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The thermophysical, dielectric and electro-optic properties of polymer-dispersed liquid ¢BBtaT) films
made of monodisperse polystyre(®S and 4n-pentyl-4'-cyanobipheny(5CB) are investigated by polarized
optical microscopy, differential scanning calorimetry, ac impedance analysis, and forward transmittance mea-
surement technique. The PS-5CB system exhibits an upper critical solution temp&tl2®® shape phase
diagram with a wide isotropieisotropic ( +1) miscibility gap between the isotropic and nematisotropic
(N+1) regions. An absorption domain in the dielectric spectrum of PDLC films was clearly observed at low
frequency, and unambiguously assigned to the confined liquid crystalline phase in both nematic and isotropic
states. The correlation between the dielectric and electro-optical results for P@8CB samples has shown
that in the vicinity of the low frequency absorption domainZ00 Hz atT=25°C), a drastic decrease in the
optical transmittance of the film occurs. This phenomenon can be related to an interfacial polarization process
resulting from a charge accumulation at the droplet-polymer interfislexwell-Wagner-Sillars effegt
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I. INTRODUCTION medium mode[16]. Experimental dielectric studies of con-
fined nematic LC phases have been performed in numerous
In the past decade, polymer dispersed-liquid crystalgnaterials such as membrangs7—19 or porous glasses
(PDLC) have found great interest because of their promising17,20—-24, but only few reports have been devoted to
use in advanced optical device applications, such as larg8DLC system$10,25,26. A possible explanation may arise
flexible displays, switchable windows, or paperlike displaysffom the complexity of PDLC formulations for technological
for electronic books[1-4]. In their most common form, devices and/or the relatively high (_:onqluctivity of their com-
PDLC films consist of low molecular weight liquid crystals Ponents1,25,24. Indeed, the contribution of the conductiv-
(LC) dispersed as micrometer-sized droplets within a solid®y caused by mobile charge carriers often overlaps low fre-
polymer matrix. Among the main aspects governing theduency dielectric absorption domains which are usually
electro-optical performance.g., transmission properties, assigned to interfacial effects. These effects are of main im-
drive voltage, switching timgsof these materials are the portance for heter(_)geneous materials such_ as PDLC, because
concentration of LC, the morphology of the films, the an_they can strongly influence the electro-optical performances

choring conditions of the LC at the polymer interface, andOf PDLC display devices. Therefore, the goal of this paper is

to investigate the dielectric properties of PDLC films in re-

the dielectric properties of the composite in alternating elecy, g of their thermophysical and electro-optical behaviors. In

tric fields [5-10]. It has been demonstrated that the phasgger to account for the parameters influencing the electrical
behavior and the phase separation mechanism used to Pisroperties of PDLC materials, a model system based on a
pare PDLC strongly determine the morphology of the filmsyye||-characterized monodisperse polystyréR8 and a pure
[5,11-13. The knowledge of the phase diagram of ajiquid crystal[4-n-pentyl-4 -cyanobipheny(5CB)] has been
polymer-LC system is then a prerequisite for any complete:hosen and investigated by polarized optical microscopy
interpretation of the electro-optical characterization with re-(POM), differential scanning calorimetryDSC), ac imped-
spect to the film morphology of PDLC materials. Severalance analysis, and forward transmittance measurement tech-
theoretical works have been done to explain the local fielchique. The phase diagram covering a wide LC concentration
effects, the electro-optical phase shift, and the field+ange is established by POM and DSC, whereas the LC solu-
dependent dielectric response of PDLC films. Two main apbility limit in the polymer and the fractional amount of
proaches have been used which are based either on the Mghase-separated LC are deduced from DSC data. Broad band
well Garnett approximation[14,15 or on an effective dielectric spectroscopy is used to investigate the electrical
behavior of homogeneous and phase-separated PS-5CB mix-
tures. The results are then compared to the electro-optical
*Corresponding author. Email address: responsetransmittance versus frequency of the applied volt-
Frederick.Roussel@purple.univ-littoral.fr age of the same PDLC film.
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IIl. EXPERIMENT 70 — T T —— T T
| = ® T,,-POM(1) A T, -FOM(2)
A _ A - i 100 T,...- POM(2) T, -DSC
The liquid crystal 4A-pentyl-4’-cyanobiphenyl (5CB) I N T pomh x o |

was used during this work. 5CRAldrich, Saint Quentin-
Fallavier, Franceexhibits a nemati¢N) phase between the
crystalline (Cr) and isotropic(l) states in the temperature
range 24.5-35.1°C. 5CB is easily supercooled fromhe
state to—10°C. PS was used as polymer matrix because it8
presents three main advantages compared to other thermg
plastic compoundsi) The dc conductivity of PS is very low #
(04e~10"8scml), as well as its ac conductivityofy.
~10"° Scmi 1) [27]; (ii) The dielectric permittivity of PS
remains unchanged e{-2.5) in both temperature ]
(25°C-80°C) and frequency (1 kHz—-100 MHz) ranges of 1 . , . , . ,
interest [27,28; (iii) Well-characterized monodisperse PS 30 40 50 60 70 80 20 100
(M,,=200000 g mol?, polydispersity I ,=1.05) is com- 5CB (wt.%)

mercially available (Aldrich, Saint Quentin-Fallavier,
France. PS and 5CB with different LC compositions were

ure (°C)

erat

FIG. 1. Phase diagram of PS-5CB obtained from POM and DSC

dissolved in a common solvefitetrahydrofuranTHF)] at techniques. The open and filled symbqls are averages of two series
of samples from separate POM experiments. Cross and plus sym-

