-linked polymer networks
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The orientational ordering and the electro-optical properties of nematic liquid cty&abroplets confined
to cross-linked polymer networks are investigated as a function of the anchoring conditions at the polymer-
liquid crystal interface. Normal alignme(titomeotropi¢ or parallel alignmentplanay inside LC droplets was
controlled by using acrylate polymers with appropriate side chains. Drastic changes in the reorientation dy-
namics of the confined nematic liquid crystal phase are observed, as well as in the orientational ordering of the
phase-separated LC which was investigated'#$-NMR (nuclear magnetic resonancspectroscopy. The
cross-link density of the polymer network also affects the orientational ordering and the electro-optical prop-
erties of the confined LC phase. Faster switching times and higher-order parameters were found for samples
with LC droplets exhibiting planar anchoring.
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Surface interactions at liquid-solid interfaces are of mainrelated to the order parameter of the confined LC phase. In a
scientific interest from a fundamental standpoint and findprevious report, ®*C-NMR (nuclear magnetic resonance
numerous potential technological applications. Ordered fluspectroscopy has been successfully used to probe the orien-
ids such as liquid crystald.C) in contact with a solid sub- tational ordering of a confined nematic LC in a homopoly-
strate often adopt a preferred direction of alignment, which i€crylate matri{7]. In this paper, the electro-optical behavior
called surface anchorinfl,2]. This phenomenon has been and the orientational ordering of nematic droplets confined to
known for several decades, and is widely used to develop L&0ss-linked polyacrylate networks are investigated as a
display device$3]. However, the direction of alignment de- function of the anchoring boundary conditions at the
pends on subtle molecular interactions between the LC anB0lymer-liquid crystal interface. ,
the host that are still not well understood. For a nematic LC, The liquid c_rystal chosen fo_r th_|s study, 4-
three preferred alignments have been observed, i.e., the di1_—pentyl-4f-cyanob|_phenyl (5CB, Al_d”Ch) is a single-
rectorn is oriented normal to the interfagaomeotropican- component nematic well characterized from an optical, a
choring, parallel to the interfacéplanar or homogeneous thermodyngmmal, and_ a structurdiMR) point of VIew.
anchoring, or along a tilted directiofl]. When the LC com- .SCB e?(hlblts a nematic phase between the crystalllne and
pound is confined either to porous inorganic materals., isotropic states in the temperature range of 23-35.3°C. The
nucleopore membranes, porous glasses, or aerazilgo polymer precursor is composed of a mixture of a monofunc-

. _ e tional monomer to tailor the anchoring conditions at the
polymer matrices[e.g., polymer-dispersed liquid crystals

" R polymer-LC interface, and a multifunctional monomer to
(PDLC) and polymer-stabilized liquid crystdjsthe geom-  hrgvide cross-links to the polymer network. In order to in-

etry O_f the LC phasg IS str(_)ngly |nflu_enced by the shape .a”%stigate the influence of the network density on the physical
the size of the cavity4]. Figure 1 displays two schematic properties of the confined LC phase, three different multi-
nematic director fields in spherical cavities exhibitihg-  functional monomers were used: a trifunctional monomer
meotropic (right) and planar (left) anchoring. Due to con- [pentaerythritoltriacrylatéPE3A, Aldrich], and two difunc-
finement to a curved geometry, topological defects appear iional monomers having the same structure, but with differ-
the director-field configuration leading to structures referrecent spacer lengths between the two reactive acrylate moieties

to as radialleft) and bipolar(right), respectively. In the case [polyethyleneglycoldiacrylate of molecular mass bf,
of PDLC systems, Amundson and Srinivasaal and Zhou

et al.[6] demonstrated the ability to tailor the anchoring en-
ergy by making small changes in the side group of polyacry-
late matrices without significantly changing the sample mor-
phology. By this means, one expects to exercise significan;
control over the electro-optical properties of PDLC-based
display devices. The cavity surface is then a strong determin:
ing factor of the director-field configuration that is closely

