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Morphology and orientational order of nematic liquid crystal droplets confined
in a polymer matrix
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The orientational order of nematic liquid crystalC) droplets confined in a polymer matrix is investigated
by *C-NMR. Different morphologies exhibiting various cavity sizes were obtained by changing the LC
fraction. The phase diagram has been established by polarized optical microscopy exhibiting a typical upper
critical solution temperature shape. The nematic order increases with decreasing droplet size which may result
from increased polymer/LC surface contacts in smaller cavities. The nematic fraction of
4-n-pentyl-4 -cyanobipheny(5CB) contained in the droplets was calculated by integrating the NMR peaks,
then fitted using a simple theoretical model and compared with differential scanning calorimetry results. NMR
investigations in the aliphatic region of the spectra have shown that the 2-ethyl hexyl fragment of the polymer
chain is partially ordered at the polymer/LC interface due to interdigitation with 5CB molecules. Above the
nematic-isotropic transition temperature, a weak pretransitional behavior is shown by the polymer.
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[. INTRODUCTION voltage, switching times, efcof these materials are the mor-
phology of the films, the concentration of LC, the surface
Liquid crystals(LC) in complex geometriefl] have at- anchoring conditions for the LC at the polymer interface, and
tracted considerable attention because of several interestige order parameter of the confined [0),13-17.
physical phenomena resulting from strong surface effects be- Order and dynamics of mesogenic molecules confined in
tween the LC and the ho$2]. Schwalb and Deef3] and  Porous materials or constrained by a polymer network have
Crameret al. [4] showed that thermodynamic phases can bd€en widely studied by NMR18], dielectric spectroscopy
induced or suppressed by the confinement, and Golemm419; birefringence measuremeri&0], and ac calorimetry
et al. [5] provided experimental demonstration confirming[21l- Among these techniques, deuterium NMR and NMR
the Sheng’s predictiofs,7] that the nematic-isotropid\-1) relaxometry have proved to be useful tools to probe the ef-

coexistence curve terminates at a critical enclosure size. "{_ect of confinement on the molecular orientational ordering

deed, for sufficiently small droplets the isotropic phase isand the surface-induced ordge#,5,18,22-30 Although the

replaced by a paranematic phase and Ithé transition is application of**C-NMR to study bulk LC offers important
. information[18,31,33, this technique has been less used to
replace_d by the antlnuous evolvment of order. .investigate LC confined to micrometer-sized cavities. In
Studies of confined LC phases have been performed H991. Guo and FungB3] reported a convenienfC-NMR
numerous materials like porous filte(e.g., Anopore and method for the determination of order parameters of bulk LC
Nucleopore membrangs[8,9], polymer matrices[e.9.,  from chemical shift anisotropy measurements. In this paper,
polymer-dispersed liquid crystal$PDLC) and polymer-  this method is applied to determine the orientational ordering
stabilized cholesteric teXturéESC'D] [1,10], and in various of LC [4_n_penty|_4f_Cyanobipheny|(SCB)] drop|ets con-
types of porous glasses, silica gels, and aer¢slisl2. For  fined in a polyethylhexylacrylate matrix.
the two first categories, the cavities are fairly well defined Section Il describes the preparation of the samples and
and ordered, whereas for glasses the pores are characterizgthlains how the experiments were carried out. In Sec. Il A
by irregular sizes and shapes. PDLC and PSCT have founghe phase behavior and the morphology of the PDLC
great interest because of their promising use in electrosamples are investigated by polarized optical microscopy
optical devices, such as flexible displays and switchable winfPOM) and differential scanning calorimetrfpSC) mea-
dows[1,10]. Among the main aspects governing the electro-surements are describeC-NMR experiments of PDLC
optical performancegi.e., transmission properties, drive samples prepared with various droplet sizes and LC order
parameter calculations are described in Secs. [lIB1, IlIB 2,
and IlIB 3. The fractional amount of LC contained in the
* Author to whom correspondence should be addressed. Email adiroplets is also estimated by NMR and compared with DSC

dress: Frederick.Roussel@purple.univ-littoral.fr results(Sec. IlIB4). Section llIB5 deals with the surface
"Present address: Laboratoire des Xenobiotiques INRAteBoi induced order at the polymer/LC interface. Finally, in Sec.
Postale 3, 31931 Toulouse Cedex 9, France. IV a summary of the conclusions is given.
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32 23 . p ocod ow noted PEHA/5CB, was obtained by using the following tem-
=4 1'1 4 Ao perature treatment. In order to avoid any thermal history ef-
N=C C—G—C—C—CHg ,
Hy Ho Hp Hp fects, samples were first heated from room temperature to a
temperature located 15°C above the isotropic phase limit,
( CHFCH% then quenched at 100 °C mihto 25 °C below theN-1 tran-

sition. Samples were kept at this temperature for 30 min.

