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The surface-induced structure formation of polymer-dispersed liquid crystals (PDLCs) on a chemically patterned
substrate was studied for the first time. The patterns on the substrate were successfully transferred to the PDLC film,
resulting in alternating LC-rich and polymer-rich phases. This simple approach offers a new means of organizing
micrometer-sized LC domains into well-ordered structures in a polymer matrix of PDLCs.

Polymer-dispersed liquid crystals (PDLCs) are an important  Several PDLCs with a controlled LC domain size and
new class of materials for potential applications in the areas of distribution have been produced, including holographic PDLCs
light shutters, flat panel displays, privacy windows, microlenses, (H-PDLCs) formed by pattern photopolymerization using two
and so forth:2Such devices require no additional optical elements or more interfering laser beams for use in electrically switchable
(i.e., polarizers) for operation, which otherwise place limits on diffraction gratings;*~2° photoenhanced stratification liquid
device weight and flexibility’. They are prepared by demixing  crystal displays (PES-LCDs) formed by photoenforced stratifica-
polymer and LC, including thermally inducédnd polymeri- tion,2* and phase-separated composite films (PSCOFs) based on
zation-induceti phase separation. The performance of PDLC
strongly depgnzds on the final morphology of LC domains in the gg HE % %E:QS : J:r:‘g J S 55%179_97 6, 1153
polymer matrix: The size, shape, and distribution of LC domains (9} (in’ 7.: Zhang. H.: Yang, Ym 4999 200, 943,
are generally not only dictated by thermodynamic phase equilibria  (10) Xia, J. F.; Wang, J.; Lin, Z. Q.; Qiu, F.; Yang, Y. iinsssiasiss
but are. also St.rongly d.ependent on phase-separation kinetics anaO?fl?iﬂéﬁS?S Kyu, T.; Natarajan, L. V.; Tondiglia, V. P.; Sutherland, R. L.;
the anisotropic ordering of LC because most polymer systems gunning, T. e <005 38, 4844.
hardly reach a thermodynamic equilibrium stat&hus, a (12) De Sarkar, M.; Gil, N. L.; Whitehead, J. B.; Crawford, G. P.
fundam_ental _und_erstandir_1g of the phase equilibripm and ph_ase (13) Kyu, T_;Q,\i‘wgbﬁﬁnfg‘ob_; Chiu, H. \\immiidie 2001, 63, 061802,
separation kinetics of mixtures of polymer/LC is of crucial (14) Kyu, T.; Nwabunma, Diinsesesiaemis<001, 34, 9168.

importance for optimizing the performance of PDLC matefiaiQ. (15) Pog_ue_, R.T,; Sutherla_nd, R.L.; Schmitt, M. G.; Natarajan, L. V.; Siwecki,
S. A.; Tondiglia, V. P.; Bunning, Tyiiaiissc2000 54, 1.
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anisotropic photopolymerization for liquid crystal displays
(LCDs)22Surface-induced structure formation in polymer blends
has been widely recognized as an inexpensive, highly reproducible
way to deliver polymers to specified regions via selective polymer/
substrate interactio?¥2” Here, we report the formation of ordered
structures in a polymer-dispersed liquid crystal (PDLC) film by
allowing the polymer and LC to phase separate on a chemically
patterned substrate (i.e., concentric Au ring-patterned ITO

substrate). The patterns on the substrate were successfully (a)

transferred to the PDLC film, resulting in alternating LC-rich

and polymer-rich phases as confirmed by polarized optical |
microscope and Raman spectroscopy measurements. A unique