SOwt%. Mixtures were st|rre_d mechanically for 12 h. bols are DSC data. Solid and dotted lines are guides to the eyes.
ngples were prepa}red following a standard prqcedure fOfCrN is the melting temperature of 5CBy,_~, andTy, repre-
microscopy observatlong. A small amount of the mixture Wa%ent the transition temperature of the phase separated liquid crystal
cast on a clean glass slide, and the sample was left for 24 b veen the nematic and isotropic states, ad,,_q, is the

to allow for a complete evaporation of the SO'YQWHF)- isotropictisotropic to isotropic transition temperature. The phase
Another glass slide was put on the top of the first one, an@jiagram exhibits four domains: Crystakotropic (Cr+1),

the dry sample was sandwiched between the two glass slid@gmaticrisotropic (N+ 1), IsotropictIsotropic ( +1), and Isotro-
leading to an average POM cell thickness of 2g81. For  pic (1), whereCr, N, and! refer to the phase-separated LC domains,
the DSC measurements, the samples were prepared by intrand| is associated with the homogeneous polymer rich phase. Inset:
ducing a few drops of the initial mixture into aluminum DSC Polymer glass transition temperattfg vs LC weight fraction.

pans (diameter~4 mm). The low viscosity of the initial

mixture rapidly led to the formation of a thin film in close £ yimin?t of nitrogen. Rates of 5 °C mirt (heating and
contact to the pan bottom. After complete evaporation of th%oocminfl (cooling were used in the temperature range

solvent, the DSC pan was weighted and the whole procedure 100°C to +100°C. The temperature treatment consists
was repeated until the introduction of ca. 3 mg of :sample£

! : . irst in cooling the samples prior to heating and cooling
Assuming that the density of the PS-5CB blends is close to cles. The peaks of the clearing points were used to deter-
(dps=1.047 anddsc5=1.008), the calculated film thickness yces P g p

. : . mine the nematic-isotropic transition temperattisg. Typi-

was ~60 um. For dielectric and electro-optic samples, the | pgc thermograms of PS-LC systems have already been
dried initial mixture in the isotropic state was introduced byreported elsewhel®9,30], and are not presented here again.
capillarity into .calibrated 5um transparent conducting The real €') and imaginary €") parts of the complex
(lTO) COfn_rnerClal Ce”S(EHC, Japah at T=70°C. After dielectric permittivity[e*(w)z E’(w)_jE”(a))] of PS-5CB
complete filling of the cell, the §§Tple was cooled to ro0My,iyy res were recorded with a HP 4192A impedance or gain-
temperature at a rate 6f2 *Cmin . For a given PS-5CB 546 analyzer generating a 100 mV sinusoidal voltage in the
mixture, both dielectric and electro-optical experiments wer requency range 5 Hz—13 MHz. Temperature control of the
succhesswelzly_cacrjrled Qutlon_the same measure(;nent cell. - capacitor was achieved with a Mettler Toledo FP82HT-FP90

The polarized optical microscopiPOM) studies were — goyh The electro-opticEO) properties of PDLC films
performed on a Leica DMRXP microscope equipped with 8 are getermined from time-resolved forward transmittance
heating or cooling stage Linkam THMSE-600. Samples WErgs o He-Ne laser beam passing through the film, while ap-

heated at a rate of 2 °C min from room temperature to 15° lying across the fih a 1 kHz sinusoidal voltage modulated
above the transition temperature leading to the isotropig amplitude by a triangular wave V{,=140 V,1.67
phase. Samples were kept at this temperature for 5 min, thep 10~2 Hz) [31] P o

cooled toT=0 °C at a rate of- 2 °C min 1. Subsequently, a

second heating cycle (2 °C mih) up to the isotropic state

was carried out. The whole procedure was repeated twice, lll. RESULTS AND DISCUSSION

and at least two independent samples of the same composi-

tion were analyzed. Transition temperatures were recorded

during the second heating ramp. Figure 1 shows the phase diagram of PS-5CB mixtures in
DSC measurements were performed on a Seiko DS@he form of temperature versus LC weight fraction. The sym-

220C calorimeter equipped with a liquid nitrogen system al-bols represent POM and DSC data as indicated in the figure

lowing cooling experiments. The DSC cell was purged withcaption, whereas solid and dotted lines are guides to the

A. Thermophysical properties
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FIG. 3. Enthalpy changes at the nematic-isotropic transition vs
5CB content. The LC solubility limi{3 was determined by linear
regression of the experimental data set. Inset: Dependence of the
fractional amount of LC contained in the droplet§) (on the LC
concentration.