- ! _6 _8 _w Subsequently, another heating cycle with a rate of 1 °Cthin
0] O—C—CH—C—C—C—CHjs . - .
Hy | Hx Hy Hp up to the isotropic state was carried out. The whole proce-
v'CHo dure was repeated twice, and two independent samples of the
5'CHg same composition were analyzed. Final recording of the tran-

sition temperatures was made at the third heating ramp. The
FIG. 1. Chemical structures of the liquid crystal 5@Bp, the ~ heating/cooling rates were chosen in a search for the most
aromatic protons are omitted for claritgnd of the polymer polg-  favorable conditions that allow reproducibility and clear

ethylhexylacrylatg PEHA (bottom). identification of the transition temperature corresponding to
morphology changes of the phase. These conditions were
IIl. EXPERIMENT imposed by the requirement to reach the equilibrium of the

The liquid crystal 4n-pentyl-4 -cyanobiphenyl(5CB, system. For the heati_n.g ramp us_ed, the transition tempera-
Fig. 1, top was used during this work because many therltures were .n'ot_ modified, meaning that the system had
modynamic and NMR data are available in the "teraturereachedlgequ|I|br|um. _

[1,10,31. 5CB was purchased from Aldrich, Saint Quentin-  1he “C-NMR experiments were performed at 100.58
Fallavier, France. It exhibits a nemati) phase between the MHz on a Varian UNITY/INOVA 400 NMR spectrometer

crystalline (Cr) and isotropic(l) states in the temperature (Bo=9.5T) equipped with an indirect detection probe
range 25.5-35.3 °(34]. 5CB is easily supercooled from the manufaptured by Na_rol_ac Cryogenllc. Corporation, Martinez,
N state to—10 °C. CA. This probe maximizes the efficiency of proton decou-

The monofunctional acrylate monomer 2-ethylhexyl- pling and prgvidgs a temperature control qf 0.1°C. The tem-
acrylate (EHA) was used as precursor of the polymer be-Perature callbr_a_ltlon was made by observing the nematic to
cause no aromatic carbons are present in the polymer baci&0tropic transition of pure 5CB. The sample was spun at a
bone(Fig. 1, botton. The possible overlappings of the NMR Slow rate(10 H2) along the magnetic field,. A recently
signals of polymer EHAPEHA) and 5CB are then reduced, developed broadband decoupling sequence, named SPINAL-
making it easier to measure the LC chemical shifise Sec. 64, exhibiting a high efficiency for removing aiH-1*C cou-

Il B). Moreover, PEHA is fully isotropic in the temperature Plings, was used to yield shaffC peakq37]; *H-*°C cross
range of interesft35]. EHA was supplied from AldriciiSaint ~ Polarization was not applied. N

Quentin Fallavier, Frangeand used without further purifica- ~ After the NMR experiment was finished, a small amount
tion. The UV polymerization was induced by 2 wt. % of Of each sample was taken from the NMR tube to perform
Darocur 1173Ciba, Rueil Malmaison, Frangevith respect DSC analysis and image processing; the sampling was car-
to the amount of monomer used. ried out when the mixtures are homogeneous, i.e., in the

The monomer and the liquid crystal were mixed togetherSOtropic state, to avoid changes in the LC/polymer ratio. The
at room temperature for several hours. Samples for opticdPSC measurements were performed on a Seiko DSC 220C
microscopy were prepared by placing one drop of the mix-calorimeter equipped with a liquid nitrogen system allowing
ture between standard glass slides resulting in a film thickcooling experiments. The DSC cell was purged with 50
ness of approximately am. Samples for NMR experiments M min . _Olf nitrogen. Rates of 1_0 °Cmitt (heating and
were prepared by filling standart 5 mm tubes with mixtures30 °C min = (cooling were used in the temperature range
including 0, 40, 60, 80, and 100 wt. % 5CB; the height of the —100 °C to 100°C. T_he method consists first in cooling the
sample size was about 2 cm. The photopolymerization pros@mples prior to heating and cooling cycles. The peaks of the
cess was carried out under nitrogen atmosphere. The wavélearing points were used to determine the nematic-isotropic
length of the UV lamp(Hg-Xe) was fixed at\=365nm  transition temperatur&\y, [38]. Typical DSC thermograms
using interferential filters. The UV irradiation intensity was Of linear polymer/LC systems have already been reported
17.5 mW cni2 and the irradiation time was set at 3 niB6].  elsewherd 36,39 and are not presented here again. Droplet
In a recent study35] the molecular weights and the polydis- Size measurements and image analysis were performed on a
persities of PEHA films obtained from the same experimenMacintosh PowerPC 7300/166 computer using the public do-
tal conditions have been determined by gel permeation chrghain NIH Image prograni40].
matography (GPQ yielding M,,= 108 00G-5000 g mol*
andM,,/M,=2.1+0.2. IIl. RESULTS AND DISCUSSION

