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Abstract

Nonlinear Optical Studies of Liquid Crystals and Polymers
by

Seok-Cheol Hong

Doctor of Philosophy in Physics ‘
University of California at Berkeley

Professor Y. R. Shen, Chair

Polymers are indispensable in our life. A life is a continuous event maintained by
many complex processes in which biglogical polymers participate. It also gets help from
a variety of natural and synthetic polymers with useful functions. Such functions depend
on the chemical and conformational structures of polymers and often largely én the surface
structures and properties of polymers

We used second order nonlinear optical techniques (sum frequency vibrational
spectroscopy (SFVS) and second harmonic generation (SHG)) to obtain structural informa-
tion on polymers. We also vstudied liquid crystal molecules deposited on polymer surfaces.
The first part of the thesis is aimed at understanding liquid crystal (LC) alignmegt on
rubbed polymer surfaceé by determining the molecular orientations of LC adsorbates and
~ surface polymer chains. The alignment of LCs by rubbed polymers is not only of Ifundamen-

tal interest but also of practical importance because it is a technique enabling production of



commercial liquid crystal displays. We observed that rubbing induces alignment of surface
polymer chains along the rubbing direction, and there is a strong correlation between the
molecular orientations of LC adsorbates and the surface chains of rubbed polymers such
as polyvinyl alcohol (PVA) and polyimide (6FDA-6CBO). The latter revealed a relatively
large but negative pretilt angle, which is highly unusual. On a rubbed polystyrene (PS)
surface, we found that the phenyl side groups of PS are oriented perpendicularly to the rub-
bing direction at the surface, rendering an LC alignment also perpendicular to the rubbing
direction.

The second part of the thesis is our discovery of rubbing-induced polar ordering
on nylon 11 surfaces. Nylon 11 is known to be ferroelectric. We found that mechanical
rubbing can induce strong ferroelectric polarization on an initially amc;rphous film of nylon
11. The surface chains of rubbed nylon 11 are aligned along the rubbing direction while
the induced polarization lies in the surface plane, pointing either to the left or right of
the rubbing direction. The probable symmetry breaking procéss during sample preparation
is identified. Based on the experimental results, the surface structure of rubbed nylon 11

appears to be that of a single polar domain.
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Chapter 1

Introduction

In this world, polymers are ubiquitous and indispensable. In life, polymeric ma-
terials such as nucleic acids, proteins, and polysaccharides play essential roles iﬁ storing
aﬁd expressing genetic information, building sfruc’cu.res, storing energy, and conducting al-
most all metabolical processes [1]. In modern technology, polymeric materials are extremely
useful in achieving desired functions in many applications [2, 3, 4, 5, 6, 7]. Traditionally,
polymers have been much loved for their unique combination of advantages such as flexibil-
ity, elasticity, plasticity, and ease of fabrication. The incomparable usefulness of polymers
becomes more obvious when we realizes it is possible to have a seemingly unlimited number
of molecular designs and consequently easy to fa.ilor the properties of polymers for de-
sired functions. Recently, new types of polymers such as block co-polymers and dendrimers
have opened a new dimension of applications: fabrication of complex nanostructures (8, 9].
Recent advances in polymer science have included the demonstration of metallic conduc-

tivity [10], superconductivity {11], electroluminescence [12], rectifiction {13], ferroelectric-



ity [14, 15], and biocompatibility {16]. Specially treated surfaces of polymers can recognize
certain types of molecular materials {17).

The properties of polymers are determined by their structures. The vmechanica.l,
electrical, thermal, and optical properties of polymers depend on the chemical and confor-
mational structures of polymers. Polymers made of nonpolar groups such as methylenes
tend to be softer and melt at lower temperatures while those containing polar groups tend
to be ‘harder and melt at higher temperatures. Polymers with delocalized electrons can
be conducting. Linear or branched'polyme.rs are therrﬁoplastic, while highly crosslinked
ones are thermosetting. Since their discovery more than two decades ago [14], ferroelectric
polymers such as poly(vinylidene fluoride) (PVDF) and odd-numbered nyloné have drawn
much attention due to possible applications in piezoelectric and ultrasonic devices [5]. Odd-
numbered nylons like nylon 11 (-[-NH-CO-(CHz2)10-]n- ) have an even number of methylene
linkages. The ferroelectricity of such polymers is due to the dipoles associated with certain
chemical groups (the amide group in nylons and CF3 in PVDF). In nylons, thé number of
methylene groups is critical in yielding ferroelectricity because even-numbered nylons have
their dipoles pointing alternately in opposite directions, which results in no net polariza-
tion while odd-numbered ones have their dipoles pointing in the sa_nie direction in a single
domain, which results in a net polarization (See Fig..6.1). The pyroelectric, piezoelectric,
and ferroelectric properties of nylon 11 have been much studied [15, 18, 19, 20, 21, 22].
In these studies, it was shown the material parameters characterizing thesé properﬁes of
nylon 11 can be comparable to those of ferroelectric crystals such as KDP after thermal and

poling treatment. As will be discussed in chapter 6, we have studied ferroelectric ordering



of a thin layer. of nylon 11 induced by mechanical rubbing using sum frequency vibrational
spectroscopy (SFVS) and second harmonic generation (SHG).