reported in the literaturf29,30. The inset of Fig. 1 displays
the variation of the polymer glass transition temperaflije
as a function of the composition of 5CB indicating a sharp
decrease fromT=103°C (T, of pure P$ to aboutT
. . =13°C for PS-5CB(50:50 mixtures. Above this composi-
FIG. 2. Optical micrographs of PS-5CE0:70. Bottom: T {ion T remains almost constant due to the solubility limit of
=25°C (N+1) region(crossed polarizers modeL A, magnifica-  5cp jn PS, This decrease of, is due to the fact that the LC
tion x320); top: T=40°C (1+1) region (P||A, magnification plays the role of plasticizer for the polymE29,30.
x320). The solubility limit 3 of the LC molecules in the polymer
and the relative amourd of LC in the nematic droplets are
eyes. One can see a good agreement between the two serj

of samples from separate POM experiments. DSC data oé)f‘:ﬁer interesting properties that can be deduced from the

tained for the nematic to isotropic transition temperafie phase diagram and the thermodynamic quantities accessible

. . om DSC data can be related to the enthalpy change at
are also in good agreement with the POM measurements. E?]e nematic-isotropic transitiohHy, [13.30,32:
is worth noting that the DSC thermograms did not show the P NI L= oa
(1+1) to (1) transition[13,30. This means that the existence x— 3 AHy (%)
of the (I+1) phase was evidenced by POM observations. P(x)= m with  P(x)= AH(LC)”
The diagram exhibits an upper critical solution temperature NI
(UCST) shape with four distinct regions. In the upper part of

the phase diagram, the system exhibits a single isotropic P(x) represents the ratio of the nemgtic—isotropic transi-
phase. When the temperature is lowered, a biphasiHon enthalpy for a LC-polymer composite material to the

. . : : ; ivalent value for pure LC. This expression is based on the
(isotropictisotropic, | +1) region was observedFig. 2). equiva X . . o

With further lowering of temperature, an isotropic polymer- following assumptl'ons(:l) the I.‘C n the droplets exh'|b|ts the
rich phase is in equilibrium with a nematic LC phagag.  S&M€ thermophyswal behawor as in the_ bulk stgig;the

2). In the range of LC compositions above 50 wt % tié ( amount of LC dissolved in the polymer is constant for LC

+1) to (I+1) transition temperature is almost constant atSoncentrations= g, and does not contribute ®Hy ; il )

about T=35°C, which corresponds approximately to the Tni values as a function of remain unchanged. The effect

N-1 transition temperature of bulk 5CB. This observation_Of LC conc.entratlon.omHNJ |s_presented in Fig. 3AHy,
creases linearly withx, validating the model given in Eq.

indicates that the phase-separated NLC domains are essél) o ) .
tially pure. In the lower part of the phase diagram, 5CB(1). The LC solubility limit 8 was determined by linear re-

domains are in the crystalline state leading to a Crystagre53|or_1 of the exper_lmental data set in Fig. 3 followed by
+isotropic region Cr+1). Between the circle and triangle calpula_tmg thex-axis intercept. The Va“.Je 0B was 55%
symbols, the phase diagram exhibits an wide isotropic mis?/Nich is comparable to other PS-LC mixtures such as PS-
cibility gap (1+1) showing the incompatibility between the /CB[29]or PS-8CE30]. AHy, can be used to calculagk,
polymer and the LC. It is interesting to note that the-() the LC fraction contained in the droplefts3,30,32:

domain covers a range of temperature up to 20 °C near the b
critical point (T;~54 °C,$.~95 Wt%5CB) which is in s =%=(1+ ﬂ) P(x)=<1—00) P(X) @
good agreement with the phase diagrams of PS-LC blends ¢ mec m ¢ X '

()
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14 e - - - - 8 (atatic polystyrene matrjq35]. This kind of molecules has
1 m ¢'-PS/5CB(30:70) O ¢"- PS/5CB (30:70) in common with LC compounds a molecular dipole moment
® ¢ -PS/5CB(70:30) o ¢"-PS/5CB(70:30) | |+ . . . . . .
which lies along the main principal axis. These authors dem-
onstrated that for elongated rigid polar molecules in-plane
10 rotation is a favored mechanism because it involves less dis-
placement of surrounding PS segments. Relaxation times and

B. Dielectric properties

, 4

o dielectric loss factorsey,,, were found in the range of
~10° Hz and 102, respectively. The amplitude of the di-
electric absorption is at least ten times smaller compared
with our experimental dataef,,~0.5) indicating that an-
other relaxation process related to the PS chains obviously
occurs overlapping the relaxation mechanism corresponding
to the in-plane rotation along the long molecular axis of the

100 1000 10000 100000 1000000 17 LC molecules. For a pure polymer, the dielectric relaxation
F(Hz) mechanism observed above the glass transition is a segmen-
FIG. 4. Real ¢') and imaginary ) parts of the complex tal motion of the maqomolecular chains commonly named
permittivity of 50 um thick PS-5CB(30:70 and PS-5CB(70:39 ~ Process. The relaxation rate of theprocess measured for
films in the frequency range 50 Hz10 MHz at T=25°C. The PS thin fllmg (13-1940 nm) is typically in the frequency
solid lines are Havriliak-Negami fit curves. range of 10°~10" Hz [36,37. Compared to the value ob-
tained for the PS-5CB(70:30 system [1/7ax~(4-5)
wheremP, represents the mass of LC included in the drop-* 10° Hz], a difference of at least two orders of magnitude
lets, whilem, andm, ¢ are the masses of polymer and LC in 1S observed. Recalling tha; the LC molecules act as a plasti-
the sample, respectively. Combining Egs. 1 and 2 yields ~Cizer for the polymer matrixSec. Ill A), the PS glass tran-
sition temperature is shifted at lower temperature, iTg.,
100\ [ x—p ~21°C for PS-5CB(70:30. This plasticizing effect may
5= (7) (m , X=B. () also change the relaxation frequency range ofdhgocess.
In order to decipher the assignment of the dielectric spectrum