The polarized optical microscopyPOM) studies were
performed on an Olympus BH2 microscope equipped with a
heating/cooling stage Linkam TH-600 for the phase diagram Figure 2 shows the phase diagram of the polymerized
determination, and on a Leica DMRXP microscope equippednixture PEHA/5CB in the form of temperature versus LC
with a heating/cooling stage Linkam LTS-350 for image pro-weight fraction. The symbols represent POM and DSC data
cessing. The phase diagram of the polymerized mixturesas indicated in the figure caption. One can see good agree-

A. Phase diagram and morphology
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FIG. 2. Phase diagram of PEHA/5CB obtained from POM and
DSC techniques. The open diamond, open triangle, and open circle
symbols are averages of two series of samples from separate POM
experimentsT yy -, Tn+ny—q+1y @nd Ty, represent the transi-
tion temperature of the phase separated liquid crystal between the
nematic to isotropic states afq, . y_( is the isotropie-isotropic
to isotropic transition temperature. The star and filled symbols are
the data of samples taken from the NMR tubes after the NMR
experiment was finished. The phase diagram exhibits three do-
mains: nematie isotropic (N+1), isotropictisotropic ( +1), and
isotropic (1).

ment between the two series of samples from separate POM
experiments. The transition temperatures observed by POM
for the NMR samples are consistent with the other POM
data, indicating that the phase behavior is similar for samples
prepared either between glass slides or in 5 mm NMR-tubes.
DSC data obtained for the nematic to isotropic transition
temperaturely, are also in good agreement with the POM
measurements. It is worth noting that the DSC thermograms
did not show the l(+1) to (I) transition[36,39. The diagram
exhibits an upper critical solution temperatdt(CST) shape FIG. 3. Optical micrographs of PEHA/5CB samples taken at
with three distinct regions. In the upper part of the phaser/T,=0.980 (crossed polarizers modePL A, magnification
diagram, the system exhibits a single isotropif phase. %200 as a function of LC fraction: top, 40 wt. % 5CB; middle,
When the temperature is lowered, a biphasic60 wt. % 5CB; bottom, 80 wt. % 5CB.

(isotropictisotropic,l +1) region was observed. With fur-

ther lowering of temperature, an isotropic polymer-richcontents above 95 wt.%, nd £1) region was observed.
phase is in equilibrium with a nematic LC pha$ég. 3. In  This behavior has already been discussed in the literature
the range of LC compositions above 50 wt. % tiNeH(l) to  [41,42 and is attributed to the difficulty to distinguish ex-
(I+1) transition temperature is almost constant at abbut perimentally the transitions between thié+ 1) to (1) and the
=33°C, which corresponds approximately to tiel tran- (N+1) to (I+1) regions. Dubaultet al. [42] have shown
sition temperature of bulk 5CB. This observation indicatesthat the phase separation process for polymer/LC mixtures
that the phase-separated nematic LC domains are essentiallyth low polymer concentrations may require several days,
pure. Between the triangle and circle symbols, the phase diavhich is beyond the time scale used for our experiments.
gram exhibits a wide isotropic miscibility gap{1) show- Samples in the isotropic state were taken from the NMR
ing the high incompatibility between the polymer and thetubes after the NMR experiment was finished in order to
LC. It is interesting to note that thd £ 1) domain covers a compare the morphology of the systems under investigation.
range of temperature up to 30 °C near the critical p6int  As for the phase diagram determination, samples were sub-
~63°C, ¢.~80 wt. % 5CB which is quite important com- mitted to the same thermal treatment described in Sec. Il.
pared to other linear polymer/LC blenf36,39,41. For LC  Due to the low viscosity of PEHATy~ —62°C) [35], coa-
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lescence of neighboring droplets occurs at the early stages ofhere theS;; are components of the order parameter matrix,
the 30 min isotherm following the cooling ramp. After 10 and theo;; are components of the chemical shift tensor in the
min, the morphology of the sample does not change anyaxis system of the order parameter matrix.