Many applications of polymers rely on the surface properties of polymers, which are
determined by their surface structures. The surface structure of a polymer is often different
from that of the bulk and needs to be separately characterized. The surface properties
of a polymer, such as hydrophobicity or hydrophilicity, depend not only on the chemical
structure but also on the molecular conformation of the polymer near the surface. When
other molecules are brought into contact with a polymer, their molecular arrangement and
ordering on the polymer surface is governed by their interaction with the polymer and
therefore influenced by the surfaée structure of the polymer. Alignment of liquid crystals
(LCs) on a rubbed polymer surface is an ‘example that has practical importance in relation
to the fabrication of commercial liquid crystal displays (LCDs).

Owing to the growing interest in the surface properties of polymers, many tech-
niques have been developed to study polymer surfaces. Linear optical techniques have
often been used but their lack of surface specificity limits their usefulness. Glancing x-ray
scattering is capable of determining surface structure on the atomic scale, but it does not
have chemical selectivity. Techniques utilizing massive particles require samples under high
vacuum; they are not suitable for polymers because polymeric materials often have high
vapor pressures or for cases where polymer interfaces with vapors or liquids are of interest.
Recently, several novel versatile techniques have been used to probe polymer surfaces or
interfaces. Second order nonlinear optical techniques (SFVS and SHG), in particular, have

been most successfui (23, 24, 25, 26, 27, 28, 29, 30,31, 32, 33]. NEXAFS (near-edge x-ray ab-



sorption fine structure spectroscopy) is also effective because it has intrisic surface specificity
as well as chemical selectivity [34]. Another useful tool is force microscopy. Even though
it does not have chemical selectivity, it can provide useful information about surface to-
pography. Scanning polarization force microscopy(SPfM) and/or kelvin probe microscopy
(KPM) allow us to investigate surface polarization separately from surface topography [351.

In the thesis, we demonsfrate the possibility of using SHG and SFVS to determine
the surface structure of rubBed polymers and molecular adsorbates on them as well as the
ferroelectric orderiﬁg of nylon 11 induced b}lf rubbing. This thesis is organized as follows. In
chapter 2, we will describe the basic theories of the experimental methods we used (nonlinear
optical techﬁiques) and how they can yield necessary information for our studies. It will
include brief descriptions on the experimental implementation of those methods.

In chapter 3, we will show how we can determine the molecular orientation of
an adsorbed liquid crystal monolayer on a rubbed polyvinyl alcohol surface using SHG.
Together with SFVS results from a rubbed PVA surface, thé alignment of an adsorbed LC
monolayer shows a close correlation with that of rubbed PVA chains indicating that the
alignment is induced by short-range interactions similar to molecular epitaxy.

In chapter 4, we will show the orientational correlation between the alignment of
mesogenic side chains of a polyimide (6FDA-6CBO) and liquid crystal adsorbates using
SHG. Since the mesogenic side chains are SHG-active, we could directly probe the ofienta—
tion of the side chains as well as the LC adsorbates. A LC cell assembled with substrates
coated with 6FDA—6CBO shows an interesting negative pretilt ahgle, which implies that

the liquid crystal molecules align anti-parallel to the rubbing direction. This is surprising



because one normally would expect the LC bulk film to assume a parallel alignment. This
unusual behavior was understood from the correlated.alignment of the polymer side chains
and the adsorbed LC molecules at the surface, both of which aiign anti-parallel to the
rubbing direction.

In chapter 5, we study the orientation of phenyl side groups and liquid crystal
molecules on a rubbed polystyrene (PS) surface. A rubbed polystyrene surface is known to
align a Bulk LC film perpendicularly to the rubbing direction when the polymer films are
used as the alignment layers for an LC film. We determined the molecular orientation of the
phenyl side groups of PS and showed that they are indeed aligned perpendicularly to the
rubbing direction. In spite of the weak interaction of LC molecules with the non—pblar PS
surface, we were able to observe a weak i)olar anchoring of the LC adsorbates and find an
LC alignment correlated with the orientation of the PS side groups, which is perpendicular
to the rubbing direction.

In chapter 6, Nylon 11 (-[-NH-CO-(CHz2)10-]n-) is known to be ferroelectric and
consequently has potential applicatiéns in piezoelectric devices. We found mechaniéal rub-
bing can create strong ferroelectric polarization from amorphous films of nylon 11. SFVS
measurements allow us to determine the molecular orientations of all the chemical groups
(NH, CO, and CHy) in the surface layer of nylon 11 consistently. The chains align along the
rubbing direction, and the‘polarization asso.ciated with the amide group lies in the plane of
the surface, pointing to either the left or right with respect to the rubbing direction. This
lateral polarization could be observed easily with SFVS and SHG measurements. Weak

shearing at the surface during sample preparation appears to be responsible for the left-



right symmetry breaking. Our results also indicate that the rubbed surface of nylon 11 is
in the form of a single polar domain.
In the Appendix, we summarize the SPFM/KPM study of the surface polarization

and prove that the surface polarization of rubbed nylon 11 is planar.