Inset of Fig. 3 illustrates the dependence &bn the LC ~ of the PS-5CB(70:30 mixture, the following simple as-

concentration. The filled circles represefy values deter- Sumption was made: at a given glass transition temperature,

mined for each composition by applying E@), whereas the @ plasticizer plays a similar role on the frge volume to that of
solid line was calculatedd.) by using the previously men- the temperature. To compare the relaxation rate values of the
tioned 8 value and Eq(3). At the miscibility limit, xis equal ~ igh frequency mechanism observed for PS-5GB:30

to 8 and$ is zero, consistent with EG3). Whenx increases, With those of thex process rgported in the literature for pure

5. increases rapidly. Experimental values and calculated’S; We assumed that a shift AT =T,(PS)—To(PS-5CB)

curve are in good agreement. ~80°C for a plasticized PS is approximatively comparable
to an increase in temperature of the same range abgver
a pure PS of similar macromolecular weigiit,. The evo-
lution of the peak frequency of dielectric loss due to the

Figure 4 shows the reak() and imaginary €”) parts of  process as a function of the inverse of temperature was simu-
the complex permittivity of the PS-5GB0:70 and PS- |ated from experimental data reported by Fukao and Miya-
5CB(70:30 mixtures in the frequency range 50 Hz—10 MHz moto [36,37 for thin PS films according to the Volger-
atT=25°C. The Havriliak-Negami analysi83,34 was ap-  Fulcher-TammanrVFT) equation which is widely used to
plied for the quantitative interpretation of the dielectric datadescribe the temperature dependence of the relaxation fre-
to determine the corresponding mean relaxation rateguency 1#2,, of the a process:

(/a0 and dielectric strengthgA e= (es— €.,) ] of the re-

laxation processes. In Fig. 4, the filled and open symbols are 1 1 —-U

the experimental data whereas the solid lines are Havriliak- PR T—eXF(T_T

Negami fit curves. In the case of the PS-5C&30 system Tmax 'O v

(O and @ symbols, a relaxation mechanism is observed at

high frequency,~4—-6 MHz. Recalling that a mixture in- whereU is the apparent activation enerdly, is the Vogel

cluding 30 wt % of 5CB is fully isotropic, i.e., homogeneous, temperature, and 14 is the relaxation frequency at high

atT=22°C(see Fig. 1, the 5CB molecules dissolved in the temperature$38]. In Fig. 5, the[d, [>, and* symbols are

PS matrix can be considered as single molecules randomijata obtained in Ref$36,37] for PS thin films, whereas the

dispersed in an isotropic polymeric medium. Two types ofsolid line is the VFT curve simulated from these data using

relaxation processes may then arise which can be related 0. (4) (1/7o=10°3%,U=297.3 Jmol !, T,=370.2 K). The

the “solute,” i.e., the LC molecules, or to the “matrix,” i.e., O symbol corresponds to 4}, values retrieved from the

the PS chains. Walkest al. investigated the dielectric prop- dielectric spectra of the PS-5CE0:30 mixture. The rela-

erties of rigid polar molecules pthalobiphenyl, tive agreement observed between the simulated VFT curve
p-nitrobipheny] .. .) in a viscous molecular environment and the relaxation rates of the PS-5CB:30 blend seems
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log, (1" _[Hz])

PS/5CB (70:30), 50 pm
PS (M,=1.8 10° g mol), 194 um [35]
PS (M,=1.8 10° g mol'"), 408 nm [36]
PS (M =6.7 10° g mol "), 247 nm [36]
| [— Simulated VFT curve

-1 T T T T T T T T T 4

20 21 22 23 24 25 26 27
1000/T (K™

1
*» v OO

FIG. 5. Relaxation rate frequency of dielectric loss due todhe T T T 1 T
process as a function of the inverse of temperature for PS and & V,=500mV (=320 Hz) 6 8
A Py

PS_-5CB(_70:30 thin films, respectively. The solid curve is a simu- 2 z:: }g"m’{}‘zf‘:';"z?”:)’)
lation using Eq. 4.

