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Thermoreversible gels of the liquid-crystal LC-E7 with 1,3:2,4-Di-O-benzylidene-D-so(Ri&E)

form white light-scattering films that are reversibly switchable to a clear state by ac electric fields.
The light scattering by the gelled films is an intrinsic material property that originates in the phase
diagram of the system displaying a monotectic-type equilibriimesotectic”) among a liquid, a

solid, and a mesophase at extremely low concentrations of DBS. Electro-optical characteristics
and demonstrated viscoelastic behavior of the films produced indicate the applicability of DBS/
LC-E7 in large area scattering-based flat panel displays and projection syste2@0GCAmerican
Institute of Physicg.S0021-89780)03613-§

I. INTRODUCTION micron scale phase separation resulting in a well-organized
{C,} phase(the “crystalline” network; 2=DBS) that is

Of the many low molecular weight organic gelators thatfinely dispersed in an isotropic liquifL} [or a birefringent
have been discovered over the years,3:2,4-di-O- phase{N} in the case of a nematic liquid crystdiC)].
benzylidene-D-sorbito|DBS) is among the oldest and most In the current contribution we report on the ability of
versatile?® It is known to cause gelation in the semidilute DBS to form electroresponsive gels with the liquid-crystal
concentration range<5%) in a great variety of liquids rang- LC-E7 and show the main characteristics of a scattering-
ing from chloroforn to ethylene glycdland siloxane§.Gel  based electro-optical celFig. 6). Further, a(quasibinary
formation in these solvents is attributed to an association ophase diagram of DBS/LC-E7, based on differential scan-
DBS molecules into well-ordered helical aggregatest in-  ning calorimetry(DSC) thermograms, is presented and wide
terwind to form a submicron scale three-dimensional netangle x-ray scatteringWAXS) recordings of the structures
work, turning the solutions into viscoelastic solids. The he-in the different coexistence regions are shown. From the
lical twist of the aggregates stems from the optical purity ofphase diagram it is concluded that the DBS/LC-E7 system
DBS molecules and is essential for gelation to occim;  displays a monotectic-typk three-phase equilibriun{L}
racemic mixtures of D- and L-sorbitol-based DBS mol- ={N+ C,}, in which isotropic liquid coexits with a birefrin-
ecules, crystals precipitafeThe effectiveness of DBS is il- gent liquid {N} and a solid-like{C,} phase. Previously, in
lustrated by its commercial exploitation as a nucleating agenRef. 12, the term “mesotectic” was introduced for this type
for polymer crystallizatiofito improve the optical clarity and of equilibrium to denote that it is an intermediate of true
mechanical properties of isotactic polypropyléfi€Clearly, monotectic, for whichL,}={L,+C,}, and a eutecti¢L ;}
since the gelation relies on physical association processes;#{C,+ C,}. Of specific importance to the current work is
can be reversed by heating the gels above their gelation tenthe location of the “mesotectic” in the phase diagram of
perature. Therefore, from a thermodynamics point of viewDBS/LC-E7, resulting in the formation of white light scat-
gelation by the action of DBS may be looked upon as subtering films at all practically relevant materials compositions.
This is in great contrast to other thermoreversible LC gels

dAuthor to whom correspondence should be addressed at the Eindhovénat. haYe gnllg/ beefn US.Ed in  twisted . nematic
University of Technology; electronic mail: rob@pluto.chem.tue.nl configurations>~* Combined with demonstrated viscoelas-
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tic behavior of gelled films and switching from and to a clearabout 1 mm thick were prepareda situ by heating 0.5 g of
state upon application of an ac-electric field, this suggests theaterial above its sol—-gel temperature and subsequent cool-
use of DBS/LC-E7 in large area scattering-based display agng, while maintaining a weak positive normal force
plications. In this respect, the system may be regarded as gr-0.25 N/cnf). Each sample was examined several times
alternative to polymer dispersed liquid crystRDLCs,%1"  at 30 °C; before each measurement, samples were reheated to
anisotropic gels based on LC-diacrylate netwdfkand LC  erase their thermomechanical history.