Chapter 2

Experimental methods

2.1 Sum frequency vibrational spectroscopy(SFVS)

The theory of IR-vis SFVS has been described in detail elsewhere [36, 37]. Sum frequency
generation (SFQG) is a second order nonlinear optical process. A second order nonlinear
polarization is induced by two input fields with the frequencies w; and wy. Under the
electric dipole approximation, the nonlinear polarization is given by ﬁ(ws) =gg §(2) (ws =
w1 + wy) : E(w1)E(w;). For a bulk medium with inversion symmetry, the second order

. o, 2@ N . . 5 =
nonlinear susceptibility X ~ should be invariant under inversion but P(w;) and E(w;2)

change sign. In order for
=3 =2 = = inversion >3 «=(2) o = 5
P(ws) =X : E(w1)E(w2) "—" (=P(ws)) =X = (~E(w1))(-E(w2)) = P(ws) (2.1)

: «(2) L . . . . .
to be valid, X  should vanish. At the surface or in a medium with no inversion symmetry,

«(2)

X  need not be zero, and therefore such a process is allowed. This makes the technique

surface-specific and sensitive to polar ordering. The polarization radiates two coherent



beams at frequency w; in the reflection and transmission directions. The output angle of
the SF beam is given by wavevector matching in the plane of the surface: ky //+ky /) = k. /]
where k; ;, is the horizontal component of the wavevector ;. With ﬁ(ws) given, one can

solve the wave equation and obtain the SF output intensity

wg2sec?

I(ws) - 86063

IXBrel*I(w)I(w2), (2.2)

o ) =2 e . - ) . o
where xgpp = (L (ws) - &(ws)): Xg et (L (w1) - éw1))(L (w2) - é(w2)), B; is the incidence
angle of the beam at w;, é(w;) the unit polarization vector, I (w;) the macroscopic local

-(2)
field correction tensor, and I(w;) the beam intensity. Xg g is given by
-(2)
;(2) _;(2) XB
St =S ks,z - kl,z - k2 z,

]

(2.3)

which contains contributions from the surface and the bulk represented by the surface and
: ol =fegc H(Q) — 2) . 1 .
bulk susceptibilities Xg and Xg~, respectively. The factor I, = Foo=F =k 1S usually
defined as the coherence length. Note that ks, will have opposite signs: for the reflected
and transmitted SF signals, and therefore I, is very different for the two geometries. In
general, Xg.q has 27 independent elements. However, we can use the symmetry of the
system to reduce the number of nonvanishing independent elements. In the case of an
azimuthally isotropic interface, there are only 4 independent nonvanishing elements. With
the laboratory coordinates chosen such that Z is along the surface normal and % in the

incidence plane, (with subscripts S, eff omitted) they are

@) =@ @) 5@ @) @) @ (2.4)

Tz Yyyz? rzx yzy ZTT zZyy? zZzzZ"

These four elements can be deduced by measuring SF signal with the four input and output

polarization combinations that are not required by symmetry to be zero, namely SSP (refer-



ring to S-polarized SF field, S-polarized E(wl), and P-polarized E(wg), respectively), SPS,
PSS, and PPP. The effective nonlinear susceptibility for the four polarization combinations

can be expressed as

X%FF,SSP = Lyy(ws)Lyy(w1)Lzz(w2) sinfa X;g;)z’
Xerrsps = Lyy(ws)Lzz(w1)Lyy(w2) sinfy x{2,,
XgFF,PSS = Lp(ws) Lyy(w1) Ly (w2) sinfs Xg:zy)ya
Xorrprp = Los(@s)Las(w1) Los(ws) sinBysinfysingy x2),

— Lgy (Ws ) y (wl ) L,, (w2) cosfscosf1sinfa ng)z
— Ly (ws )Lzz (w 1 )Lmz (w2) COS,BsSinﬁl cosfly X§:2z)z

+  Lyp(ws)Lzg(wi)Lyy(we) sinfBscosficosfa xg)z.

Lyz(w), Lyy(w), and L,,(w) are the diagonal elements of I (2) given at the interface
between media 1 and 2 by

2 ny(w)cosy

ny(w)cosy + na(w)cosf’

. 2 ny(w)cosf :

L) = n1(w)cosf + na(w)cosy’ (2.5)
2 ng(w)cosf (nl(w) )2

ny(w)cosy + no(w)cosB " n'(w)

Ly(w) =

L, (w) =

where n’(w) is the refractive index of the interfacial layer a.nd ’yvthe angle of the beam in the
sample. In chapter 6, n'(w) is the refractive index of nylon 11 film because the SF signal
is mainly from the bulk film. More nonvanishing tensor elements exist for an anisotropic
surface. By measuring | X%FIFI’ which is a linear comBination of the nonlinear susceptibility
tensor elements, for various polarization combinations and sample orientations, we can

=(2)

determine all nonvanishing tensor elements. Since X  is resonantly enhanced when wq
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approaches a vibrational resonance, scanning over such resonances yields an SF vibrational

H(2) (2
spectrum. We can express X  in terms of the resonant nonlinear polarizability ag) for

the molecular groups,

S +N [ &2 (@) f(@)d0 (2.6)

<2 . N . s
where Xyg describes the nonresonant contribution, N is the number density of molecules,
2 denotes a set of orientational angles (6, ¢,v), and f(€) is the orientational distribution

. ' =(2) . L
function. We assume that ap  is composed of Lorentzian resonant terms,

—(2)
@) a,
R = Zq w2 — g+ il 27)

>
where a

q ,. wq, and Iy are the amplitude, resonant frequency, and damping constant,

respectively, of the ¢*® molecular vibrational mode. Insertion of Eq. 2.7 into Eq. 2.6 gives

$@_s0 Aq
TONR T L Wy —wy + T
« (2 .
A= N / 22 (@ f()de. | 2.8)

From the observed dispersion of <)_('(2), we can deduce Zq in Eq. 2.8. We can also obtain
322) from other measurements or theoretical calculations and models. Then, the second
equation of Eq. 2.8 enables us to obtain an approximate orientational distribution function
f(£2) that assumes a certain functional form.

