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Abstract

Interfacial interactions control two processes empirically known to be critical for molecular anchoring in twisted nematic liquid crystal
displays technology (TN-LCDs): surface treatment and filling procedure. Static and dynamical interfacial tangipbstiveen liquids and
several substrates with similar roughness were observed respectively by contacd@rafledssile drops and by fluorescence depolarization
of thin liquid films flowing at high velocityI's; decreased when glass was coated with tin dioxide and increased with polyvinyl alcohol (PVA)
deposition. Drops were circular for all substrates except rubbed PVA, where they flowed spontaneously along the rubbing direction, reaching
an oblong form that haé parallel and perpendicular to the rubbing direction respectively greater and smallég floamonrubbed PVA.
This is attributed to polar group alignment generating an asymmegicdistribution with nanometric preferential direction, inducing a
capillary-like flow. Polarization and anisotropy maps for high-velocity flow parallel to the PVA rubbing direction showed an increase in
the net alignment of molecular domains and a widening of the region where it occurred. This is attributed to preferential anchoring in the
downstream direction, instead of in several directions, as for nonrubbed PVA. This explains why filling direction is crucial for TN-LCDs
homogeneous behavior.
0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction tin oxide and still easily printed. A polymer solution is de-
posited by spinning and the solvent is evaporated. Then the
Among several technologies of information displays, lig- polymer is rubbed with organic fibers. Birefringence stud-
uid crystal (LC) display stands out [1], due to the following ies have shown that molecular chains and their polar groups
advantages: it is planer and thin and it has a low power align along the rubbing direction of the polymer layer [2].
consumption, a simple manufacture process, large areas that LC molecules anchored at the solid interface produce
can be processed simultaneously, and low production coststhe structure that generates the TN-LCDs electroptical be-
Most LC displays (LCDs) use 9awisted nematic crystals  havior. Empirically it is known that there are two critical
(TN-LCDs) that consist basically of cells formed by two processes responsible for molecular anchoring at determined
treated glass sheets spaced at about 10 pm and filled withdirections and tilt angles: surface treatment (rubbing) of the
LCs. For small area displays, glass can be coated with a layempolymeric layer and filling procedure.
of high resistivity, tin dioxide, which is cheaper than indium Two different surface orientation mechanisms are known
to be effective in aligning bulk LC. One consists of a long-

— . range process via elastic interactions where LC molecules
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without polar groups [4,5]. The other is a short-range in- and the laser electric field. If the dipole is parallel to the lon-
teraction between polymer chains (oriented by the rubbing) gitudinal molecular axis (as for rhodamine, the probe used
and the monolayer of LC adsorbed on the surface. This in- in this work), mainly nearly vertical molecules will absorb
teraction depends on the chemical constitution of both liquid laser radiation. While excited, photoselected probes can ro-
and substrate, since intermolecular forces will determine its tate or not as a function of the mobility of the neighboring
strength. If it is strong, as in polymers with polar groups, the molecules and chemical environment. When fluorescence
polar anchoring energy is high and LCs will be preferentially takes place, the light emitted is not 100% polarized, because
aligned by interacting directly with the polymer surface and the transition dipole moment of the probe depends on its
this alignment is extended into the bulk, analogously to epi- molecular orientation. In PLF fluorescence emission is dis-
taxial growth [2]. criminated according to its polarization and compared with
Intermolecular forces at interfaces generate interfacial laser polarization.
tensions that can be macroscopically evaluated by contact Fluorescence depolarization can be interpreted either as
angles ¢¢) of small sessile drops [6]. For rough substrates a bidimensional phenomenon in terms of polarizatié?) (
ando. lower than 90, the apparent angle is smaller than the [13,14], or as a three-dimensional phenomenon in terms of
true one. The Young equation relates these tensioms.to  anisotropy {) [15,16]:
When solid—vapor interfacial tension is much smaller than 1 In—1 op
S . . I . | — 1L | — 1L
solid—liquid interfacial tensionI(sL), it is possible to con- P = , r=— r=—_—.
sider the ratio of. cosines as equal to the ratio 5§, for I+ 1y I +20, 3-°P
the same liquid interacting with different substrates. The high velocity imposed on the liquid flow causes a
When a drop is moving along a solid surface at a very preferential molecular orientation in the downstream direc-
low speed, it is possible to determine advancing and reced-tion that is photoselected by the laser [12]. Polarization and
ing angles, the former being larger and the latter smaller thananisotropy are maximum if molecules are still in the down-
the statico.. It was recently found that their difference, the stream direction when they fluoresce. For a thin liquid layer
hysteresis, can be strongly dependent on sorption that arise§lowing on a solid surface, polarization and anisotropy will
primarily from molecular interactions between liquid and be high when the interaction at the interface is low, as the
solid, rather than from surface roughness [7,8]. Strong in- molecular domains [17] will be aligned with the flow [12].
termolecular forces, present at interfaces with polar groups, If the interaction between solid surface and liquid increases,
increase both the driving force and the resistance during slowthey will tend to establish intermolecular forces (anchor),
dynamical wetting, depending on the spacing between puta-turbulence will develop and generate misaligned molecular
tive adsorption sites [9]. Recently it was shown that drops domains, and both polarization and anisotropy will decrease.
can move at low speed due to continuous gradient wetabil- Reported studies in the literature do not emphasize mole-