more, indicating that the system has reached equilibrium, or For many cases, a semiempirical equation can be used to
at least follows a very slow kinetic process. Figure 3 repre-describe the relation between the observed chemical shift and
sents optical micrograptisrossed polarizers mode,. A) of  the order parametes,, [33]:

PEHA/5CB mixtures including from top to bottom 40, 60,

and 80 wt.% of 5CB. Upon heating, optical micrographs A 6= Sops— Oiso~5S, Ao +b=aS,,+b, (3.2
were recorded at the same reduced temperalUfEy,
=0.980 after 15 min under isothermal conditions; the tex
tures of the samples remained unchanged, indicating that the
thermodynamic equilibrium was reached. One can see that

increasing the LC fraction leads to an increase in the size ofndp is an empirical constant. The validity of E¢g.1) can

the phase-separated LC domains. This behavior can be eye seen if one considers that the temperature dependence of
plained by the fact that the LC solubility limit in the polymer the 5 . term is significant but the off-diagonal and biaxial
matrix is constant at a given temperat{ig5,36,39. There-  terms are small so that their temperature dependence is neg-
fore, increasing the LC content leads to an increase of thggiple. For 1,4-disubstituted phenyl rings in liquid crystals,

amount of phase sgparated LC. The increasg in siz.e of thge C, axis is taken as the axis. Then, the subscrigz is
nematic droplets might be related to a lower interfacial tenyropped and Eq3.1) can be rewritten to give

sion in the case of large droplets compared to smaller ones.

The textures corresponding to samples prepared with 40 and S=aA 5+ 8, 3.3

60 wt % of 5CB show nematic domains in the forms of drop-

lets having a relatively narrow distribution with approximate wherea= 1/a and 8= —b/a. Because of the pretransitional
mean diameters of km and 5um, respectively. For LC effect[50], the values ofd;5, should be obtained at a tem-
contents of 80 wt %, the morphology of the mixture exhibits perature several degrees above the clearing point. It has been
important changes with mainly large nematic domains ofshown that the experimental results for several types of lig-
several tens of microns and drops with an approximate meawid crystals, including the cyanobiphenyl derivatives like
diameter of 18m. For PEHA/5CB(40:60 and(20:80 sys- 5CB, obey the semiempirical equatio(&2) and(3.3) very
tems, the nematic droplets exhibit a radial/axial structurevell [51-54.

[43—-45, indicating that the director adopts a homeotropic  To estimate the order paramet®@of LC molecules con-
anchoring at the polymer interface. This observation is infined in a polymer matrix, NMR experiments were carried
good agreement with previous works on alkyl brush surfacesut first on the pure compounds, i.e., PEHA and 5CB, then
and liquid crystal anchoring transitions at surfaceson (PEHA/5CB mixtures having 40, 60, and 80 wt. % of
[15,35,48,49 In the case of PEHA/5CRB60:40, the struc- 5CB, respectively.

ture of the nematic droplets could not be determined opti-

cally even though a magnification 0k400 was used,; 2. C-NMR spectra

Changes in the LC Configuration Qre Usua”y expecte_d for Figure 4 disp|ays typ|ca| NMR Spectra of PEH@' iso-
droplets of radius=0.1 um [5]. The influence of the cavity tropic 5CB (b), PEHA/5CB (40:60 at T>Ty, (), and
size on the orientational ordering of the phase-separated LBEHA/5CB (40:60 at T<Ty, (d). Spectra for PEHA/5CB

whereAo is the chemical shift anisotropy and is defined as

Ao=[o,,~ %(Uxx+ O'yy)]

will be the subject the following section. (60:40 and PEHA/5CB(20:80 are similar. The assignment
of the spectra was done with the aid of the group contribu-
B. C-NMR experiments tion method[56]. All the NMR spectra exhibit well resolved
1. Theory peaks, even in the case of phase-separated LC domains in the

nematic state[spectrum 4d)]. The magnetic coherence
In a NMR experiment, the nematic liquid crystals have|ength

macroscopic alignment in the external magnetic field. With

broadband proton decoupling, tHéC-NMR spectra show Kuo | Y2
resolvable peaks which can be assigned to individual carbon B~ mg
atoms. The chemical shifts of the observed signélgd in

the liquid crystalline phases are often considerably differents of the order 800 nnfi4,55]. However, &g is based on the
from those in the isotropic statej(,), and are determined concept of strong anchoring, which may not be valid for the
by the order parameter tensor and the anisotropic chemic@bolymer matrix. In polymer/LC systems, anchoring forces