In our experiments, the SFVS setup consists of a pulsed laser system that generates
a tunable IR pulse and a fixed frequency ‘visible’ pulse. The ‘visible’ beam could be 532 nm
or 1064 nm. The pulses are temporally and spatially overlapped at the sample surface and

the SF signal is detected by a photomultiplier(PMT)/gated integrator detection system
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or a liquid-nitrogen-cooled CCD camera after spatial and spectral filtering to eliminate
fluorescence and stray light. A s;hematic diagram of our SFVS setup is shown in Fig. 2.1
and 2.2. . For the work reported in this thesis, two SFVS setups were used. Most of the
.data in chapter 6 were taken with. an old setup (setup A), while the data in chapter 5 and
the CO spectra in chapter 6 were taken with a newer setup (setupr B). In setup A, the
main laser source is a homebuilt high i)ower Nd:YAG laser with wavelength 1.06 pm, 10 mJ
pulsé energy, and ~ 40 ps pulsewidth, operating at a repetition rate of 10 Hz. The infrared
generation is from an optical parametric generator and»ampliﬁer.(_OPG/OPA) based on -
two LiNbOg3 crystals. It generates pulses with energy of ~ 200 uJ and pulsewidth of ~
20 ps and is tunable from 2.5 to 4 pm (4000 to 2500 cm™!) [38, 39]. The visible and IR
pulses are incident on the sample at angles of 39° and-51° relative to the surface normal in
a counter-propagating scheme and have spot sizes of appfoximately 300 pm and 500 pm,
reépectively. |
In setup B, the main laser source is a commercial high-power Nd:YAG laser with
A = 1.06 pm, 30 mJ pulse energy and ~ 25 ps pulsewidth, operating at a repetition rate
of 20 Hz. The infrared generation is achieved in a AgGaSy crystal by difference frequency
generation (DFG) using part of the 1.06 pm laser beam and tuﬁable near-IR radiation from
an OPG/OPA system as inputs. This system has been described in detail elsewhere {39, 40]
and is shown schematically in'Fig 2.2. The DFG stage generates IR .pulses of energy ~ 100
pJ and pulsewidth ~ 15 ps, tunable from 2.5 gm to 9 gm (4000 ~ 1100 cm™!) with 6 cm™!
banciwidth. The visible pulsés at 532 nm are generated by SHG in a BBO crystal and have

an energy of about 1.5 mJ and pulsewidth ~ 18 ps. In this setup, there are two separate
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Figure 2.1: Schematic diagram of a SFVS setup (setup A and the second arm of setup B)

measurement arms. In the first arm, the 532 nm visible and IR pulses are incident on the
sample at angles 45° and 57°, respectively, in a co-propagating scheme. The SF detection
system is similar to the one in setup A. In the second arm, the inputs are incident on the
sample in a counter-propagating scheme, and the Vdetection system is a nitrogen-cooled CCD

camera. The details on the second arm can be found in Ref. [39].

2.2 Second harmonic generation (SHG)

The theory for surface SHG has been described in detéil elsewhere [41, 42]. SHG is also
a second-order nonlinear optical process and surface-specific. In the process, a nonlinear
optical polarization ﬁ(Zw) is induced by the input optical field E(w) In the electric dipole
approximation, P(2w) =3(-)(2): E(w)E(w). The SHG intensity from. the surface into the

reflection direction is given by Eq. 2.2 by setting ws; = 2w and w; = wp = w and using
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" Figure 2.2: Schematic diagram of a SFVS setup (the first arm of setup B)

épprop;iafe:z,(ﬂ). For I, (92) for the: t.hi;i—ﬁlm system that repfegents the polymer-coated

' su_bstrateé,- see Appendix A in Ref. [43]. | N |

., Our iﬁferest is to detérﬁine the molecular orientation from the SHG measurement

using various polarization cémbinatio;ls and sample orientatioﬁs‘ The norﬂinear suécepti—

bility Xff;l is given by

" WA =N <ED0-HEB >ad 9

where N is the number densify of molecules. If the molecules are rod-like so that 3(2)- is

doﬁﬁnated by a single element aé?é, with € being the unit vector along the long moiecular
axis, _ | ,

G=N<EHENER>e@ e

where zﬁ, 7, and k are unit Vect;ors in the laboratory coordinates. In the case that the -

orientation of the molecules is azimuthally isotropic, the nonlinear susceptibility tensor has
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only two nonvanishing elements:

@ _N aé?g < cos39 >

zZzz

1 .
X% = X8 = X = X%, = Xy = xGk = 5Naggh < cosd sin®6 >

where 6 is the angle between the surface normal 2 and the molecular long axis {A as shown

in the inset of Fig. 4.2. By measuring SHG with the ﬁolarization combinations Sj, Poyt and

P, Pyyt, where subscripts indicate the field for which the polarization is deﬁned, we can
(2)

determine ngz)z and x3izz. When the surface has Cy, symmetry with the mirror plane along

<) . s
the z direction, X  has six nonvanishing independent elements:

xg’i)z = N agé < cos®d >,

X2 = x@ =42 =N ag)f < sin®cosfeos®¢ >,
xg)y = xz(li)y = z%)z =N O‘é?f < sin?fcosfsin®¢ >,
xg,)z = N ag)f < sin3fcos®¢ >,

X2, = xgzu = ng)»c =N agé < sin000s20cos¢.>,

X%)y = X;(,.?,;)y = Xz(/i)m =N aé?g < sin®@sin®gcos¢ >

(2.11)

where 6 and ¢ are the polar and azimuthal angles of £ in the zyz plane (See Fig. 4.2). We can

determine these six elements using four different polarization combinations (SinSout, SinPout,