1
32 Q]
1

to indicate that the high frequency relaxation mechanism can
be correlated to ther process abové,. Due to the strong

plasticizing effect of 5CB molecules, the peak frequency is
increased by at least two orders of magnitude compared with
that of pure PS. The apparent activation energy is little tem-
perature dependent indicating that the segmental motion of
the macromolecular chains is mostly improved by the in- 2
crease in the free volume induced by the dissolved LC mol- 66 8 0
ecules. Finally, the dielectric loss values duedtgrocess o a1 7

: ) 0 20 40 60 80 100 120 140
reported by Fukaet al. are in the order ot ..~0.8 which () bias (V)

max

is very close to the values presented in this woe {,
~0.5). Therefore, the high frequency relaxation process ob- FIG. 6. Influence of the applied dc bias voltage on the re&) (
served in the dielectric spectrum of the PS-5@B:30 mix- part .of the complex permittivity of a 5@m thick PS-5CB(30:70
ture can be mainly related to the segmental motion of P&Im in the frequency range 50 Hz—50 kHz &t-25°C|top @]
chains abovd . Due to the overlapping with the process yoslg' evcélutlon_ ofe’ at 320 Hz as a function of the applied bias
and the small amplitude of the dielectric loss of the in-plane’ ge. vc_)lutlon Of_ the transmittance of the same f'”.“ as a func-
rotation along the long molecular axis of the LC molecules 10" Of applied dc bias voltage for three different oscillatifag)
this relaxation mechanism was not clearly evidenced. signals{bottom (b)].

In the case of the PS-5C80:70 system, two relaxation
processes can be easily distinguished in the dielectric spenown as the Maxwell-Wagner-SillarsMWS)  effect
trum: the first one occurs at low frequency 200 Hz) with  [17,27,34. The MWS effect originates from restricted mo-
a high dielectric strength, whereas the second one is detectéi@n of charge carriers in the cavities, and, due to its slow
at high frequency {6-8 MHz) with a lowerAe. Com-  relaxation process, this mechanism is observed in the low
pared with the PS-5CB70:30 system, the dielectric spec- frequency region of the dielectric spectry@?]. If a MWS
trum of the PS-5CB30:70 mixture exhibits a drastic differ-  effect occurs at-200 Hz for the PS-5CB30:70 system, its
ence in the low frequency region. In order to understand thiglielectric response should be modified upon application of a
behavior, it is helpful to consider the phase diagram of thedias voltageVy;,. Figure 6 displays the frequency depen-
PS-5CB system. AT=25°C, one can clearly see that the dence (50 Hz-50 kHz) of the real pad’j of the complex
PS-5CB(30:70 blend exhibits a morphology consisting of permittivity for three different applied dc bias voltages
phase-separated nematic droplets dispersed in an isotrofi¥pjas=0,20,35 V). It clearly appears that increasiig;,s
polymer-rich phasdsee Figs. 1 and)2 This kind of mor- leads to an increase &. whereas remains nearly constant
phology, characterizing a heterogeneous mixture, can bat ~11. This behavior is clearly evidenced in the inset of
compared to a dispersion of spherical or ellipsoidal domain&ig. 6 where the evolution 0é’ measured at a given fre-
of component 4,” i.e., the LC rich phase, in a continuous quency(320 H2 is displayed as a function of applied bias
medium “b,” i.e., the polymer-rich phase. For a heteroge- voltage. This result can be explained by the fact that the
neous mixture of two or more components the accumulatiomumber of dipoles associated with the electrical charges lo-
of charges at the interfaces between phases gives rise to peated at the droplet interfaces are further aligned along the
larization which contributes to relaxation if at least one com-bias field with increasing/y;,s until leveled off. Therefore
ponent has nonzero electric conductivity. The phenomenon ithe application of a bias voltage leads to a decrease in am-

Transmittance (arb. units)
o
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FIG. 7. Temperature dependence of the dielectric strenyth A) for the low frequency relaxation process observed in confined 5CB
[PS-5CB(30:70] (left), andA e, for the high frequency mechanisfright) detected for PS-5CE30:70 ( ¢ ) and PS-5CR70:30 mixtures
(@), respectivelyfilm thickness 50um). The solid lines are Haller-type fit curves. Insets: Arrhenius plot of the temperature dependence of
the relaxation rate %/, for the corresponding procesgds\), 1/7,ax Of the PS-5CB(30:70 low frequency process, &), 1/ Of the
PS-5CB(30:70 high frequency process, an®], 1/, of the PS-5CB(70:30 high frequency proce$s