phases stabilized with fumed silica particle netwadlrks. Measurements were performed by recording the torque
on the fixed upper plate of the viscosimeter, while rotating
Il. EXPERIMENT the bottom plate over angles= «q sinwt at a frequency

®=1.0 rad/s low enough to guarantee that at the lowgst

tested, the material is well within the linear strain regime. A

subsequent fit of7,a} to the linear viscoelastic material
DBS (T,=225 °C, p=1.04 g/cnd, purity>96%), equatioR!??

with the trade name Millad 3905, was used as received from 4

Milliken Chemical. L_C-E7, a multlcompon_ent cyanobl_phe- r(t)zGdTr—aOcos{wH 5) (1)

nyl and terphenyl mixturésee Ref. 20 for its composition; 2d

Tni=60 °C, p=1.06 glcn, €=19 and €, =52, and  gjjows the determination of the storage and loss moduli from

An=0.225 was used as obtained from Merck. G’ =G4 cosé and G"=Gy sin 8. In Eq. (1), the dynamic
Samples were prepared by dissolving milligram amoumf‘modulusGd(w,T) and phase shifé(w, T) are frequency and

of DBS in droplets of LC material at elevated temperature§emperature dependent viscoelastic parameters and the

(up to 190 °C for the samples containing the highest amounts|ate —plate distanagand plate radius are known geometri-

of DBS). To check on evaporation of the components ofcy) factors. During the experiment, it was carefully checked

LC-E7, sample compositions were determined by reweightynat no slip occurred at the interface of the plate and the
ing after cooling to room temperature. Gels produced Wer(?e”ed film.

found to be stable; no weakening was observed after periods  E|ectro-optical characterization of the cells was per-

A. Materials and sample and electro-optical cell
preparation

of several months. formed with the aid of a display measurement system, DMS
Electro-optical cells were prepared by mounting two703, from Autronic Melchers GmbH. 100 Hz square wave
glass plates coated with transparent indium—tin—oki@i®)  \ojtages were applied and varied every 0.1 s in the range
electrodes(type 327 735 PO from Mergkon top of each  o_150 v/ (equipment limi} in steps of 0.5 V. Cells, placed
other with an UV curable sealati’VS 91 by Norland Prod- 10 ¢m above a diffuser plate, were illuminated with a 100 W

ucts, Inc) applied to the edges, and subsequent curing. N@ajogen light source and transmitted light was collected with
orientation layers were used. Monodisperse silica sphereg, pyjlt-in 0.2 mm spot-size detector.

applied to one of the plates by spin coating from a volatile

alcohol dispersion(10 s at 1000 rpm assured an 1&m

spacing between the plates. Finally, cells were rapidly filled"" RESULTS AND DISCUSSION
by capillary action at temperatures well above the sol-geA. Phase behavior

transition of the particular sample. A (partia) phase diagram of the DBS/LC-E7 system is