P Pout, and Py Sout) together with various sample orientations. From the measured Xg‘-),)c,

assuming a. molecular distribution function of the form

g(6,¢) = A exp [——(02;0920)3] X (14 dy cos ¢ + da cos 2¢ + d3 cos 3¢), (2.12)
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A=532nm Analyzer

Figure 2.3: Schematic diagram of SHG setup

we can determine the coefficients 8y, o, di, do, and d3 that define the distribution. The
experimental setup for SHG is shown in Fig 2.3. The source is a frequency doubled Q-
: s§vitch mode—locked' Nd:YAG laser. The fundaméntal wavelength, the repetition rate, the
pulsewidth, and the incidenée angle § are 532 nm, 500 Hz, ~ 150 ns, and 67°, respecti\}ely.
The SHG signal is highly coherent and directional. Using spectral filtering, the SHG in the

reflection directiqﬁ can be detected by a PMT and gated electronics.
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Chapter 3

Second harmonic generation study
of liquid crystal alignment on a

rubbed polyvinyl alcohol surface

3.1 Introduction

The alignment of liquid crystal (LC) molecules on rubbed polymer surfaces was discovered in
1911 [44]. In recent years, this phenomenon has been studied extensively not only because
of the .basic interest in understanding the underlying meche;nism but also because of its
relevance to LC display technology. Today, rubbed polymer films are widely used in industry
to obtain homogeneous bulk LC alignment for LC displays [45]. Different mechanisms have
been ‘proposed for L.C alignment on rubbed polymer surfaces. One assumes that rubbing

creates microgrooves or scratches on polymer surfaces which then align the LC along the
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grooves to minimize the energy of elastic distortion [46]. Another suggests that rubbing
aligns surface polymer chains which in turn align the LC through intermoleculé,r interaction
[47]. The latter is believed to be operative when LC molecules anchor strongly to polymer
surfaces, as is commohly the case in the LC industry.

To study LC alignment by rubbed polymer surfaces, a number of experimental
techniques have been used. Atomic force microscopy (AFM) can provide images of rubbed
polymer surfaces showing an overall anisotropy but is unable to resolve the surface. polymer
chains [48, 49, 50]. Ellipsometry [51] and infrared spectroscopy [52, 53, 54, 55] can measure
rubbing-induced anisotropy and other structural changes in the polymer film. However,
because of their lack of surface specificity, it is unclear whether thesé results indeed repre-
sent the real surface structure of thé rubbed polymer. Glancing incidence x-ray scattering
(GIXS) can probe a surfa,ce region of ~5 nm thick [56, 57]. A higher surface sensitivity has
been achieved by near-edge x-ray absorption fine structure (NEXAFS) spectroscopy, which
can probe a surface layer of ~1 nm thick [34]. |

SHG is an ideal tool to study interfabial structure between two centro-symmetric
media. Being a second order nonlinear oi)tical pfocess, SHG is surface-specific and monolayer-
sensitive. In this work, optical SHG showed that an adsorbed L.C monolayer (4’—n—0ct&l—
4-cyanobiphenyl: 8CB) is well aligned along the.rubbing direction and that the molecular
alignment of the monolayer has a strong correlation with that of a rubbed PVA surface that
was thoroughly studied by sum frequency generation spectrosco;;y [26]. SHG studies of LC

alignment on rubbed polymers have also been conducted by others [43, 58].
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3.2 Theoretical background

The theory of surface SHG has been described in detail in chapter 2 and elsewhere [41,
43). Surface SHG is generated in reflection from a surface nonlinear polarization P(2)(2w)

induced at an interface by the input field E(w), and the output intensity is given by

I(2w) o |(&(2w) L (2w)) - PO (w)?

x [(E@w) T (2w) X (L @) e@)(T @) - @) PIEw)*

|xErr(®)PIEW)I* | (3.1)

where é(€2) is the unit polarization vector, z () is the Fresnel factor at frequency Q, and
<I>. defines the azimuthal orientation of the sample in the laboratory coordinates. ;(2) is
the surface nonlinear susceptibiiity tensor, and X%FF:’ as defined, dep;xi?ds on ® through
é(2) with respect to the sample orientation. SHG measurements with different sample
orientations allow us to determine gpp(®) for four different polarization combinations
(SinSout, SinPouts PinSout, and PinPoyt). The relation between XgFF((I)) and 3(9(2), which is
given explicitly in Eq.(7) of Ref. [43], then permits the deduction of all the nonvanishing

XE?/Z elements.

For 4'-n-octyl-4 cyan;)biphenyl (8CB) as a rod-like molecule, Xg,)c can be expressed
by Eq. 2.10. For a monolayer of 8CB on a rubbed polymer surface with Cro symmetry, the
nonvanishing xg,)c elements and the molecular distribution of the 8CB molecule at the
surface, g(0, ¢), are described by Eqs. 2.11 and 2.12, respectively. The five parameters in

g(6, ¢) of Eq. 2.12 provide an approximate orientational distribution of the adsorbed 8CB

molecules.
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Figure 3.1: Molecular structure of PVA and orientational geometry of a CHy group on a
rubbed PVA surface. £ is along the rubbing direction, and 2 is along the surface normal of
the polymer film.