surface-induced phase-separation process was observed for the -

firsttime. The time evolutions of the size, number, and total area

of LC domains were quantified. This simple approach offers a
new means to organize micrometer-sized LC domains into well-
ordered structures in a polymer matrix of PDLCs.
Polystyrene (PS; weight-average molecular weldht= 5100
g/mol and polydispersity PD& 1.07) was purchased from
Polymer Source Inc. A thermotropic liquid crystal (LC)n4-
pentyl-4-cyanobiphenyl (5CB; the nematic phase exists at a
temperature between 18 and°85,28was purchased from Sigma- (h)
Aldrich. The aspect ratio of the lengtk{6 A) to the diameter
(~4.3A) of 5CBis 3.7, indicating a rodlike molecule. Its director
is the long axis of the cyanobiphenyl moiety. PS/5CB 50:50
wt/wt was dissolved in a common solvent, toluene, at a
concentration of = 2 wt %, resulting in ahomogeneous solution.
Preparation of a Patterned Substrate with Chemical
Heterogeneity.The concentric Au ring-patterned ITO substrate
(i.e., chemically patterned) was fabricated using the methods
introduced previously by us (Figure 293¢ A very thin layer
of gold (Au, 6 nm) was deposited on a precleaned ITO glass by
using an e-beam evaporator (Figure 1b). Then, a drop of poly-
(methyl methacrylate) (PMMAM, = 534 kg/mol and PDk= ©
1.57) toluene solutiorc(= 0.25 mg/mL) was confined between  Figure 1. (a) Schematic representation of concentric gold ring-
the spherical lens and the Au-coated ITO substrate (i.e., a spherepatterned ITO. (b) Schematic illustration of the polymeric template-

on-flat geometry$233The concentric PMMA rinas were produced assisted formation of gradient concentric Au rings. Locally, the Au
on botﬁ the spr)?;re and the ITO substrate W%[hin 30 ?nin via the ""93 appeared as periodic paraliel stripes. The ITO substrate, PMMA
lled . I d depinni fh i rings, and Aurings are showningray, green, and yellow, respectively.

controlled, repetitive pinning and depinning of the contact liné (¢) Typical optical micrograph of the resulting Au rings on an ITO
due to the irreversible evaporation of toluefie33” Subse-  substrate. The brown and yellow curves correspond to Au rings and
quently, the PMMA rings were utilized as templates to prepare rings without a Au coating (i.e., ITO rings), respectively. The
the Au ring replica by removing Au between the PMMA rings thickness and width of the Au rings are 6 nm andO um,
with an aqueous solution of the Ki/imixture, followed by respectively. The center-to-center distance between adjacent rings

eliminating the PMMA rings selectively with acetone (Figure is ~20 um. The scale bar is 70m.

(21) Penterman, R.; Klink, S. L.; de Koning, H.; Nisato, G.; Broer, D. J. 1b;locally, the Aurings appeared as periodic parallel striﬁ?e”é).

Naiure 2002 417, 55-58. The patterned substrate was rinsed with toluene thoroughly and
(22) Vorflusev, V.; Kumar, Sggiencel1999 283 1903. ; H i i
(23) Boltau M. Walheim, S el 3. Krausch, G.: Steiner, blown dry W|th N, before immediate drop casting of the PS/5CB
1998 391 877. Halie toluene solution.

R (JZ_“?AKé}fiméAj P\?\;Jhgiasg &]' F-:léeev B. P-?Glotzelrésg- CéyR%%ezf%J-A-:Jackman, Figure 1c shows a typical optical micrograph of the Au ring-
) Rar LSS s 199 5T, RO2TS | nvie,  Patterned ITO substrate used in the studies. The width of the Au

S. G. ilismileings 1999 82, 2602. rings, wa, and the center-to-center distance between Au rings,
L6 20 Li- X3 Xing, R. B.; Zhang, Y Han, Y. C.; An, LSl 2004 45, Anu, are~10 and~20 um, respectively. Only a small zone of
(27) Kielhorn, L.; Muthukumar, M ity <1999 111, 2250. the entire Au ring patterns was shown (Figure 1c). _The overall
E28§ Piryatinskii, Y. P.;k Yaroshchuk, O. \iimisl@eiasc2002 92, 517. patterns was-1 cm in diameter, governed by the diameter of
29) Lin, Z. Q.; Granick, Syjiinmiimman 005 127, 2816. i :
(30) Hong, STW.. Xt 0. X T I 2 O O, F.o Yang, ¥ ek the uppersphere usedinthe e'xpenn?.éﬁ?:The use of transparent
2005 17, 6223. ITO glass with only 6-nm-thick periodic Au rings on the top
. t(f%g)é(éhg%: éé%lJo-zHong, S. W, Lin, Z.Q; Qiu, F.; Yang, V. Rl renders the optical imaging in transmission mode (Figure 1c).
ett. , . . .
==(32) Hong, S. W.; Giri, S.; Lin, V. S. Y.; Lin, Z. ik 2006 18 Moreover, the effect of physical heterogeneity can be neglected
5164. because of the very thin layer of Au rings (i.e., 6 nm). This
(33) Hong, S. W.; Xu, J.; Lin, Z. QNlaRgeait.2006 6, 2949. i i indi
(34) Hong, S. W Xia, J.: Lin. 2. 2007 19, 1413, represents a simple and robust way to produce chemically periodic
(35) Xu, J.; Xia, J.; Lin, Z. Q - 2007, 46, 1860. surfaces.
(36) Hong, S. W.; Xia, J.; Byun, M.; Zou, Q.; Lin, Z. Ginssesissuis s Surface-Induced Phase-Separation Kinetics of PDLC on