shown in Fig. 1a), where the transition temperatures, as ob-
served by DSC, are plottecersusthe material composition
(w is the weight fraction DB§S It should be noted that
Calorimetric analysis was performed using a Perkin—LC-E7 is a multicomponent mixture, and thus, an interpreta-
Elmer DSC 7 DSC. Experiments were run at 10 °C/min intion in terms of a binary phase diagram such as Fig) &
O-ring sealed pangPerkin—Elmer, type No. 0319-02]18 not strictly correct. Nevertheless, we believe that the phase
suppressing vaporization heat effects. Before sealing thdiagram provides essential insights justifying its use. As
filled capsules, their contents were homogenized at elevateshown, we have only examined the composition ramge
temperatures and the composition was determined by re=0.35 (=T<200°C, because dissolving increased
weighting. amounts of DBS requires heating to higher temperatures for
Wide angle x-ray diffractograms were recorded at thewhich thermogravimetric analysis of the LC material shows
European Synchrotron Radiation FaciliigSRF, Grenoble, significant weight loss.
France on the ID11 instrument at a wavelength=0.72 A In Fig. 1(a), which is based on the DSC melting traces
(E=17.3 keV). Glass capillarie$=2.0 mm; by W. Miler,  shown in Fig. 2 and WAXS data shown in Fig. 3, three
Germany were filled by capillary action and placed in a characteristic regiongL,}, {L;+C,}, and{N+C,}, sepa-
sample holder equipped with a Linkam TMS92 hot stagerated by two characteristic transitiofis) and(® andO) are
Temperature scans were performed at 10°C/min. In thebserved. In the regiofL,}, the DBS/LC-E7 system appears
present work, only bare WAXS recordings are shown; noas an isotropic liquid. In the other regions two phases coex-
data processing was performed. ist: an isotropic LC-rich liquid and a finely dispersed well-
Strain-controlled dynamical mechanical analysis wasordered network phase in tH& ,+ C,} region (this is the
performed in a Rheometrics ARES rotational viscosimeteisotropic gel regioii*>~*° and a birefringent LC-rich liquid
using a plate—plate geometryp (=25 mm. Films of  and the network in thg¢N+C,} region (this is the aniso-

B. Calorimetric, x-ray, mechanical, and electro-optical
analysis
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FIG. 1. (@) Phase diagram of the DBS/LC-E7 system. Transition tempera+ |G- 2. (&) DSC thermograms of, from top to bottom, 36.3 wt % DBS/LC-
tures (0J), (@), were measured by DSBee Figs. &)—2(b)] and (O) by E7; 32%; 25%; 13.9%; 7.5%; 4.5%; 2%; 1%; 0.5%; and O%at E7. (b)
microscopic observations of “gel melting.” The symbak) indicates the DSC traces of 1 wt % DBS/LC-Efdotted ling and 0.5 wt %(solid line).

mesotectic 3-phase equilibriufi,} ={N+C,}. (b) Schematic diagram of The_rmograms are enlarged ve_rsions _of traces showa)ito more clearly
the DBS/LC-E7 phase behavior. The mesotectic point is indicateghby depict the we_ak signals associated W|th_ th_e sol—gel transitidr=atl5 °C
Full lines represent observed transitions as condens, iand dotted lines ~ (1%: dotted ling and T=95 °C (0.5%; solid ling.

are extrapolations.

consequence of the indisputable existence ffa L4} co-
tropic gel region!?~1° The transitions in Fig. (B) corre-  existence region at low, as is understood from the sche-
spond to, respectively, the nematic—isotropic transition of thenatic picture in Fig. lb). Therefore, we are essentially
LC-rich phaseTy,, () and the sol—gel transition at which dealing with the same type of phase diagram as in previously
the DBS network is formed or brokefgg (® andO). The  studied thermoreversible LC gels such as 12-
phase behavior of the DBS/E7 system has also been studiéydroxyoctadecanoic acidHOA)/LC-TL213'2 and other
by optical microscopy which, in fact, allowed detection of systems>~1°
gelation in samples with weight fractions DBS as low as  Since the mesotectic point in the DBS/LC-E7 phase dia-
0.3% (DSC gave only signals down to 0.5%; see Fig. 2.  gram is located very close to the=0 axis, cooling of prac-

As shown in Fig. 1a), the phase separation in tHbl tically relevant material compositions, 0.062&%<0.05, im-
+C,} region is nearly complete, i.e., a well-ordered submi-plies passing the mesotectic point from the right hand side
cron scale{C,} phase coexists with @} phase, consisting for which Tgg (@)>Ty, (O) (see Fig. 1 Therefore, the
of nearly pure LC material. In th@\} phase, the environ- N/I transition occurs in a highly viscougelled material,
ment of the LC molecules is liquid-like, allowing the LC and the LC molecules cannot be oriented by weak external
molecules to maintain the{speed of response to an electric forces such as polyimide orientation layers to form mono-

field. Macroscopically, on the other hand, due to {i&} lithic structures, e.g., twisted nematic layers. Alternatively,
network, the DBS/LC-E7 system behaves as a viscoelastithe network causes micron-scale spatial director variations
solid. leading to a strongly enhanced light scattering when com-