*Corresponding author. Email address: FIG. 1. Nematic director fields in spherical cavities: radiaft)
Frederick.Roussel@purple.univ-littoral.fr and bipolar structuregight).
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T " T " T i SPINAL-64 broadband proton decoupling sequefk all
- o [BAPESA/SCS PDLC samples exhibit high resolution spectra suchi@s
[EHA-PE3A)/5CB | | . . . . . . . . .
o [LAPE3AY5CB indicating that the nematic director field inside the droplets is
2 obviously aligned along with the magnetic fieBy. The
Nc—"@‘-‘@w N ' chemical shifts of the observed signals in the nematic phase
™ (8hem [spectrum in inseth)] are considerably different from
those in the isotropic stateS(,) [spectrum in inseta)], and
are determined by the order parameter tensor and the aniso-
tropic chemical shift tensor. For many cases, a semiempirical
equation can be used to describe the relationship between the
chemical shift anisotropy X = 6nem— diso) @nd the order
parameteiS[7,9]
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FIG. 2. Order parameter of nematic 5CB confined to variousyecorded at several given temperatures. Using calculated val-
cros.s-llnked polymer netwprks md_ucmg)lana.r anchoring ues ofa (ppmfl) and S (unitless reported in the literature
E:_E,;'-\AIIDPEI?’,%]) r:gsectzsgsolt;zz'tc_ ﬁ&?igggtrgi?ggiiﬁ 5&‘1 [9], Scan be determined. Figure 2 displays the evolutio8 of
o X ) - : . ' of the mesogenic core as a function of the reduced tempera-
nematic 5CB(b), and nematic 5CB confined to ABA-PE3A) ture T/Ty, for 5CB droplets confined to cross-linked poly-
cross-linked polymer network in th@0:40 wt % ratio (c). NI P X ) poly
mer networks based on the same multifunctional acrylate
~575 gmol't (P2A575, Aldrich and M,~700 g mol* _(PEBA), but with different monofgnctional monomers induc-
(P2A700, Aldrich, respectively. The choice for monofunc- iNg either planar or homeotropic anchorifdBA:PE3A)/
tional acrylate is driven by the need for planar or homeotro2CB, (EHA:PE3A/5CB, and(LA:PE3A)/5CB]. In Fig. 2,
pic anchoring at room temperature. Two monofunctionalthe symbols_represent averages of experimental data of t.he
acrylate monomers with alkyl side groupsthylhexylacry- elght aromatic carb_ons of the 5CB molecules, and_ the solid
late (EHA, Aldrich) and laurylacrylateLA, Aldrich)] were lines are the best fit curves using the Haller equalitfi
used to induce homeotropic anchoring, whereas isoborny-
lacrylate (IBA, Aldrich) was employed to obtain planar an- S(T)ZSO< 1— l
choring conditiong5]. In order to control the macromolecu- T
lar architecture, the molar fraction of acrylate function in the
various monofunctional-multifunctional monomer mixtures whereS; is the limit of the order parameter with decreasing
was kept constant (8:710 2 mol) so that the polymer net- temperature and may be considered as an indication of
works and cross-link densities could be compared. The ultrahow quickly a molecular segment reaches the limit of the
violet sensitive photoinitiator Darocur 1178Ciba) was order parameter as a function of change in temperature. Sig-
added to the monomer mixtures at a concentration of 1 wt %mificant differences il8vs T/Ty, are observed depending on
The liquid crystal and the monomer mixtures were mixedthe type of monofunctional acrylate used for the polymer
together in 60:40 wt % ratio until formation of a single-phasenetwork formulation. These changes seem to be closely re-
solution. Samples for NMR experiments were prepared byated to the anchoring conditions at the polymer-LC inter-
filling standard 5-mm tubes with the monomer-LC mixtures;face. For planar anchorindBA:PE3A), the confined LC
the height of the sample size was ca. 3 cm. For the electrgshase is more ordered compared to that with homeotropic
optical measurements, 26m commercial cellfEHC, Ja- anchoring[(EHA:PE3A) or (LA:PE3A)]. These results can
pan were filled with the same mixtures. The photopolymer-be explained by the droplet director-field configuration.
ization process was initiated with a Hg-Xe arc lampWhen the LC molecules are tangential to the polymer sur-
operating at A=365 nm with a beam intensity of face, i.e., bipolar configuration, the whole droplet including
17.5 mWcm 2. As polymerization proceeded, the solution the two points defect$‘boojums”) rotate and align upon
supersaturated, microdroplets of 5CB formed and wer@pplication of the magnetic fielBy [11]. This reorientation
trapped by solidification of the polymer matrix. As estimatedprocess(alignment of the bipolar axis iBy) has obviously
by optical microscopy, films prepared with a given multi- minimal effect on the bipolar configuration of the droplets,
functional acrylate exhibit approximately similar drop size. meaning that the geometry of the confined LC phase remains
The 3C-NMR experiments were performed at 100.58 nearly identical.
MHz on a Varian UNITY/INOVA 400 NMR spectrometer When the LC molecules are perpendicular to the surface,
(|Bo|=9.5 T) equipped with an indirect detection prdié.  i.e., radial structure, a first-order transition is expected in
The inset of Fig. 2 displays typical NMR spectra of isotropicwhich the droplets adopt an aligned configuration in the
5CB (a), nematic 5CB(b), and nematic 5CB confined to a magnetic fieldB, with an equatorial disclination lingl1]. In
(IBA:PE3A) cross-linked polymer networkc). Using the other words, the radial “hedgehog” structure containing a
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TABLE |. Parameters for the temperature dependenc$ foir 100000 — T T T T T T
the LC phenyl rings obtained from fitting the experimental data to ifa Toy ®
Eqg. (2). R is the correlation factor. Experimentally, the limiting l1lo Torr o
value of Sy cannot be reached due to phase transition of LC into &g 1
solid. The factorF describes how fass changes with temperature; 37 100004 @ 4
in the present work for 5CB in different polymer matrices, a smaller 2 E E
value of F corresponds to largegin the temperature range studied. % o
[}
= Q
PDLC system S F R & 1000- j
D ] a E
(IBA:PE3A)/5CB 0.931 0.150 0989 % '
(EHA:PE3A)/5CB 1.040 0.187 0.987 ] - . s
(LA:PE3A)/5CB 1.072 0.197 0.989 s & = B
(IBA:P2A575/5CB 1.021 0.178 0.988 100 } * 3
(EHAP2A575/5CB 1042 0190 0988 IBA-II?ESA EHA.-IPESA LA.-FI'ESA IEA-PiA575 EHAPFI'2A575 LA.-PIZ’A575 IBAPPI2A1DO
(LA:P2A575/5CB 1.061 0.194 0.986 5c8 5CB 5c8 sc8 5C8 sc8 sc8
(IBA:P2A700/5CB 1.058 0.196 0.987 PDLC formulation