ity [10]. cular interfacial phenomena by using high flow velocities,
The contact angle method has never been used to characsince their samples consist of evaporated LCs, LC cells pre-
terize TN-LCDs interfaces, as far as the authors know. viously filled, or capillary-filled LCs cells. In this paper

The other empirically known process critical for TNs- relative dynamicall's| was evaluated by fluorescence de-
LCDs is the filling procedure. It controls the first contact polarization of liquid thin sheets flowing at high velocities
between liquid crystal and substrates, when the initial mole- on TN-LCD substrates.
cular anchoring takes place. It is known that high velocities ~ As far as the authors know, this is the first time that
intensify molecular effects as compared to hydrodynamic ef- and fluorescence depolarization have been applied to study
fects, thus becoming more susceptible to surface chemicalTN-LCD substrates.
constitution [6,11]. Intermolecular forces that occur while
molecules are flowing on substrates cause the dynamical
I'sL. Recently fluorescence depolarization was used to eval-2. Materialsand methods
uate dynamid’s, for monoethylene glycol with borosilicate
and tin dioxide [12]. The substrates studied were those used to produce TN-

Usually fluorescence spectroscopy monitors samples at aLCDs on the CenPRA/ITI preindustrial assembly line [18]:
single spot and without polarization resolution. For this ap- soda-lime glass (glass), tin dioxide (Sf)0and rubbed and
plication it is necessary not only to map flowing samples nonrubbed polyvinyl alcohol (PVA). SnOsamples were
but also to determine the polarization of the fluorescence in made of glass coated with 200 nm of tin dioxide [19]. PVA
order to assess intermolecular alignment within the flowing (Carlo Erba) consisted of a 400-nm layer deposited on the
liquid. The technique used is polarized laser-induced fluo- SnG, surface by spinning a 5% aqueous solution at 2500
rescence (PLF). rpm for 30 s with a Headway P101 spinner and baking them

The principles of PLF have been discussed before [13,14].in an oven at 80C for 60 min. Then PVA samples were
Briefly, vertically polarized laser light excites fluorescent rubbed with 10-pum fibers, always wiping in the same direc-
probes within a sample. Their absorption is proportional to tion and keeping both velocity and pressure constant on the
the cosine squared of the angle between the molecular dipolesurface.
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Table 1

Interfacial data obtained by atomic force microscopy, contact afg)efolarization ¢), and anisotropyr)

Solid Maximum Liquid E7 Liquid MEG Net? Netr
surface roughness (nm) Oc (£2°) cosf¢ (+0.01) Oc (£2°) costc (+£0.01) MEG flow (%) MEG flow (<10~2)
Glass 5 22 0.93 32 0.85 11.0 7.6

SnG, 9 26° 0.90 a4 0.72 11.5 8.0

PVA 2 20 0.94 28 0.88 11.3 7.8

PVA| 10 14 0.97 22 0.93 12.7 8.1

PVA | 10 27 0.89 35 0.82 - -

Liquids: eutectic liquid crystal mixture (E7) and monoethylene glycol (MEG). Substrates: soda-lime glass (glass), tin dioxdleai@h@olyvinyl alcohol
(PVA), rubbed and nonrubbed. PyAnd PVA, represent the data parallel and perpendicular to the rubbing direction, respectively.
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E - Mirror F - Cut-off Filter AS - Lock-in
L;- Lens 1 PEM- Photoelastic Modulator M - Multimeter
P;- Polarizer 1 G - Frequency Generator I- Interface
SP — Sample Positioning  P»- Polarizer 2 PC- Computer
System PD- Photodiode
L,- Lens 2 SB - Splitter Box

Fig. 1. Experimental setup for polarized laser-induced fluorescence (PLF) to detect fluorescence depolarization.