In Fig. (@ we have also marked the location of pared to neat LC-E7, and the light scattering thus is an in-
a mesotectic three-phase equilibrium  poinfL,} trinsic property of the material.
={N+C,} (A)'?atw~0.002 andT=60°C. The presence In principle, refractive index differences between the
of this point in the phase diagram of DBS/LC-E7 may not benetwork and(birefringeni liquid phase may also contribute
immediately obvious from the data displayed, but is a directo the scattering. However, since the material becomes per-
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100 temperature.(h) WAXS recording of a 9.5 wt% DBS/LC-E7 gel at
T=100 °C. (c) WAXS recording of a 9.5 wt% DBS/LC-E7 sample at
- T=180°C.
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fectly transparent when heated into the isotropic gel state, welications: in the phase diagram of the previously studied
believe this to be a minor effect, as also follows from theHOA/LC-TL213 system, a mesotectic equilibrium occurs at
typical size of the aggregates in DBS géts100 nm).>° w~0.33 andT=70 °C. Therefore, cooling of practically rel-

Clearly, this light scattering by DBS/LC-E7 may be ex- evant compositions results in passing the mesotectic point
ploited in smart windows or scattering based display applifrom the left, for whichTy;,>Tgg [see Fig. 1)]. In this
cations such as flat panel displays, electronic paper, or prazase the LC molecules may be oriented, e.g., into twisted
jection systems. In contrast, the phase diagrams of other L@ematic configurations and subsequently gelled at a lower
gels reveal their applicability in twisted nematic display ap-temperaturelgg.!?
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10° 1100 of Figs. 4-5, is the material strain experienced at the edges
10°] 2 g0 of the sample. This strain is larger by a factor6é than the
. A strain experienced locally at a distaneé&om the center of
& 104 e AA 160 the plates. Second, as mentioned in Sec. Il, our analysis as-
= :O%E lag © sumes linear viscoelastic behavior for whi¢G,,5} and
o AE {G',G"} are strain-independent material consta&ht3his
O 10% A o 120 condition does not hold at large material strains, and conse-
10" LML, 0 quently, the numerical values &’ andG" have no signifi-
0.1 1 10 cance outside the plateau regions of Figs. 4-5.
y (%) By comparing Figs. 4-5 to the literature data it is seen

—— 165 (A), and storages’ () and lossG"(O) modul that the gel stiffness, embodied B/, agrees well with val-
. 4. LOss ang , and storag ana Ios moaull vs .
material strainy of a 0.5 wt % DBS/E7 gel aT=30 °C. From the sudden ues Greported fOI’_ DBS/ethylene egEo{and DBS/SI_loxa,‘ne
decrease in the value &', the maximum strain at network failure,.,, is ~ 9€lS- Therefore, it is DBS and not the solvent which is re-
estimated to be 0.06. sponsible for the material stiffness, as was confirmed by a
reference experiment on neat LC-E7. Since all samples ex-
. o ~_ amined show identical behavior as in Fig. 4, we conclude
When looking at the DSC thermograms in Fig. 2, it is that for low w, G'>G” in DBS/LC-E7 gels. Thus, the gels
seen thafly,, decreases over 6 °C upon increasing the DBS,re pyilt from an almost perfectly elastic network that shows
concentration, and the decrease is accompanied by a broagkry |itle energy dissipation upon linear deformatfn.
ening and weakening of the DSC signals. This is 'n?'ca“‘,’,%owever, upon increasing the deformation into the nonlinear
of a weakre%r?nng of order in the LC phase due to "pore” girain regimei.e., beyond the plateau region of Figs. 45
confinemerft” and of an increase of the fraction of LC mol- gnergy dissipation causes material failure, and origal

ecules "bound” to the DBS strand. _ andG” values could only be restored upon heating the ma-
Finally, Fig. 3 shows WAXS recordings of structures of (g/ig aboveTsg.