FIG. 3. Switching times of confined 5CB as a function of the

polymer network formulationroy and 7oge are the rise time and
point defect at the center of the droplet transforms into arall time, respectively. Measurements were performedTAly,
axially symmetric structure with a ring defect. This ring de- =0.97.
fect obviously induces a larger distortion of the nematic di-
rectpr field compared to that of a bipolar configura_tion "e-imprinting of the nematic order onto polymer interfaces
ducing the averaged order parameter of the confined LGyhen the cross-link density is low§t5].
phase. Another important point concerns the anchoring con- Considering the elastic free energy of a nematic LC phase
ditions at the polymer-LC interface. Indeed, the homeotropiGgonfined to a spherical geomefy6], and assuming that an
anchoring results from the interdigitation between alkyl endselectric fieldE and a magnetic fiel@, are formally equiva-
of mesogens and alkyl side groups of polyacrylate matricegent, the nematic director-field configurations are expected to
[5,7,12,13. Several studies demonstrated that there is @e identical upon application of eith& or B,. In order to
substrate-induced order in the LC surface laybt]. This  corroborate the orientational ordering with the reorientation
process is mostly driven by short range molecular interaceynamics(switching timeg of the confined nematic phase
tions. Therefore, a competition between the aligning effect oipon application of an external electric fidl] the electro-
the external magnetic field and the surface anchoring i®ptical properties of the various PDLC films were deter-
present, and it may reduce the order parameter of the comined from time-resolved, forward transmittance of a He-Ne
fined LC phase. If one considers the two samples preparddser beam passing through the film, while applying 100-Hz
with various alkyl side chain lengths, i.e., hexyl -C sinusoidal voltage pulsed/(,=140 V) across the filnj17].
(EHA:PE3A)/5CB, and dodecyl -G~ (LA:PE3A)/5CB, one  For a given multifunctional monomer, various PDLC films
can see small but distinct changesSiiFig. 2) showing that  exhibit a similar contrastdifference of transmittance be-
a longer alkyl side chain () induces a decrease in the tween the electric field ON and OFF stateimdicating that
order parameter of the confined LC phase. This means thdite sample morphology remains almost identical when small
for droplets with homeotropic anchoring conditions, the in-changes in the side group of polyacrylate matrices are made.
terdigitation of the alkyl chains of the polymer side groupsThese results are in good agreement with optical microscopy
with the LC molecules may also alter the averaged orientaebservations as well as with previous studies reported in the
tional ordering of the phase-separated LC domains. Similaliterature[5]. Figure 3 displays the rise timergy) and fall
behaviors were observed for another PDLC system based dime (7qgg) for various PDLC formulations. For both PE3A-
the same monofunctional monomdi8A, EHA, LA) but and P2A575-based PDLC films, the switching times
with a different multifunctional acrylate, i.e., P2A575. As (7on.7org) behave in a similar way depending on the an-
evidenced in Table |, values obtained from nonlinear leastehoring conditions at the polymer-LC interface. Indeed, films
squares fits of experimental data to Eg) show that the with LC droplets having planar anchoring exhibit faster re-
order parameter of the confined LC phase is higher for planaorientation dynamics upon application or removal of the
anchoring(IBA:P2A575)/5CB than for homeotropic anchor- electric fieldE compared to films with LC droplets having
ing [(EHA:P2A575/5CB and (LA:P2A575/5CB]. Again, = homeotropic anchoring. It should be pointed out that the
the effect of the length of the alkyl polymer side chain®n transition occurring in the defect structure of a radial droplet
is indicated by a decrease of the order parameter with inas a function of the applied field may increase the switching
creasing chain length. The network cross-link density alsdime, even though there is no critical field characterizing the
influences the orientational ordering of the confined LCtransition between the hedgehog and the aligned structure
phase. By changing the spacer length between two consecft4]. If one combines the switching time measurements with
tive cross-links (P2A575-P2A700), S drops by a factor of the order parameter values determined fréf6-NMR ex-
almost 10%. This behavior may be explained by a smalleperiments, it appears that droplets with a higher-order param-
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eter have faster reorientation dynamics. In their theoretical anchoring is best achieved when first alkyl chains are long
model to describe the electro-optic response of PDLC films(=Cg), and second mesogens are perpendicular to the sur-
Kelly and Palffy-Muhoray[ 18] stated that the characteristic face [12,13. Therefore, increasing the side-chain length
response time for bipolar LC droplets &?FR@/KEZSSL _should 9nha_nce the interdigitation process Ieaqmg to larger
wherel is a viscous torqueR? is the mean squared curva- INteractions in the LC surface layer. However, it should be
ture of the director field in the cavity is the LC elastic also considered that interdigitation of long alkyl chains with