plitude of the low frequency relaxation mechanism. How-can contribute to the dielectric response: the first @hew,
ever, the application of a bias voltage of sufficient magnitude~10’ Hz) originates from 180° flips about the molecular
might also reorient the liquid crystal director field in the short axis, and the second offast, ~ 10°) is connected with
droplets and raise the effective dielectric constant. In order téhe tumbling of the molecular long axis around the local
determine if such a phenomenon occurs, the transmittance @frector n. Taking into account the investigated frequency
the same 5Qum thick film was recorded at 320 Hz as a range(50 Hz-13 MHz, the relaxation process observed at
function of the applied field which was set identical to that~7 MHz corresponds to the rotation of the 5CB molecules
generated by the impedance or gain-phase analyzer. In Fig.@ound their molecular short axis. In the isotropic phase,
[bottom (b)], one can see that the application of a dc biasthese two contributions become one which is assigned to
voltage upon the oscillating signé820 H2 does not change isotropic reorientation of the molecular long axis. In addition
the transmission properties of the PS-5CB film up to 35 Vo these mechanisms, another process may arise due to an-
This observation clearly indicates that in the bias rangechored molecules at the polymer-LC interface which are in
wheree’ varies the field strength is not sufficient to reorientrapid exchange with free molecules in the LC droplets
the LC director field inside the droplets, whatever the ampli-(~10° Hz) [8,22]. The high frequency relaxation process
tude of the oscillating signal used, i.e., 10, 100, or 500 mV. ltobserved in the dielectric spectra of PS-5CB system is prob-
can be then reasonably assumed that the slow relaxation prably a combination of the various mechanisms, i.e., rotation
cess observed at 200 Hz for the PS-5CRB30:70 system is  around the molecular short axiSCB), rapid exchange of the
mostly related to an interfacial polarizatigiMWs) effect ~ anchored molecules with free molecul@CB), and a pro-
which can lead to a depolarization process across the PDLCess(PS. Unfortunately, we were not able to determine and
film. assign with satisfactory precision each mechanism due to
The high frequency relaxation process observed atheir close relaxation rate®verlapped processeand limi-
~7 MHz may originate from the 5CB molecules and the PStations in our experimental setup above 10 MHz. However, it
chains. Indeed, it should be kept in mind that in the case oghould be noted that compared to low frequency relaxation
PS-5CB(30:70 a fraction of the LC content is phase sepa-mechanisms, high frequency processes have less influence
rated in nematic droplets, while the other part remains dison the electro-optical performances of PDLC-based display
solved in the polymer-rich phase. Different relaxationdevices which are usually driven by 50-100 Hz electric
mechanisms may then arise because the segregated LC mtields (i.e., close to domestic household ac voltage frequen-
ecules behave as pure 5CB, as evidenced in Sec. Il AGies.
whereas the dissolved 5CB molecules can be considered as In Fig. 7, the temperature dependence of the dielectric
single molecules randomly dispersed in an isotropic viscoustrengthsA e and the corresponding relaxation rates, L
polymeric medium. For this second case, similar relaxatior{inset$ are shown for both lowleft, Ae;) and high(right,
mechanisms as that of PS-5CB):30 are expected meaning Ae,) frequency processes, respectively. In theHl) re-
that thea process abové, obviously contributes to the fast gion, the evolution ofA € can be correlated with the behavior
relaxation process. Concerning the phase-separated LC mai¥ the nematic order paramet& according to the Haller
ecules, the assignment of the various high frequency relaxequation[8,41,43
ation processes was based on previous investigations of cy-
anobiphenyl  derivatives in  bulk and cavities

T F
. Aeocs=SO(l——) , ®)
[10,17,22,24,39-41 In the nematic phase, two processes

TNI
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FIG. 8. Evolution of the transmittance vs applied voltage at 1 kHz of quB0thick PS-5CB(30:70 film (left); inset: frequency
dependence of the transmittancevat 20 V. Simulation[Eq. (6)] of the field inside a spherical dropleE{) over sinusoidal applied field
(E,) as a function of frequenciright).

whereS, is the limit of the order parameter with decreasinginfluence the MWS effect which is enhanced when the LC
temperature, anéf may be considered as an indication of phase is in the isotropic state. Finally, the calculaid">
how quickly a molecular segment reaches the limit of theyalues are in agreement with those reported by Perrier and
order parameter as a function of change in temperature. Thgergeret who found MWS activation energies in the range of
solid lines in Fig. 7 are the best fit curves using E5). The g k3 mor? for PS-glass beads composif€]. In the case
factor F which describes how fas$ changes with tempera- ¢ the high frequency mechanism, the sample morphology

ture was found in the order of 0.25 for both mechanismsyoeg not seem to influence the relaxation process because
This value is in good agreement with those reported in theAEZ is almost constant in bothl ¢-1) and () states. The

literature for confined SCIB8]. As we can see in Fig. B e, value ofAe, is in the order of~6, which is close to that of

andAe, exhibit completely different behaviors in trer | isotropic bulk 5CB QA e~6.5) assigned to the reorientation

and| regions. In the case of the low frequency mechanism .
A€, follows a linear decrease with increasing temperatureb]c the molecular long axis at 10 MH22,40,48. The fact

until it becomes null when the sample reachesl tbiate. The that Ae; remalns.near.ly 'unchanged“ even ,|n g region
linear decrease af e, can be explained by the diminution of (homogeneous mixturéndicates that “solute{LC) concen-
the density number of isotropic LC droplets with increasing!ration effects[35] occur due to the high SCB contef0
temperature due to an improved miscibility between the LCVt %). Therefore the relaxation mechanism associated with
and the polymer at high temperatu3,44. The fact that the S5CB molecules in thestate is predominant compared to
Ae; is null above the K+1) to (1) transition temperature the a process abov&, of PS chains. For the sake of com-
(Ta+1)-y) is a clear indication of the close relationship be- parison the dielectric strengthgz and the relaxation rate
tween the low frequency relaxation process and the sampl&/Tmax Of the fast process obtained for the PS-5GB:30
morphology. Indeed this is in good agreement with the asmixture are also represented in Fig. 7 @yandO symbols,
sumption based on polarization effects at the polymer-Laespectively. One can clearly see thiat, remains nearly
droplet interfaces which vanish when the sample becomegonstant in the temperature range of interest (25-60 °C)
homogeneous in thd) domain. Moreover, the temperature confirming that this relaxation process is mostly related to
dependence of the mean relaxation rate,}/ (inset of Fig.  the segmental motion of PS chains rather than to a mecha-
7, left) is another factor indicating again that a MWS effect hism associated with LC molecules.