Two liquids were studied: a eutectic mixture of four tachi VM-E230A video camera, with 36zoom, connected
twisted nematic liquid crystals (E7) and monoethylene gly- to a PC.
col (MEG). E7 (Merck-BDH) is used at the CenPRA/ITI To study dynamicall's, a 100-um-thick liquid layer
preindustrial TN-LCDs pilot assembly line [18]. The four flowed on each solid surface at1fdom the vertical, 19 +
LCs had similar linear structures: two or three phenyl rings, 0.5°C, and 220 cms! average velocity. For rubbed PVA the
a polar group [-CN] at one of the extremities, and an alkyl liquid flow was along the rubbing direction. About 800 mL
group at the opposite extremity [20]. Rhodamine 6G (flu- of liquid was required for these measurements, making it
orescent probe from Lambdaphysik, 99.99% purity) was too expensive to use liquid crystal. As stafig_for E7 and
added to ethylene glycol (99.5% purity, Merck 109621) to MEG change similarly with the chemical nature of the sub-
make a solution at.9 x 10~3 mol 1. strate (Table 1), MEG was used to simulate E7 liquid-crystal
Three experimental methods were used: atomic force mi- behavior.
croscopy (AFM) to determine the morphology and rough-  The PLF experimental setup (Fig. 1) has previously been
ness of substrates; contact angle of small sessile dégps ( described [21]. Briefly, a 514.5-nm laser beam (Coherent
to obtain relative statids; ; PLF of the liquid flow to map Inova70C argon) at 50 mW is deflected by mirror E and fo-
fluorescence depolarization and determine the relative dy-cused by lens L1 into the sample, with diameter 0.02 mm.
namiclsy. A vertical polarizer, P1, ensures 100% polarization. Fluores-
AFM analysis was performed with a Nanoscope lll, Digi- cence is collected by lens L2 and passes through a 550-nm
tal Instruments, with J and E type scan heads in contact modecut-off filter F to block laser radiation. Pure fluorescent light
in air. enters a photoelastic modulator, PEM (Conoptics 350-50),
During contact angle measurements both temperature anddriven at 600 Hz by a frequency generator, G. The PEM-
pressure were kept constant at .23 0.1)°C and 1 atm. modulated output light beam is selected by a horizontal po-
Drops of (164 1) pl were formed with a micropipette on larizer, P2, and reaches the detector PD at a solid angle of
substrates and their images were remotely acquired by a Hi-0.02 sr. This homemade detector consists of an OPT 202
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Burr—Brown photodiode with active area 5.22 fand op- Different angles for rubbed PVA should not be attributed
erates as a current-to-voltage converter with four optional to physical effects such as channel flow due to surface undu-
sensitivity ranges. The PD output goes into a splitter box, lations, roughness, or hysteresis. They can only be attributed
SB, where voltage¥ac and Vpc are split and then mea- to chemical interactions that are macroscopically asymmet-
sured respectively by an Ithaco NF 3961B lock-in amplifier, ric. In fact, the spontaneous drop flow cannot be seen as a
AS, and a Tektronix DMM157 digital voltmeter, M. A two-  typical channel flow of fluid mechanics, since irregular un-
channel analog-to-digital converter, ADC, acquitag and dulations along the rubbing direction (shown by AFM) were
Vbc through an interface, |, connected to a PC. Polarization about six orders of magnitude smaller than the drop diame-
is defined asP = Vac/(Vpbc x fc) where f¢ is the correc- ter. Likewise, it is not expected that the adsorbed monolayer
tion factor due to optical components birefringence (0.20 for will be aligned due to geometric factors, since the undula-
both vertical and horizontal polarized light). tion grooves were over two orders of magnitude larger than
The sample position was varied uniformly in relation to the liquid molecular dimensiongpya 1 andépya; could not
the laser beam direction, using a homemade two-axis trans-correspond to receding and advancing angles, respectively,
lation frame [21] that was remotely controlled by a PC. as the first should decrease instead of increasing, and the
Flowing systems were scanned vertically and horizontally second should increase instead of decreasing. Finally, the
with resolution 2.5 pm in both directions (0.2 rirspatial roughness effect should decre@sga, and not increase it,
resolution), with repeatability better than 0.1%. A QBasic as measured.
program controlled both data acquisition and sample posi- Thus the spontaneous flow on rubbed PVA and the dif-
tioning. ferentd. for the same sessile drop should be attributed to
chemical causes. Interfacial interactions that take place be-
tween liquid polar groups (E7 nitriles and MEG hydroxyls)
3. Resultsand discussion and PVA hydroxyls have strong polar anchoring energies
(~10° ergcnm?). Rubbing aligns the polymer chains and,

AFM showed that soda-lime glass was quite flat, with thus, their hydroxyl groups along a preferential direction.
roughness of about 5 nm and particles at the surface showingl he spacing between putative adsorption sites now has two
a preferential orientation, which may be due to an imperfect differentaxes, one parallel and the other perpendicular to the
cleaning process. Tin dioxide showed 100-nm circular struc- rubbing direction (Fig. 3), producing two different contact
tures and 9 nm roughness, and was rougher than bare glas@ngles due to differents.. In fact, using the Young equa-
With PVA deposition, the surface became more flat due to tion, the s, ratio was 109+ 0.02 for E7 and 112+ 0.04
the filling of irregularities and roughness dropped to 2 nm. for MEG.