2007, 40, 2831. .
0?3’7)%e§§an R. D.. Bakajin, O.: Dupont, T. F.. Huber, G.. Nagel, S. R.; & Chemically Patterned Substrate A small amount of 2 wt %

Witten, T. A. Nature 1997, 389, 827. PS/5CB (50:50) toluene solutiorrB0xL) was drop cast on the
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center of a Au ring-patterned ITO substrate at room temperature
covering both the patterned substrate and the outer bare 1T(
surface. Because PS and 5CB are incompatflemixing e
between them took place during the solvent evaporation. The] IS
sample was left in air ic2 h toallow for the complete evaporation
of toluene, which was determined by the stability of the focus | &
under the optical microscope (OM) as well as the constant weigh §
of the sample. After toluene completely evaporated, a uniform| &
PDLC film on the top of the patterned substrate resulted, and 3
thinner film was found at the outer bare ITO surface (Figure 1S
in Supporting Information). The thickness of the PDLC film on
the patterned substrate was~1.2um as estimated on the basis
of h = m/pS, wherem, S, andp are the mass of the PS/5CB
mixture, the area of the PDLC film formed on the substrate, and
the density of the film, respectively. The densities of PS and
5CB arepps= 1.05 g/cniandpsce = 1.008 g/cr, respectively.
The area of the PDLC film was® 2 cn? according to the digital
image. The mass of the PS/5CB mixtung,was calculated on
the basis of the concentration (2 wt %) and the volume of the
solution (30uL) (i.e.,m= 30 x 10723 x 0.8 x 0.02= 0.00048
g; the density of toluene is 0.8 g/én Therefore, the film
thicknessh, was~1.2um (i.e.,h = m/pS= 0.00048/(((1.05+
1.008)/2)x 2 x 2)=1.2x 104 cm= 1.2 um). hwas thinner "
than the spinodal wavelength of the bulk PDLC phase-separatior) i
process, which was-3 um as measured by small-angle laser |
light scattering®® The glass-transition temperaturg, of the
resulting PDLC film was~18 °C.38 The decrease ifig (from
Ty of 64 °C for pure PS,, = 5100)) was due to the fact that
the LC plays the role of plasticizer for the polynf#&ro-42
Subsequently, the time evolution of PDLC morphology at

d)

room temperature~25 °C) was monitored by polarized OM
(Olympus BX51 equipped with a CCD camera; polarizér
analyzer) in transmission mode (Figure 2). The PDLC film was

placed in a small, transparent chamber on the OM stage to

Figure 2. Time evolution of morphologies of PS/5CB (PS/5CB
50:50 by weight) on a concentric Au ring-patterned ITO substrate.

The optical micrographs were taken under a crossed polarizer and

analyzer in transmission mode at room temperature. (a) The time
at which toluene evaporated completely was takep és)to + 191

eliminate temperature fluctuation. It should be noted that the min, (C)to + 501 min, (d)to + 791 min, and (e} + 1492 min. The
focus and light intensity were not changed throughout the real- scale bar is 3%m.