(3.9

shift tensor: can be relatively weak and the orientation at the surface com-
Sobs= OisoT Saniso petes with all other elastﬁc deformations present in the drop-
. . let [10,57. Therefore,&g is probably smaller than 800 nm,
=0isot 35,4 02:7 3 (02 0yy) ] and the high resolution spectra obtained allows us to assume

41 _ n 42 that the director inside the droplets is aligned _in the magnetic
3 (S Sy (Tt 0y + 35405 field By at T<Ty, for the three PEHA/5CB mixtures under
+5Su0vt 55,0y, (3.1) investigation.
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FIG. 4. Proton decouplefC-NMR spectra at 100.58 MHz of
PEHA (a), 5CB atT>Ty, (b), PEHA/5CB (40:60 at T>Ty, (c),
and PEHA/5CB(40:60 at T<Ty,. The symbols refer to Fig. 1.
The underlined numbeifspectrum(d)] correspond to the aromatic
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FIG. 5. Order parametes of bulk 5CB and mixtures with 40,
60, and 80 wt. % of 5CBcalculated from Eq(3.3) by the use of
the parameters listed in Table] Iplotted as a function of the re-
duced temperatur®/ Ty, from the*C chemical shift of the carbon
atoms in the phenyl rings of 5CB molecules. The symbols represent
averages of the experimental data of the eight aromatic carbons of
the 5CB molecules and the solid lines are results of nonlinear least-

13C signals of the phase-separated 5CB in the nematic sTate (squares fits of the experimental data to E3)5).

<TnD)-

As expected, the NMR spectrum of PEHIi#a)] does not

the amount of 5CB molecules dissolved in the polymer ma-
trix [39,35,34 (see Sec. Il B4

3. Order Parameter of bulk and confined 5CB

show any aromatic carbon, and the peaks for the backbone
carbons are very broad. In this region_, only one peak is ob- To estimate the order parametsrusing Eq.(3.3), the
served around 175 ppm corresponding to the carboxylatghemical shift anisotropy s of each aromatic carbon is mea-
group COO. Spectrum(B) corresponds to 5CB in the iso- gyred from NMR spectra recorded at several given tempera-
tropic state T>Ty,;). Both aromatic and aliphatic regions tyres. Then calculated values af(ppm ) and 8 (unitless
exhibit well resolved peaks. Spectrunicy corresponds to  were used(Table |) to determineS Figure 5 displays the
the mixture PEHA/5CB40:60 at T>Ty,. One can see that evolution of the order paramet&versus the reduced tem-
4(c) is the sum of spectra(d) and 4b). The isotropic’3C  peratureT/Ty, for bulk 5CB and mixtures with 40, 60, and
signals of both pure compounds are observed. According t80 wt % of 5CB. In order to check the reproducibility of the
Eq. (3.1, the phase-separated anisotropic 5CB domains exneasurements, two independent experiments were carried
hibit down-field-shifted aromatic signals &<Ty, [spec- out on the same PEHA/5CR0:60 sample with one month
trum 4(d)], which are labeled with underlined symbols for delay. Both opent(=0) and filled (t=1 month triangles
clarity. In the aliphatic region, changes in the peak positiorshow the same behavior. These results also confirm that the
are so small that signals for the two phases are not distirsamples had reached equilibrium with the temperature treat-
guishable(see Sec. Il B % The aromatic NMR signals were ment used. In Fig. 5 the symbols represent averages of ex-
used for the order parameter calculation due to a higheperimental data of the eight aromatic carbons of the 5CB
chemical shift anisotropy31]. It is interesting to note that molecules, and the solid lines are the best fit curves using the
isotropic 5CB signals are still observed, which correspond tddaller equatior{58]

TABLE |I. Calculated values of (ppm 1) and 8 (unitles$ for each**C nucleus in the phenyl ringsee
Fig. 1) in alkyl cyanobiphenyl derivativesCB [51].

Carbon nucleus

1 2 3 4 I 2’ 3’ 4’
a 0.0124 0.0339 0.0315 0.0117 0.0122 0.0326 0.0238 0.0108
B —0.08 —0.10 -0.12 —0.09 —0.09 —0.16 —0.10 —0.07
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(3.5  the phenyl rings obtained from fitting the data to E8}5). Ris the
correlation factor. The accuracy 8§ andF is comparable to that of
the order parameter, i.e., 5-10 %.