occurs. The evolution of log(1/7,,,5,) versus 1T exhibits an

Arrhenius-like behavior in bothN+1) and ( +1) regions . )

except in the vicinity ofT.y.q+1) where a shift is ob- C. Electro-optical properties

served. This shift can be explained by the drastic changes in |n order to correlate the dielectric properties of PS-5CB
the nematic order paramet®rat theN-I transition(first or-  mixtures with their EO behavior, transmittance versus ap-
der transition which affect the homogeneous anchoring of plied voltage measurements have been carried out on PS-
5CB at the PS interfacg45] leading to variations in the 5CB (30:70 films. Upon application of an external sinu-
relaxation rates of interfacial polarization effectsTaj. The  sopidal field (1 kHz) the LC molecules inside the droplets
activation energie&€) V° retrieved from the relaxation rate reorient leading to a typical sigmoidal curve shape plot for
data were found in the same range in thié+l) and ( the transmittancgFig. 8 (left), O symbol [1,31]. Using the

+1) domains, i.e, 68.1 kI mot, and 61.9 kJmal*, respec-  self consistent field approximation, the field inside a spheri-
tively. These small but distinct differences Bl V° show  cal dropletE; can be estimated for a sinusoidal applied field
again that the nematic order and the LC anchoring conditiong25,34,47:
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* D. Discussion
ey

Ei(w)=— per o Ea®p—jot), (6) The comparison between the electro-optical efficiency of
ctct2en— ducleic em) dc (Fig. 6) and ac(Fig. 8 driving fields clearly shows that
threshold ¥, and saturation \(gq) voltages required to
where ¢, is the phase-separated LC fractios ¢~0.5 drive the same PDLC film are at least five times larger for dc
according to the inset of Fig)3E, is the magnitude of the Signals compared to ac ones. This behavior is obviously re-
applied field €,=V,/d), and lated toa dep(_)Iarlzatlon field associated with a MWS effect
as evidenced in Secs. Il B and Il C. The nature of the de-
polarization field depends on the relative conductivity of
. . . 0m polymer and liquid crystal. Erdmanet al. reported for
em=€en—]—, (1) epoxy-based PDLC that a linear relationship exists between
the saturation voltageMgy) and the polymer resistivitj48].
In other words, when the polymer conductivitydecreases,
o] the liquid crystal reorientation field increases. In the case of
EECZEﬁ—jE, (8)  PS-5CB mixtures,o,(PSp>oy4.(PS) (see Sec. ) wr_uc_h
0 implies, according to Erdmaret al,, thatViss>VaS . This is
in good agreement with our experimental observations mean-
where ey, and €| are the dielectric permittivities of the PS N9 that our model system obeys a similar law to that re-
matrix and LC aligned along,, respectively, andr|, and  POrted for epoxy-based PDLC. _
(r”’ are the electrical conductivities of the PS matrix and LC The conductivity is relative and depends on the applied

aligned alongE, , respectively. Figure 8 shows a simulated frequency. Film conductivity effects are invariably sup-
9 a P Y. Figure. . ) pressed at high enough frequencies whereas they can domi-
curve of E;/E, versus frequency using Ed6) with ey,

_ y e e 1 1 nate the dielectric terms at low frequencies and low resistiv-
=25 [27], €=10 [46], oy=10"Sm * [27], o] ities. For low frequencies, Kelly and Seekola pointed out that

—10-8 — _ _ — 6
=10 °sm! [26], Va=20V, andd=50x10""m. One e field inside a spherical droplEEq. (6)] reduces td47]
can see that starting from 350 HzE;/E, decreases and

tends to a constant value belowl0 Hz. This behavior can ( 0) 3oy E, expf— jot)

i (o = expl— jwt),
be explalne_d by the presence of (_:hargfas located at theEi(@— oLct2oy—dLc(oc—on) 2 :
polymer-LC interfacesMWS effec) which will move under (9)

the influence of the external fiel@onductivity effect, set-

ting up a depolarization field across the film. At high fre-

guencies, conductivity effects become unimportant relativavhere oy, and o are the conductivities of the polymer
to dielectric effects because the charge motion is frozen oumatrix and liquid crystal, respectively. It is apparent from
In comparison, conductivity effects dominate the dielectricthis expression that when the LC conductivity is much
terms at low frequency leading to a depolarization fieldgreater than the matrix conductivitys(->oy), then E;
which will tend to cancel the applied fieldr 10 Hz). Ac-  ~0. In the case of the PS-5CB system:g> opgimplying
cording to this simulation, it is expected that the transmit-E;~0 for a dc field. However, as displayed in Fig(rght),
tance of PS-5CB films will vary by using appropriate driving application of a high dc field strength allows to switch the
field frequencies. In order to correlate this prediction withPDLC film from an opaque to a transparent state. The dis-
experiments, the sinusoidal voltage applied across the filnarepancy between experimental results and semiempirical
was set atv,=20 V, so that the film exhibits a maximum predictions probably arises from the fact that the LC solubil-
tansmittance Tiay, then the frequency was varied from 1 ity limit in the polymer matrix is high ~55%, see Sec.
kHz to 1 Hz. As shown in the inset of Fig. &ft, ® sym- Il A) leading to a substantial increase in the polymer con-
bol), T,ax decreases with decreasing frequency. The freductivity. Therefore, the condition requiring > o), is not
quency range to switch the film from a transparent to a scatstrictly verified and therk; #0.