constant.e is the LC dielectric constant, arfsl§, is the de- LC molecul_es may increasg th_e vi_scosity of the ”em‘?‘“c
gree of orientational order of confined LC molecules. InPhase leading to slower switching times. Another possible

other words, a decrease in the orientational order of the corgXPlanation may arise from a difference in droplet shape.

fined LC phase will induce an increase in the dynamic re_Radial anchoring is best achieved in spherical cavities,

sponse time of PDLC films. Our experimental results areWhereas a bipolar configuration usually takes place in ellip-

generally in agreement with this assessment. A comparisoﬁOidal droplets which are known to exhibit faster reorienta-

between the differences inyy and the differences 1% is tion dynam_ics compared to spherical orjég Finally, th?
interesting. If one considers the PE3A and P2A575 system@’\”mh'.ng time .measurements show that a decrease in the
exhibiting the largest difference i@ (LA and IBA), AS val- _cross-lmk_ density (P2A575 P2.A700) I_eads to an |r_nportant
ues are for both systems in the range of 0.0TTg, increase inropp(X5). As previously discussed, this behav-
~0.97). Interestingly, differences imoy are also similar ior can be correlated either to a smaller surface imprinting

i.e., ~90 us. These results seem to indicate that for a giver{Or a pOIymer network with a lower cross-link density, or to
difference inS, one should expect a given differencerigy . a change in droplet shape.

Such a relationship is not observed g indicating that In T]ummary, fv_ve Qave shownl_thliit(;the olrder parametir OT a
other factors such as the droplet shape and/or the viscosity% phase confined to cross-linked polymer networks s

the phase-separated LC phase also play an important role sely relat_ed to the anchoring condition at the polymer-LC
dictating 7opr . As one can see in Fig. 3, the alkyl Side_Chainmterface. Higher-order parameters were found for samples

length of the polyacrylate matrices strongly influences theW'th LC droplets exhibiting planar anchoring. These results

reorientation dynamics, particularly the relaxation time V'€ corroborated to_ SW'tCh'ng time measurem_ents. .It ap-
(7ors). When the side-chain length increases fromy--C pears that droplets with a high&have faster reorientation

(EHA) 10 -Cyyr (LA), 7ors is at least ten times larger. This dynamics upon application of an electric field.

behavior could be explained by the lower-order parameter of The EU program Interreg, the MJENR, and the CNRS are
LA-based PDLC films, but an alternative explanation mayacknowledged for financial support. The work of B.M.F. was
stem from surface anchoring conditions. Previous works orsupported by the U.S. National Science Foundati@nant
alkyl brush surfaces have generally shown that homeotropitlo. DMR-00902183.
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