T\F TABLE Il. Parameters for the temperature dependencs foir
S(T)= So( 1- T_NI) :

whereS, andF are empirical parameters. The orientational

ordering of bulk 5CB was found to be similar to those re- So F R

ported in the literatur¢33,51 and was used as a reference 5CB 1.147 0.222 0.982
for comparison with the three other systems. The sample pEHA/5CB20:80 1.142 0.233 0.981
prepared with 20 wt. % of PEHAPEHA/5CB20:80] be- PEHA/5CHE40:60 0.867 0.125 0.985
haves like bulk 5CB, but the values lies slightly below the PEHA/5CB60:40 0.768 0.055 0.987

curve of pure LC. This behavior can be explained by the
morphology of the sample; large nematic domains are sepa-

rated by an isotropic phase rich in the polymer PEHA, whichsition of the liquid crystal into a solid. Th8, values of 5CB

can alter the alignment of the director in the magnetic fieldgng PEHA/5CB(20:80 are found to be larger than one,
By leading to a slight decrease of the macroscopic ordejyhich is physically impossible. For pure LC compounds
parameter. In the case of mixtures including 40 and 60 wt. %33 51]; the accuracy of these values is comparable to that of
of PEHA[PEHA/5CB40:60, PEHA/5CB60:40], the 5CB  the order parametdi.e., 5—10%. It should be pointed out
molecules are confined in droplets of 5 andufh, respec-  that the errors indicate the quality of the fitting, not neces-
tively. One can clearly see that the nematic order parangeter sarily the errors of the model. As previously discussed, the
increases with decreasing droplet size, and is always highjrder parameters of 5CB and PEHA/5@B:80 samples be-
than bulk 5CB. It is interesting to note that preViOUS NMR have in the same way, |eading to simi&fandlz values. For
works on relaxation studies of polymer/5CB systems haveyends including 60 and 40 wt. % of 5CB, one can clearly see
shown that the relaxation ratés.g.,T;,", T, *) increase with  the influence of the confinement on the parameteindeed,
decreasing droplet sif@4,2¢. The increase in polymer/LC F decreases with decreasing droplet size indicating that the
contact in the smaller droplets significantly limits the mobil- molecular segment reaches the limit of the order parameter
ity of the LC in the droplets compared to that of the LC in more slowly in smaller cavities than in the case of larger
larger volume domains. The optical observations indicatiematic domains.

that PEHA induces a homeotropic anchoring of the nematic

director in the droplets. Therefore, the polymer surface influ- 4. Nematic fraction of phase-separated 5CB

ences the surface orientational order and may lead to an in-
crease of the nematic order in smaller cavities. This explana-
tion may not be fully satisfying because the spherical shap
of the droplets would tend to reduce the orientational orde
due to the surface effect which would favor a more spherica
distribution of the director. The first alternative explanation
might be associated with the change in the volume of th
director configuration in small droplets. Indeed, as for differ-
ent size nematic droplets in the presence of an applied ele
tric field [45,46, the magnetic field might induce director

As discussed in Sec. Il A, the transition temperatures ob-
erved by POM for the NMR samples are consistent with
OM data obtained for samples prepared between glass
lides. The phase diagram presented gives the evolution of
he observed nematic-isotropic transition temperature as a
unction of theinitial LC content in the polymer/LC mixture.

ue to the polymerization-induced phase separation process,
&_C molecules remain dissolved in the isotropic polymer rich
phase, meaning that the phase diagram cannot be used to

configuration transformatiofe.g., radiat~axial), and lead to detgrmme the f“’?“?“"” of phase-separated LC'. l.n order to
an increase of the order parameter of the confined LC iI,<1ast|mate compositions and amounts of the coexisting phases,

smaller droplets. The second alternative explanation migh?ther experlgnen';)al techdnlclluers;_ such as DSC(; or image prr?-
be associated with the presence of a small am@dirif of cessing need to be used. In this sectlpn we emonst_rz_itet at
oligomeric or polymeric PEHA chains dissolved in the nem—.N'vIR da_ta can ?ISO be useq to determine these quantlltles. By
atic phase. These chains could also influence the orient ptegrating a given aromatic LC peak of spectrumi)4m_
tional order in the way which is observed. oth isotropic and anisotropic regiofsig. 4), the nematic