Rubbed PVA showed a roughness of 10 nm and irregular un- ~ Dynamic relativel’s, were obtained from maps of flu-
dulations along the rubbing direction of about 25 nm height orescence depolarization acquired along liquid thin layers
and 100 nm width. flowing on the substrates and are shown as polarization and

Drops on soda-lime glass, SpCand PVA had circu-  anisotropy. They can be seen as dependent mainly on the
lar top views with diameter about 8 mm. Rubbed PVA chemical nature of the interface, since substrates had rough-
drops flowed spontaneously along the rubbing direction af- ness below 25 nm whereas maps were acquired with a res-
ter touching the substrate, fitting in an oblong shape (Fig. 2) olution over 0.7 mm. Table 1 gives net valuesofindr at
whose length was about twice their width. the central region. Figure 4 shows the central region of the

Contact angles for each pair liquid/solid (Table 1) were polarization maps.
measured three times at least.

As surface roughness was low for all substrates, it was

possible to compare the angles obtained. Sdéposition A

on glass increasegk, pointing up lower chemical affinity

between liquids and substrate. Polymer deposition decreased g e~
6c for both MEG and E7, favoring liquid—solid interaction 8

and increasinds,.
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o
9

O e~0 0O B
OO0 &% LW =
L0 O 0~O O

Fig. 3. Scheme of liquid molecules anchoring on surfaces. Circles represent
Fig. 2. Drop of MEG on rubbed PVA. It is oblong and stretched along the PVA polar groups and sticks represent liquid molecules. (A) Nonrubbed
rubbing direction. PVA; (B) rubbed PVA.
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Fig. 4. Fluorescence depolarization data at the flow central region, shown as polarizgtioreyys for MEG flowing on (A) soda-lime glass; (B) SsiO
(C) PVA; (D) rubbed PVA.

SnQ deposition increased nét and netr (Table 1) as interfacial tensions obtained by contact angle. Sd€posi-
the alignment of molecular domains increased due to weakertion led to a decrease in the liquid—solid interfacial interac-
intermolecular interaction at the interface. tion that was almost offset by PVA deposition.

When PVA was deposited; andr averages decreased, PVA rubbing caused axial asymmetry of PVA polar group
thus molecular anchoring increased due to stronger dynamicdistribution. Once there are a limited number of polar groups
I's. This anchoring process that had no preferential di- and they establish intermolecular bonds along one direction,
rection (Fig. 3) produced local microturbulence and caused the other direction will undergo depletion of polar groups
molecular domains that flowed over the interfacial molecular gpqg consequent reduction of putative adsorption sites. Thus
layer to become misaligned. intermolecular bonds have a preferential direction to occur

Flow along the PVA rubbing direction notonly had higher 54, increases along the rubbing direction while decreas-
P andr averages, but also widened the region where they ing along the perpendicular direction.

were homogeneous (Fig. 4D). S This asymmetry made the sessile drop on rubbed PVA
The liquid that flowed along the rubbing direction and 1, spontaneously along the rubbing direction until it
the polar groups of the substrate were also aligned along .,hed an oblong shape. Static contact angles perpendic-

the sar;e Id|recttt|10n, tand m9rlﬁcplar domat|n ahgnlmgntt N" lar and parallel to the rubbing direction were greater and
creased along the stream. Their hanometric scaie in erac'smaller, respectively, than the angle for nonrubbed PVA.
tion produced preferential anchoring along the flow direc-

tion (Fig. 3B), differently from nondirectional anchoring During the flow intermolecular bonds will be gradually es-

on nonrubbed PVA. The increase of both polarization and Fabllshed along the rubbing direction, as the liquid migrates

anisotropy is not due to a weakgg , but to a stronger and Ibn a phenomen(_)n S|fr|n|_lgrdto cap_ﬂla:%/ rov;.zThehprocehss ”.‘ayl
highly directional downstream interaction that reduces lat- fe seen as qlmlcro hUI hyngmllcs ow [ d]r\:v (falre cdemlc:;
eral turbulence and so increases the area wResiadr are orces prevail over the physical ones and the flow depends

constant (Fig. 4D). Therefore rubbing increases the region M&inly on the boundary layer interactions.