3.3 Experiment

Polyvinyl alcohol (PVA: -[-CHy-HC(OH)-]n-) (Scientific Polymer Products, Inc., M.W. =
14,000, 100 % hydrolyzed) was dissolved in water (1.5 wt. %) at 100° C for 1 hour, spin-
coated (3000 rpm, 30 sec.) on fused quartz plates, baked at 100° C for 1 hour, and rubbed
once with a yelvet cloth. The film thickness was about 30 nm, and the rubbing strength
used was at a saturation level. 8CB was deposited onto rubbed PVA by thermal evaporation
using an oven temperature of 60°C. SHG was used to monitor the deposition of 8CB on
the substrate in situ. Formation of a monolayer is indicated by the leveling of the SHG
signal [59]. The sample was mounted on a 360° rotational stage and SHG signal was
measured for every 10° increment of the azimuthal angle from 0° to 350°. The resultant
IxZpr(®)| then allowed us to Aeduce Xg,)c accufately. We collected SHG data for four

different input/output polarization combinations: SinSout, SinPout,; PinSout, and Pin Pout.
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Figure 3.2: Molecular structure and orientational coordinates of an 8CB molecule deposited

-on a rubbed PVA surface. £ is along the long axis of the cyanobiphenyl core of the 8CB
molecule. 8 and ¢ are the polar and azimuthal angles of £&. The z axis stands for the rubbing
direction.

3.4 Résults and analysis

We present in Fig. 3.3 the SHG intensities from the 8CB monolayer on a rubbed PVA
surface as a function of the sample azimuthal angle ® for different input/output polarization

combinations.

2

The six nonvanishing independent x;;; elements can be deduced by fitting the

data in Fig. 3.3 using Eq. (3.1) and Eq. 7 in Ref. [43]. The fits are plotted as solid lines in

(2)

Fig. 3.3, and the deduced nonvanishing x;;; elements are presented in Table 3.1.

"We determined the five parameters needed to fit the orientational distribution
function in Eq. 2.12 to the data. The results are presented in Table 3.2. In this case,
¢’ cannot be determined separately, and the assumption € (w)=¢ (2w) -used here also may

not be true because of the electronic resonance of 8CB molecules at the second-harmonic

frequency. Nevertheless, as shown in Table 3.2, varying € from 1 to 2.25 mainly changes
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Figure 3.3: Polar plots of SHG intensities (arbitrary units) from an 8CB monolayer on a
rubbed PVA surface. 0° and 180° are the rubbing and anti-rubbing directions, respectively.
Circles are the experimental data and solid lines are the theoretical fits. The input-output
polarization combinations are (a)SinSout, (P)SinPouts (¢)PinSout, and (d) P Pout-
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Table 3.1: Nonvanishing independent X( ) elements of the 8CB monolayer on rubbed PVA
deduced from the SHG experiment with the zzz component normalized to 1.

Yoo, € 1
X 30+ 0.5

x5, 0.32 4 0.25
{2, /¢? | 0.15 + 0.09
/e | 115 £ 0.8
X/ | 44+04

Table 3.2: Deduced parameters in g(8, ¢) for various values of the surface dielectric constant
€ of the 8CB monolayer. ‘

€ 6o (deg.) o (deg.) d; do ds
1.0 80+5 6+3 .07+.03 .85+.03 .04+.02
1.25 78+6 8+4 07+£.03 .85+£.03 .04+.02
1.5 758 944 07+.03 .85+.03 .04+.02
1.75 7219 105  .07+.03 .85+£.03 .04+.02
2.0 69+10 1145  .07+.03 .85+.03 .044.02
2.25 | 66%12 1246 . .07£.03 .85+.03 .04+.02

the deduced values of 8 and o, and has little effe¢t on the parameters dy, da, and d3 which

describe the azimuthal distribution.

3.5 Discussion

From the SHG and SFVS [26] studies, we have obtained the orientational distribution

_(0-60)2 (6-dg)2 _ (B- ¢o)2
202 202 202

functions f 6,¢,9) = e ¢ ¥ for the surface PVA chains (C is a nor-

malization constant) and g(6, @) for the molecules in the 8CB monolayer independently. It
is important to determine the correlation between them. In order to do so, we calculate a
grand azimuthal distribution function F(¢) for PVA chains by integrating f (5, é,%) over

6 and 7, and also G(¢) for the 8CB molecules by integrating g(6, ¢) over 6. However, we
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Figure 3.4: Polar plot of the grand azimuthal distribution functions of the PVA chains
(dashed line) and 8CB molecules (solid line) on a rubbed PVA surface. Square root values
~ are used so that the total areas inside the two curves remain constant.

notice that unlike an 8CB molecule, a section of PVA chain has no polari;cy, ie., (6,4) and
(—ﬁ, o+ 180°) describe the same chain orientation. lTo define f (5 . &, 1/~1) over all orientations,
we can limit 6 between 0° and 90° and vary & over the entire 360°. We naturally use the
same limiting ranges for 6 and ¢ to define g(6, ¢) for polar 8CB molecules. A polar plot
of F(¢) and \/G(¢) are presented in Fig. 3.4. The correlation betwéen the two is re-
markable. As expected, the polymer cha,ins on the rubbed PVA surface appear to be more
ordered in the azimuthal distribution than the adsorbed 8CB monolayer. This suggests that
the rubbed polymer surface indeed serves as a molecular femplate to align LC molecules
through short-range molecular interactions [60]. The forward/backward asymmetry of the
8CB ofientatiénal distribution (represeﬁted by the positive coefficient d; = 0.07) indicates
that the 8CB molecules prefer to align in the forward direction. This must be somehow
related to the average upward tilt angle (6 = 2.5°) of the PVA chains [26]. Similar results

have also been found for other rubbed polymers [34, 54], yet no theoretical model is avail-
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Figure 3.5: Proposed polymer chain distribution (top view) on a PVA surface (a) before
and (b) after rubbing. . .