The values obtained from the least squares fit of the extractlon of 5CB Py contained in the LC droplets can be

perimental data to Ed3.5) are listed in Table Il. It should be estimated by calculating the ratio

pointed out that E¢(3.5) is an empirical relation which may N
be regarded as a special case of the Landau—de Gennes Fuy= (3.6)
theory in describing the molecular ordering for isotropic- N1t

nematic transition$50], but it is not strictly valid near the

clearing temperaturf58]. The physical meaning of the pa- wherel™ is the peak intensity in the nematic phase, &nig
rametersS, andF is quite simpleS; is the limit of the order  the peak intensity in the isotropic state. Figure 6 shows the
parameter with decreasing temperature, Bnehay be con- calculated nematic fraction using the signals df é&d 1
sidered as an indication of how quickly a molecular segmentarbon atoms of the three mixtures as a function of the re-
reaches the limit of the order parameter as a function ofluced temperaturé/Ty,. The 3 and 1 aromatic peaks were
change in temperature. Experimentally, the limiting value ofchosen because they are well resolved in both isotropic and
the order paramete$, cannot be reached due to phase tran-anisotropic regions. The evolution of the nematic fraction as
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1.0 T

P TIPS ' fl=a’+b’'x. (3.10
W
] Therefore,

<3 PEHA/5CB(20:80)
4 1 PEHA/5CB(20:80)
0.8 | 01" PEHA/5CB(40:60) I

B3 PEHA/SCB(40:60) (2080 E x—a' —b’x (3.1
/3 PEHA/5CB(60:40) o ’ N~ ) :
ODSC data ] (a—a’')+(b'—b)x

q where the parameters, a’, b, b’, can be obtained from
nonlinear least-squares fitting afl the experimental data
with a defined parametey for each LC content and one
(40:50) independent variabbe In Fig. 6, the solid lines represent the
Bg—O— fit curves of the nematic fraction values calculated from the
NMR data to Eq(3.11). One can see that there is a reason-
able agreement between the simple theoretical model de-

02 5 v 1 scribing Fy and the experimental NMR results.
v v v | The relative amounty of LC contained in the nematic
Y v (60:40) droplets can also be deduced from the thermodynamic quan-
0.0 : ~Y tities accessible from the DSC data. The nematic-isotropic
0.94 0.96 0.98 1.00 1.02 transition enthalpyAH,, can be used to calculate
Ty, [35,36,59,60)
FIG. 6. Nematic fraction of 5CB-y in samples including 40, mEc Me 100
60, and 80 wt. % of liquid crystals as a function of the reduced y=—=1+ —|P(x)= _) P(x), (3.12
temperaturd /Ty, . The diamond, square, and triangle symbols rep- M c myc X

resent the nematic fraction deduced from the NMR spectra, whereas D . .

the open circles represent the nematic fraction calculated from Ds&/heremic represents the mass of LC included in the drop-
measurements using E(B.12); the horizontal bars correspond to l€ts, whilemp andm, ¢ are the masses of the polymer and
the temperature range of measurement\éfy,. The solid lines the LC in the sample, respective(x) represents the ratio
represent nonlinear least-squares fitting of the NMR results to Edpetween the nematic-isotropic transition enthalpy for a LC
(3.11), with a=0.21,a’=—-2.70,b=3.15,b'=5.65, andy=0.8,  polymer composite material and the equivalent value for the

0.6, and 0.4, respectivelgorrelation factorR=0.981). pure LC

a function of temperature can be determined by using the P(x) = AHpi(X) (313
following model: in phase (LC-rich phasg the fraction of AHy (LC)" :

nematic 5CB(component) is fN and the fraction of PEHA

(componenB) is (1— fN): in phase ll(polymer-rich phase In Fig. 6 the nematic LC fractiong determined by apply-

the fraction of isotropic 5CRdissolved in the polymer ma- ing Eq.(3.12 are represented by open circles and the hori-
trix) is f' and the fraction of PEHA is (% f'). zontal bars correspond to the temperature range of measure-

If the systems are at equilibriuniN and f' remain con- ment ofAHy, (i.e., theN-I transition DSC peak width One
stant with total composition, i.e., the fraction of 5CByig40,  can clearly see that the nematic fraction at room temperature
60, and 80 wt. %, respectivelyFor the two phases, phase | is underestimated if Eq3.12) is used. Even though the DSC
has a nematic fractioRy, and phase Il has (1F,). This  technique is a convenient method, the nematic fraction is

leads to only determined around tHe-| transition whereas the NMR
experiments give the evolution of the nematic fraction over
[fNA+(1—fNB]Fy+[f'A+(1—fHB](1—Fy) the whole temperature range of interest.
=yA+(1-y)B. (3.7 5. PolymefLC interface

In Sec. Il A the optical observations have shown that
PEHA induces a homeotropic alignment at the polymer/LC
interface. The pendant aliphatic chains of PEKA., the
¢l 2-ethylhexyl fragment are known to provoke a surface-

FN:%- (3.9 induced ordef15,35,48,49% NMR investigations have been
fo—f carried out in the aliphatic region in order to get further
informations on the orientational ordering of the polymer