where effective oriented anchoring takes place during the ~FOr high-velocity flowing conditions it was also possible
TN-LCD filling process. to observe that the rubbing increased not only the intermole-

cular alignment of the anchored monolayer, but also the size
of the area where it was more homogeneous.
4. Conclusions Thus liquid molecular domains were anchored in a prefer-
ential direction (downstream) over a wider region. This may
The relative dynamic interfacial tensions obtained by flu- be the cause of the homogeneity increase in TN-LCD dis-
orescence depolarization were in agreement with the staticplays using rubbed PVA.



226 C.M. Quintella et al. / Journal of Colloid and Interface Science 262 (2003) 221226

The increase of both the preferential direction interfacial [6] A.W. Adamson, A.P. Gast, Physical Chemistry of Surfaces, Wiley,
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choring occurs, due to rubbing, can explain why the filling [/ ﬁ]grgc'éasril F;'sz’zuéog')'-liég""" Hair, A.W. Neumann, Adv. Colloid
direction becomes so important in TN-LCD technology. (8] CW. Extrand, J. Colloid Interface Sci. 248 (2002) 136,
doi:10.1006/jcis.2001.8172.
[9] T.D. Blake, J. De Coninck, Adv. Colloid Interface Sci. 96 (2002) 21.

Acknowledgments [10] S. Daniel, M.K. Chaudhury, Langmuir 18 (2002) 3404.
[11] F. Brochard-Wyart, P.G. de Gennes, Adv. Colloid Interface Sci. 39
Conselho Nacional de Desenvolvimento Cientifico e Tec- (1992) 1.

noléai NPa. Brazil) for grants. Ibero-American Net- [12] C.M. Quintella, C.C. Gongcalves, |. Pepe, A.M.V. Lima, A.P.S. Musse,
ologico (CNPq, azil) for grants. Ibero erica € J. Braz. Chem. Soc. 12 (2001) 780.

work of Liqmd CryStal Displays from SUbPrOgram IX: Mi- [13] A.J. Kenyon, A.J. McCaffery, C.M. Quintella, J.F. Winkel, Mol.
croelectronics of Program CYTED for their incentive to Phys. 74 (1991) 871.

this work. A.M.V.L. and A.P.S.M. acknowledge their under- [14] A.J. Kenyon, A.J. McCaffery, C.M. Quintella, Mol. Phys. 72 (1991)
graduate research fellowships from PIBIC-CNPqg and CNPq. 965

C.C.G. acknowledges a CAPES DPhil scholarship. C.M.Q. [15] A Kawski, Crit. Rev. Anal. Chem. 23 (1993) 459.

. . 16] J.R. Lakowicz, Principles of Fluorescence Spectroscopy, Plenum, New
acknowledges a senior research scholarship from CNPq. [16] York. 1983. P P P

[17] G.J. Juzeliunas, J. Lumin. 46 (1990) 201.
[18] M.R. Costa, R.A.C. Altafim, A.P. Mammana, Lig. Cryst. 28 (2001)

References 1779.
[19] V. Baranauskas, T.E.A. Santos, M.A. Schreiner, J.G. Zhao, A.P. Mam-
[1] Werner, IEEE Spectrum 34 (1997) 40. mana, C.1.Z. Mammana, Sens. Actuators B 85 (2002) 90.
[2] M. Geary, J.W. Goodby, A.R. Kmetz, J.S. Patel, J. Appl. Phys. 62 [20] I.C. Khoo, Liquid Crystals: Physical Properties and Nonlinear Optical
(1987) 4100. Phenomena, Wiley, New York, 1995.
[3] D.W. Berreman, Phys. Rev. Lett. 28 (1972) 1682. [21] C.M. Quintella, C.C. Gongalves, I. Pepe, A.M.V. Lima, A.P.S. Musse,
[4] G. Barbero, S. Durand, Phys. Rev. A 41 (1990) 651. J. Autom. Methods Manage. Chem. 24 (2002) 31.

[5] M.B. Feller, W. Chen, Y.R. Shen, Phys. Rev. A 43 (1991) 6778. [22] G.M. Whitesides, A.D. Stroock, Phys. Today 54 (2001) 42.



	Fluorescence depolarization and contact angle investigation of dynamic and static interfacial tension of liquid crystal display materials
	Introduction
	Materials and methods
	Results and discussion
	Conclusions
	Acknowledgments
	References