able to correlate these two tilt angles quantitatively. There are, however, some qualitative
explanatiéns. For example, it has been assumed that rubbing induces a saw-tooth-like poly-
mer surface which leads to a homogeneous LC alignment with a forward pretilt angle [61].
This is consistent with the scenario we }v)roposed for the rubbed PVA surface (Fig. 3.5), in
which the 8CB molecules adsorbed on the back-slanted terraces would appear to align more
in the forward direction. As demonstrated in Ref [58], the LC monolayer then governs the

forward pretilt angle of a bulk LC film.

3.6 Conclusions

We have used SHG to determine the orientational distribution of a monolayer of 8CB
molecules adsorbed on a rubbed PVA surface, the orientational distribution of which was
determined with SFVS. Comparison of the two in the azimuthal plane shows that they
are well correlated. This strongly supports the claim that “orientational epitaxy” is t\he
mechanism responsible for the surface-induced LC bulk alignment by rubbed polymer sur-

faces. We have proposed a possible scenario for how rubbing changes the polymer chain

conformation at the surface.
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Chapter 4

Orientations of side chains and
adsorbed liquid crystal molecules
on a rubbed polyimide surface
studied by optical second harmonic

generation

4.1 Introduction

Understanding liquid crystal (LC) alignment on mechanically rubbed surfaces is of great
practical importance for the design of LC displays (LCDs). The problem has been studied

extensively in the past [23, 26, 34, 43, 47, 58, 62, 63. It is believed that rubbing aligns
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the surface polymer chains, which in turn align the LC layer adsorbed on the surface [47].
Recently, x-ray spectroscopy was used to measure quantitatively the alignment of surface
polymer chains [34]. With sum-frequency vibrational spectroscopy and optical second har-
monic generation, Wei et al. were able to obtain the orientational distributions of the
surface polymer chains and the adsorbed LC monolayer and show that the two are well
correlated [26]. However, details of LC alignment on different types of rubbed polymers are
still not well understood. |

One of the important design parameters for LCPS is the pretilt angle of LC align-
ment in a film. To achieve a reasonable gray scale for LCDs, a sufficiently large pretilt
angle is needed. For example, for LCDs in fhe super-twist-nematic operation mode, a
| pretilt as large as ~ 15° is desired [64]. How to make an LC cell with a large pretilt
has been a subjecﬁ of immense interest to many researchers. Polymers with appropri-
ate side chains appear to be a viable solution. While rubbing aligns the LC homoge-
neously, the side chains may help induce a large LC tilt angle. One such polymer is 6FDA-
6CBO (This polymer is synthesized by a one-step polymerization method from 2,2'-bis(3,4-
dicarboxyphenyl)hexafluoropropane dianhydride (6FDA) and 2,2'-bis(4’-cyanobiphenyl-4-
oxyhexyloxy)-4,4'-diaminobiphenyl (6CBO)) [65]. Using optical second harmonic genera-
tion (SHG) and surface-enhanced Raman scattering (SERS), we found that rubbing indeed
aligns thé main chains along the rubbing direction, but it also causes the side chains to tilt
away from the surface [65].

In this chapter, we show detailed SHG measurements and analysis of the results

from a rubbed 6FDA-6CBO surface and an LC monolayer (4'-n-pentyl-4 cyanobiphenyl,
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Figure 4.1: Chemical structures of (a) 5CB and (b) 6FDA-6CBO

5CB) adsorbed on it. SHG is a highly surface-specific technique [41]. With results from
different input/output polarization combinations, it provides information on the surface
molecular orientation. We have found that together with the main chains, the side chains
are also aligned more or less along the rubbing direction, but they are bent with the free
terminals pointing towards the surface. The 5CB molecules adsorbed on the surface appear
to align anti-parallel to the side chains and therefore are oriented with a backward tilt with
the CN terminal pointing out. This backward tilt of the surface LC molecular layer is
responsible for the negative pretilt observed in the LC film sandwiched between substrates

with a rubbed 6FDA-6CBO surface.
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4.2 Theoretical background

The theory for surface SHG studies of LCs has been described in detail in the previous
chapters. The SHG intensity is given in Eq. 3.1 and we can determine Xg,)c from SHG
measurements for various polarization combinations and sample orientations as described
previously.

As shown in Fig. 4.1, the side chains of 6FDA-6CBO are cyanobiphenyl molecules
(60CB), each of which connects to the main chain (6FDA) through an oxygen (O) atom.
Like nCB, they have a strong‘nonlinearity and dorﬁinate the SHG fromvb GFDA—GCBO\[65].
In the same notation as in chapters 2 and 3, the surface nonlinear susceptibility can be

expressed as
(o = Ns(oholece [ (-G -E)(E-g(6,9)an, (4.1)

with O‘g})ao,ggg the dominant component in a rod-like molecule. For a rubbed surface with
Ci1v symmetry, nonvanishing independent ‘9—(’(2) elements and the orientational distribution,
9(8, ¢), of the side chains can be described by Egs. 2.11 and 2.12, respectively. Again, the
five parameters in Eq. 2.12 Wiil provide an approximate orientational distribﬁtion for the

side chains.
For a 5CB monolayer on rubbed 6FDA-6CBO, SHG measurements yield the ef-

fective nonlinear susceptibility

3 err(®) = XZpoerr(®) + XsoB Brr ()|

= |IxZporrr(®)| + |X§CB,EFF(¢)|eﬁPI' (4.2)

Knowing |X€BO,EFF(<I>)| from the measurement of the bare 6FDA-6CBO surface and measur-
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ing the relative phase ¢, we can deduce | XgCB,EFF((I))I from Eq. (4.2). As discussed earlier,
we can then find (X%B)ijk, from which, knowing that 5CB is also a rod-like molecule, we
can use Egs. (4.1) and (2.12) to find an approximate orientational distribution function for

the 5CB monolayer.