tering state (300-5 Hz) is in good agreement with the Instead of the above semiempirical equations, Bucci and
simulation of E;/E, versusF where E;/E, drops from a Golemme reported sophisticated numerical calculations of
maximum to a minimum value fdf ranging from 350 to 10 the electric field across an isolated nematic droplet sus-
Hz. This result is also in good agreement with the low fre-pended in an isotropic mediufd9]. These authors demon-
quency absorption domain detected in the dielectric spectrstrated that whenr >0, , the field is strong across the
at ~200 Hz. The strong frequency dependence<fb interfacial region and low within the droplet volume, consis-
<300 Hz) of the transmittance properties drastically influ-tent with the effect of depolarization charges reducing the
ences the operation of PS-5CB devices through a depolarizéield across the droplet cavity. Recalling that-g>ops,

tion field which is obviously related to the accumulation of the electrical behavior of the PS-5CB mixtures is then in
charges at the polymer-LC interfacd8WS effec). The cor-  good agreement with the numerical calculations of Bucci and
relation between the internal droplet field and the transmitGolemme confirming that a MWS effect occurs at the
tance properties of PS-5CE80:70 films also confirms the polymer-LC interfaces which reducés.

ability to drive PDLC films by applying sinusoidal voltages  The numerous papers discussing depolarization field ef-
of suitable frequencies. fects in PDLC combined to the results of this work demon-
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strate that this phenomenon strongly affects the electrospectrum. The slow relaxation process observed 200 Hz
optical performances of PDLC materials which can even bevas related to an interfacial polarizatiows) effect. The
detrimental to technological developments for somehigh frequency relaxation process observed-~af MHz
polymer-LC formulations. One way to overcome this draw-probably originates from a combination of various mecha-
back has been reported by De Filpbal. who showed that nisms, i.e., rotation around the molecular short 4%€B),

the application of a precharging dc bias voltage counteractgapid exchange of the anchored molecules with free mol-
the inner polarization field improving the electro-optical re- ecules(5CB), and « process(PS. The temperature depen-

sponse of a PMMA-E49 mixturgs0]. dence of the dielectric strengtlise and the corresponding
relaxation rates ,,, were determined by using the
IV. CONCLUSION Havriliak-Negami analysis. In theN+1) region, the behav-

The thermophysical, dielectric, and electro-optic proper_ior of Ae of PS-5CB(30:70 was associated with the thermal
ties of PDLC films made of monodisperse PS and 5CB Weréavolutlon of the nematic order parameterlt has also been

investigated by polarized optical microscopy, differential Shown that the low frequency relaxation process is closely

) . . ) related to the sample morphology. The evolution of
scanning calorimetry, ac impedance analysis, and forwar . L .

. . , 0010(1/Tmay Versus 1T exhibits an Arrhenius-like behavior
transmittance measurement technique. The phase diagram O ih (N+1) and ( +1) regions confirming that a MWS
the PS-5CB system exhibits an UCST shape with four dis- : g . ng oo

ffect occurs. Using the self-consistent field approximation,

tinct regions: a single isotropic phase, and three biphasi e field inside a spherical dropl@; was simulated for a

regions _ (isotropict isotropio, =(nematicrisotropig, and sinusoidal applied field, showing an important decrease in
(crystak-isotropig. The drastic variation of the polymer the frequency range 350-10 Hz. This behavior was ex-

glass transition temperatuf, as a function of the compo- lained by the influence of a depolarization field across the

sition of 5CB indicates that the LC plays the role of plasti-p y P

cizer for the polymer matrix. The solubility limp of the LC film resultmg_ from the presence of charge_s located at the
’ polymer-LC interfaces MWS effech. Experimentally, the

molecules in the polymer and the relative amodmif LC in . )
the nematic droplets were also deduced from the phase di{l;r_equency range to switch the film from a transparent to a

gram and the thermodynamic quantities accessible from DSécatte”.n g stat€300-5 Hj was in good agregment W'th the
data. The real¢’) and imaginary ¢") parts of the complex Simulation and the low frequency absorption domain ob-

L ) i ' served in the dielectric spectra confirming that the field fre-
permittivity O.f the PS'SCE@O'?Q and PS-5CH70:30 mix- 8uency drastically influences the operation of PS-5CB de-
tures were investigated in the frequency range 50 Hz—1vices
MHz. In the case of the PS-5CB0:30 system, a relaxation '
mechanism is observed at high frequeney4—6 MHz
which was correlated to the process abové@, due to the
plasticizing effect of LC and the relative agreement observed The authors are indebted to the EU program Interreg IlI,
between the simulated VFT curve and the experimental rethe MJENR, and the CNRS for financial support. Professor
laxation rates. In the case of the PS-5(@B:70 system, two J.M. Buisine and Professor C. Legrand are kindly acknowl-
relaxation processes were distinguished in the dielectriedged for helpful discussions.
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