coexisting phases in a 9.5 wt% DBS gel at, respectively,  The composition dependence of the mechanical proper-
room tfmpe_rature[ﬁg..&a)], T=100°C [Fig. 3b)], and ties of the gels is depicted in Fig. 5. The figure shows that the
T=180°C[Fig. 3(c)]. Figure 3a), taken at room tempera- girain at failurey,,, decreases with increasing DBS content,
ture, shows a recording of'the gn}sotropm gel region |n'wh|cl",\,hi|e the gel stiffnessG’ and strengthy,.,cG’ increase.
the {N+C,} phases coexist. Visible are two bright, diffuse This may be understood by realizing that higher amounts of
rings, originating from the{N} phase, caused by electron pps are Jikely to form networks with finer mesh sizes and
density variations perpendicular to the nematic directokpcer fibers, which are less strainable, stiffer, and stronger.
(outer ring; correspgndmg to an average per|0d|0|t§3=§ﬂ.3 Finally, observed gel strengths are in the range 600—
A) and along the directofinner ring; s~25 A). Other fings 2000 Palcorresponding to loads of 6—20 g/&mThese val-
originate from the{C,} phase formed by DBS. These rings g5 jmply that gelled films can easily hold a top layer such as
tend to be sharper, indicating that DBS molecules arrangg glass plate or a polymer coating that mayirbsitu applied
into well-ordered structures displaying relatively large corre-gnig the film(e.g., in a continuous processing lin@his, in
. _ . . A —: I '
lation lengthsé=\/A© (with © the scattering anglé* Fig- our opinion, is indicative of the potential that thermorevers-

ure Jb) shows the structures of coexistifilg, + C,} phases ipie LC gels have in large area applications.
at T=100 °C in the isotropic gel region. Since the molecules

constituting LC-E7 are now in the isotropjt ;} phase, the
inner diffuse ring visible in Fig. @) has vanished. The outer
ring, which originates from electron density variations In Fig. 6, a photograph of an 18m thick nonpixelated
caused by a parallel local arrangement of neighboring LGlemonstrator cell with an area of 830 mm shows that the
molecules? is still present. Note that the reflections of the thermoreversible gel concept indeed allows us to create
ordered{C,} phase have remained unchanged when comelectro-optically active cells that are reversibly switchable at
pared to Fig. 8. Upon further heating td=180 °C these
also disappearfFig. 3(c)], indicating that the gel has
“melted.” Therefore, although the Bragg-type reflections
visible in Figs. 3a) and 3b) are weak due to the relatively
small amounts of DBS in the samples, they show that the
DBS molecules indeed organize into well-ordered submicron
scale structures.

C. Electro-optical characterization

G (Pa)

B. Dynamical mechanical analysis

In Fig. 4 is shown a typical result of a strain sweep
experiment for a 0.5 wt% DBS/LC-E7 gel. Samples with a 0
different DBS content show identical behavigee Fig. 5. v (%)