time measurement. Generally, the LC droplets in the PDLC film
are optically birefringent under the cross-polarized transmitted nanoparticle surface were obsen#édin the present study, the
light condition. They convertlinearly polarized lightto an elliptical ~ strong affinity of 5CB for the Au rings displaced the PS phase
state? The optical micrograph right after complete solvent toward the ITO parts of the patterned substrate. Thus, the 5CB
evaporation is shown in Figure 28 ty). The 5CB droplets domains originally located on the Au rings grew larger by the
(i.e., bright domains) are randomly distributed on the patterned accumulation of 5CB nearby, whereas the domains on ITO rings
substrate. The deep-green and dark stripes correspond to the IT@radually disappeared (i.e., transported to Au rings) in a process
rings and the Au rings, respectively. Locally, they appeared to analogous to the evaporatienondensation mechanism in
be parallel stripes. polymer blendgf Phase separation was completed atto +
Because the glass-transition temperature of the PS/5CB1492 min as shown in Figure 2e (see the accelerated time lapse
mixture, Ty psiscewas 18°C 28 both the 5CB and PS phases were video in Supporting Information, Movie 1S, where the intensity
mobile, facilitating phase separation. &= to + 191 min, the fluctuation of 5CB domains may be attributed to (i) the diffusion
size of randomly dispersed 5CB domains increased, and theof 5CB in the PS matrix because the focus and illumination were
number of domains decreased (Figure 2b). As time progressednot changed throughout the real-time measurement and (ji) the
5CB domains were seen to segregate preferentially to the Auchange in the orientation of 5CB). As a result, a thin micro-
rings and grow into larger droplets= to + 501 min in Figure structured PDLC film on a chemically patterned substrate was
2c andt = to + 791 min in Figure 2d). It has been demonstrated formed, that is, 5CB-rich phase on Au rings alternating
that 5CB absorbed onto the Au surface to form a self-assembledperiodically with PS-rich phase on ITO rings.
monolayer through the interaction between the cyanide group, Itis noteworthy thatalayer of PDLC film covering the patterned
CN in 5CB and Au*345 and a tilted orientation on the Au  ITO substrate was clearly evident in both the digital image and
optical micrograph (unpolarized) (Figure 1S in Supporting
Information). Moreover, the thickness of the PDLC film was 1.2
um. Taken together, the observed structures were produced by
surface-induced phase separation of the PS/5CB mixture rather

(38) Boussoualem, M.; Roussel, F.; Ismaili, Rkt 2004 69,031702.
(39) Lin, Z. Q. Masters Thesis, Fudan University, Shanghai, China, 1998.

40) Benmouna. F.: Daoudi, A.: Roussel, F.; Buisine, J.; Coqueret, X.; Maschke,
u. Et999 37, 1841.

(41) Benmouna, F.; Daoudi, A.; Roussel, F.; Leclercq, L.; Buisine, J.; Coqueret,

X.; Benmouna, M.; Ewen, B.; Maschke, jiiasittasiaauls <000 33, 960.
(42) Ahn, W.; Kim, C. Y.; Kim, H.; Kim, S. C jrisuasinss < 992 25,
5002.
(43) Solomun, T.; Christmann, K.; Baumgaertel, jsilinnmiism B 989
93, 7199.

(44) Kang, Y. M.; Park, N. G.; Kinm, D. W iiiisgeagtt 2005 86,
113101.

(45) Henderson, J. |.; Feng, S.; Bein, T.; Kubiak, C2agmquir200Q 16,
6183.

(46) Lifshits, I. M.; Slyozov, V. V. 061, 19, 35.


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/la700565w&iName=master.img-001.jpg&w=239&h=323

7414 Langmuir, Vol. 23, No. 14, 2007

45
40
35
30
25
20
154
10

54

04

;
P

0

Average S5CB domain area (um2)|

500 750 1000 1250 1500
t (min)

(a)

250

250+

200+

150

100+

Number of 5CB domains

504

750 1000 1250 1500

t (min)

(b)

0 250 500

2

Total area of 5CB domains (pm”)

24004
2200
2000
18004
1600
1400
12004
1000

800+ ¢

0 250 500 750 1000 1250 1500
t (min

(¢)

Figure 3. Time evolution of (a) the average domain size (in terms
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Figure 4. (a) Raman spectrum of pure 5CB. The vibrational
frequencies at 1607 and 2228 chtorrespond to the ring stretch
from the benzene derivative (doublets) and the CN stretch,
respectively. The chemical structure of 5CB is shown in the inset.
(b) CN stretch peak (i.e., at 2228 chyintensity of the PDLC film

on a Au ring-patterned ITO substratetat ty + 1492 min. The
Raman measurements were performed in line-scanning mode
perpendicular to the ring patterns as indicated by the line in the
optical image taken directly from a Raman microscope (inset).

704

of LC domain area), (b) the number, and (c) the total area of 5CB the droplets was much less than half of the Au ring width,
droplets on Au rings. These data were obtained by analyzing the Way (Way = ~10um) (t = to = 0 min andt = 191 min in Figure

cross-polarized optical micrograph in Figure 2. The tipwas set
to 0 min.