According to Drzaic[10], the liquid crystal solubility in  chains. The chemical shiftss of four well resolved aliphatic
PDLC samples evolves linearly versus the temperaturepeaks belonging to the 2-ethylhexyl fragmént 5, &', v)
meaning that the dependence fof and f' on temperature were studied as a function of temperature. In Fig. 7 the case

By rearranging, then by equating the coefficieAtandB,
the nematic fractior-y can be expressed as

[T/Ty(X)] can be described by linear functions of the PEHA/5CB(40:60 system is presented, and a similar
behavior was observed for the two other mixtures, including
fN=a+bx, (3.9 40 and 80 wt.% 5 CB. The evolution &f5vs T/ Ty, exhibits
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0.20 . . - result of interdigitation between the 2-ethylhexyl fragments
© 5 o S and the nematogen and imprinting order of the lateral ali-
phatic chains of PEHA.

L 23
0o o Xy IV. CONCLUSIONS

The morphology and the phase behavior of PEHA/5CB
blends were studied by polarized optical microscopy,
13C-NMR spectroscopy, and DSC. The experimental phase
010 % o Oeq i diagram obtained exhibits a typical UCST shape. The exis-

. o) tence of a (+1) miscibility gap between theN+1) domain
« ”, and a single isotropic phase has been clearly shown. The
order parameter determination method initially developed by
Guo and Fund33] for bulk LC has been successfully ap-
plied to these PDLC samples. This technique has the major
advantage of not requiring the use of deuterated LC to study
the order parameter. The nematic order parantiecreases
with decreasing droplet size which may result from increased
0.00 . : J e polymer/LC surface contacts in smaller cavities. From the
0.94 0.96 0.98 1.00 NMR data, the nematic fraction has been determined over

My the whole temperature range of interest and compared to the

fractional amount of LC contained in the droplets deduced
from DSC measurements. It has been found that the nematic
fraction is underestimated when the DSC method is used.
NMR investigations in the aliphatic region of the spectra
) have shown that the 2-ethylhexyl fragment of the polymer
the same trend as that of the nematic order paran¥ie®.,  chain is partially ordered at the polymer/LC interface due to
a nonlinear decrease wh@iTy,— 1, characteristic of a first interdigitation with 5CB molecules. Above tHg-1 transi-
order phase transition. The presence of these small but digion, a weak pretransitional effect has been observed result-
tinct chemical shifts changes is caused by an induced oriering from interdigitation of PEHA fragments with the nem-
tational ordering of the PEHA molecules in direct contactatogen and imprinting order of the lateral aliphatic polymer
with 5CB. These molecules are in thiephase, and are prob- chains. This useful NMR method opens the field of further
ably in rapid exchange with those dissolved in the isotropicstudies involving PDLC samples prepared with various mac-
polymer-rich phase, so that the observed peaks are weightédmolecular architectures and different surface anchoring
average signals. It is also interesting to note that the farthe¢onditions. PDLC systems developed for electrooptical ap-
the pendant aliphatic carbon of PEHA, the higher is theplications might also be investigated by this method !n order
chemical shift anisotropy, indicating a higher order param-0 study the influence of the order parameter of confined LC
eter for the corresponding C-H bond. This may be the resulpn the electro-optical properties.
of interdigitation between the 2-ethylhexyl fragments and the
5CB molecules, which makes the carbon atoms located at the
end of the hexyl chain have closer interaction with the LC  This work was performed during a stay of F.R. at the
molecules and therefore be more strongly influenced by th&niversity of Oklahoma. Professor J. M. Buisine is acknowl-
nematic order. Immediately above the phase transitiétis  edged for his contribution. This research was funded in part
not zero, indicating that a weak pretransitional effect occursby the MENRT, the Rgion Nord-Pas de Calais, the FEDER,
This behavior is of the same order of magnitude as that oand the CNRS. The work of B.M.F. was supported by the Air
5CB. Indeed abové&/Ty,;=0.98, the NMR signals of carbon Force Office of Scientific Researc¢Brant No. F9620-98-1-
atomsw (polymep andw (5CB) overlap (see Fig. 4 The 0453 and the Oklahoma State of Regents for Higher Educa-
pretransitional behavior shown by the polymer may be theaion (Grant No. CHK0O0002)L

AS (ppm)

X @O
X €1 O
X O

0.05

FIG. 7. Evolution of the anisotropic chemical shifis of the
PEHA aliphatic carbons, 8, §', andy as a function of the reduced
temperaturel /Ty .
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