B_efore dISCUSSIDg the observations, two remar_ks are in placeyg, 5. storage moduli vs material strain for gels of different DBS content
First, the quantityy= aor/d, plotted on the horizontal axes atT=30°C.
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tion of transmission versus applied voltage curves from a
consecutive series of measurements. The figure also shows
switching curves recorded after heating the cell Tig,
(dashed lingor T4 (dotted ling and subsequent cooling. In
the figure, the transmission is definedTas 100 /15, wherel
is the instantaneous transmission dgdhe transmission of
light passing an empty reference cell to correct for absorp-
tion losses due to the glass and ITO layers. Since the re-
corded transmissions are a strong function of illumination
intensity and sample—source distance, we have monitored
with the same setup the Zm reference PDLC celldash—
dot line).?® Although the difference in switching voltages
between our cell and the PDLC cell is partially explained by
a disparity in cell thickneseV yppiieqScales linearly withdcey)
and partially by the fact that the PDLC film contains a fully
optimized LC blend, it is clear that further optimization of
our system is needed. In order to achieve this, control of
phase separatio@absence of residual amounts of DBS in the
{N} phase¢ and optimization of the properties of tHé\
+C,} interface are of utmost importance. Other aspects that
FIG. 6. The transparent oiftop) and light scattering off-stat@ottom of a need addressing are related to the contrast. We have ob-
30x30 mm cell filled wih a 1 wt %DBS/LC-E7 mixture. In the on state a . . .
100 Hz ac voltage was supplied with the aid of a Keithley source measures'(:"rvet.j that there is a loss of con_tr(a(-sheflned as the rat!o of
ment unit. In the photograph, the distance between the cell and the displaydfie highest and lowest transmission recojdedter first
symbol is approximately 10 cm. switching of the cell(Fig. 7), followed by a stabilization
upon further use. Moreover, it was noticed that heating to
) Ty and subsequent cooling leads to a reproducible, large
100 V between a scgtterlng—off and a transparent-on stat@gntrast recovery, while “melting” the gel by heating Teg
Clearly, both the clarity of the on-state and the amount Ofgyits in a complete recovery after cooling. Assuming that
scattering in the off-state are promising with regard to applivhe |oss of contrast upon first switching is caused by a “per-
cation purposes. Benefits of the type of system explored byhanent” macroscopic reorganization of the network due to
us, when compared to conventional PDLC systems, are itge forces imposed by the temporal homeotropical alignment
thermoreversibility(that may be explored in a continuous o the LC molecules, it seems natural that heating 4g, at
production ling, the very low amounts of gelling agent \hich “gel melting” occurs, completely restores the con-
needed, and the ease of gel manufactuiiingcontrast to 55t The reason why heating aboVg, has such a large
acrylate gels, no UV curing is neededidditional benefits  gffect is still somewhat obscure to us. The best explanation
may lie in the large variety of gelling agents that have beenye can offer thus far is that after heatingTg,, , the forma-
discovered over the past yedr&n the other hand, the op- +{jon of a nematic liquid upon cooling exerts random distor-
erating voltage that is current required is high when comyjons on the network, resulting in a partial loss of its macro-
pared to a PDLC reference cell, fully optimized at Philipsscopic orientation.
Researci® This is shown in Fig. 7 which displays a selec- Finally, it should be noted that in the demonstrator cell

of Fig. 6 we only exploit the residual contrast residing after
the first switching motion. It may be possible however to

1004 7~ exploit the partial bistability observed in Fig. 7. Schemes for
doing this have been proposed in the context of silica con-
801 taining nematicg®?’
-~ 60
~ S e after heating to T,
= 4091 /7 4/ after heating to T,
IV. CONCLUSIONS
2041 L+ S0 mme- PDLC reference cell
0' The phase behavior of the thermoreversible LC gel
0 40 80 120 160 forming system comprising the commercially available in-

Vv (V) gredients DBS and LC-E7 has been investigated by DSC and
applied WAXS. It was found that the phase diagram displays a
FIG. 7. Electro-optical characteristics of an A scattering cell containing mOInOteC“.C'tYpe. po_mt, Wh.|(.3h we refgr to as “.mE'SOIGC'[IC,” at
a 1 wt % DBS/LC-E7 gel. Curves were obtained in a consecutive series ofvhich a liquid is in equilibrium with a solid and a me-
measurement_shin which thehapplied voltagel_ was increased from 0 t;) 150 ¥ophase. Further, it was shown that the location of the me-
every 0.1 s with 0.5 V Dashed and dotted ines were recorded by the Saw@otectic point at extremely low Weight fractions of DBS,
procedure after heating the cells to, respectiv@ly, and Tsg and subse- . . : .
quent cooling. The dash—dotted line shows the characteristics of a fulyFombined with the demonstrated viscoelastic response of

optimized 7um PDLC cell as a reference. DBS/LC-E7, allows manufacturing of white light-scattering
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