2a,b, respectively). As time progressed, the droplets on Aurings
condensed together and increased successively in size, forming

than induced by dewetting. The surface-induced structure domains of 5-10um in diameter{= 501 and 791 min in Figure

formation of PDLC in the present study is similar to the case of
PES-LCD formed by photoenforced stratificati®r-However,
the average size of LC droplets in our study w& um, which
was dictated by the width of Au rings (Figure 1c). This is much
smaller than the 500m boxes used in PES-LCB.We expect
that by using a lower concentration of PMMA toluene solution,
PMMA rings with reduced width and periodicity can be readily
obtained®?33Thus, smaller LC domains on Au rings would result.
Evolution of LC Domains and Chemical Composition of
PDLC on a Chemically Patterned Substrate. The time
evolution of the average size (in terms of LC domain area),

2c,d, respectively). The final size of the domains was determined
by the Au ring width { = 1492 min in Figure 2e). The number
of droplets on the Au rings decreased with time (Figure 3b), and
the total area covered by the 5CB droplets on the Au rings
increased with time (Figure 3c). Itis clear that a longer time was
needed for the large 5CB domains on the Au rings to merge (and
on the ITO rings to transport to the Au rings) as a result of a
longer distance of movement.

The resulting PDLC film was composed of alternating stripes
of 5CB-rich and PS-rich phases. To confirm this, the chemical
identification of PDLC on the patterned substrate was performed

number, and total area of 5CB droplets on Au rings was quantified using spatially resolved Raman spectroscopy (Renishaw inVia

using ImageJ software (Figure 3). The initial diameter of

Raman microscopy, excited with a 488 nmAaser at 10 mW).
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The Raman spectrum of pure 5CB is shown in Figure 4a. The large area with no need for photoirradiation. Because of the
vibrational frequencies of 1607 and 2228 ¢nzorrespond to strong chemical affinity between LC and Au, the LC droplets
ring stretching from the benzene derivative (doublets) and a CN wet, grow, and coalescence preferentially along the Au rings.
stretch, respectively. The chemical structure of 5CB is shown The patterns on the substrate were transferred to the PDLC film
in the inset. The CN group in 5CB is unique as compared to PS as a direct consequence of the incompatibility of PS and 5CB,
and possesses a strong Raman cross section. Thus, Raman lirtke preferential interaction between 5CB and“Atf® and the
scanning was conducted in the direction perpendicular to the Au comparable pattern size with respect to the length of the domain
rings as indicated by a line in the inset (Figure 4b) by focusing morphology on the homogeneous substrate. The preferential
on the CN stretch vibrational spectrum in the frequency region affinity of 5CB to the Au rings induced a surface spinodal wave
from 2210 to 2250 cmt. The CN stretch peak intensity at 2228 that suppressed spinodal decomposition of the bulk because of
cm~! along the scanning direction is shown in Figure 4b. The the fact that the thickness of the PDLC film was smaller than
spectra from four different spots on each Au ring and the ITO the spinodal wavelength, enabling the transfer of surface patterns
ring were acquired after 10 s of exposure to the laser beam. Theto the PDLC film in a way similar to the case of polymer bleAds.
width and periodicity of the Au rings were10 and~20 um, The film thicknesg3245%the molecular weight of the polymé¥,
respectively, as clearly evident in Figure 4b. The peak intensity and the variation of width and periodict8?7of the Au rings are
of the CN stretch on the Au rings is about 7 times higher than expected to influence the structure formation of PDLC on the
thatonthe ITOrings (i.elen adlen to=7), whichwas consistent  patterned substrate. These experimental parameters are currently
with optical microscopy observation where the majority of 5CB under investigation and will be optimized to yield ideal pattern
was deposited on Au rings (Figures 2 and 3). The low value of transfers of PDLC.
the intensity differencdcnadlcnito may also be partially
attributed to the fact that a small amount of 5CB resided in the ~ Acknowledgment. We gratefully acknowledge support from
PS matrix on the ITO rings (i.e., 5CB in the PS-rich phase). We the American Chemical Society Petroleum Research Fund (grant
note that FTIR spectroscopy has also been successfully applied0- 42825-G7) and the 3M non-tenured faculty award. We also
to study PDLC formatiort” 49 thank Nicholas Abbott for helpful discussions.

In summary, we have demonstrated that chemically patterned

surface-induced phase separation of PDLC could afford a uniquemicrograph of a PDLC film on the Au ring-patterned ITO substrate and
means to control the distribution of LC and organize micrometer- movie of surface-induced structure formation of PDLC on a concentric

sized LC in a well-ordered fashion in a polymer matrix over a a ring-patterned ITO substrate. This material is available free of charge
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