4.3 Experiment

The samples of 6FDA-6CBO polymer films 611 fused quartz substrates were prepared by
spin-coating. The polymer was first dissolved in cyclopentanone (10 wt.%) and filtered with
a Teflon filter (0445 pm). It was then spin-coated (2000 rpm, 30 sec) on the quartz plates,
baked at 120°C for 20 hours, and rubbed once with a velvet cloth. The rubbirng conditions
were as follows: the rotationé,l speed of a rubbing roller is 340 rpm, the translational speed
of a éubstrate stagé 1.7 mm/sec, and the pile impression 1 mm. Further rubbing decreased
SHG from the sample. There was no further treatment of the samples after rubbing. The
ﬁim thickness was about 640 nm. Its refractive indices, as measured by a commercial Sopra
ellipsometer, were 1.67 at 532 nm and 1.85+0.32i at 266 nm. The optical density (OD) of
the film at 266 nm was 4.2. With our input laser beam »a.t 532 nm from the air side, this
makes SHG in reflection from the polymer—quaftz interface negligible.

The SHG experimental arra’ngément has been described in detail in chapter 2.
The sampl¢ was mounted on a 360° rotational stage and the dependence of SHG on the
azimuth‘al-' angle ® was measured by varying @ from 0° to 350° in iO° increments. The
resultant |xSpp(®)| then allowed us to deduce xg‘,)c accurately. As the surface structure of

6FDA-6CBO could change with time after rubbing, we generally would wait for ~ 6 hours
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Figure 4.2: Schematics showing the experimental arrangements for (a) 5CB deposition on
a substrate and (b) SHG phase measurement. Fundamental and second harmonic beams
are depicted by solid and dashed lines, respectively. Inset: Coordinate systems defining the
orientation of a rod-like molecule.

before we started the SHG measurements. We also chose a few different spots on the surface
to avoid possible laser damage. We collected SHG data for four different input/output
polarization combinations: SinSout, SinPout, FinSout, and Pin Pout.

To study a 5CB monolayer on rubbed 6FDA-6CBO, the sample was prepared by
thermal evaporation using an oven temperature of 60°C (Fig. 4.2 (a)). SHG was used
to monitor the deposition of 5CB on the substrate in situ. Formation of 'a‘monola,yer is
indicated by the leveling of the SHG signal (Fig. 4.6 (b)) because beyond the monolayer,
5CB molecules on the surface form quadrupolar pairs and contribute little to SHG [59].
The sample was then mbunted on a rotational stage and SHG versus ® was measured.

For SHG phase measurements, we introduced a fused quartz plate of %" thickness

as a phase modulator and a thin (50 pm) z-cut crystalline quaftz plate (Q1) as a reference
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SH generator in the reflected beam path, as shown in Fig. 4.2 (b). A similar scheme had
been used previously [66]. The rotation of the fused quartz plate changes the optical path
length and modulates the relati\}e phase between the fundamental field and the reflected
second harmonic field from the sample. The phase modulation causes the interference of
SH fields from the sample and the reference quartz crystal (Q1l) to vary and produces an
interference pattern. By co;nparing the interference pattern with one obtained by replacing

(2
the sample with another crystalline quartz reference (Q2), the phase of X( ) of the sample

with respect to that of the quartz reference (Q2) can be deduced.

4.4 Results and analysis

Shown in Fig. 4.3 are the results of SHG measurements for the four polarization combina-
tions on rubbed 6FDA-6CBO: | X?JBO,EFF(‘I’)P versus ®. As discussed in Sec. 4.2, fitting the
data (solid lines in Fig. 4.3) allows the determination of the six independent nonvanishing

(Xg%o)ijk elements. We obtain

X xSy X X Xy X

= 1:0.23:0.036 : —0.076 : —0.020 : —0.020

with errors of £5%, +20%, +10%, +£25%, and +25% for the five ratios, respectively. As

we mentioned earlier, (X(c21)30)z‘jk originates mainly from the 6CBO side chains. However,

it was found in a similar polyimide (6FDA-PFMB, which has the same backbone but no

side chains [65]) that the field discontinuity at the surface (along 2) contributes a value
@

of 0.012 to Xzz)z. This is significant compared to the above value of —0.020 for (X(cz})m)zzz

and must be subtracted from the latter if we are only interested in the contribution of the
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Figure 4.3: Polar plots of Ix%BO’EFF(tI))P (arbitrary units) versus ® for (a)SinSout,
(b)SinPout, (¢)PinSout; and (d)PinPout polarization combinations. Circles are experimen-
tal data and lines are fits.
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side chains to (xg%o)zzz for the deduction of the distributi(;n‘ function g(6, ¢) for the side
chains. Contributions of the field discontinuity to the other (Xgl)ab)ijk elements are much
weaker and can be neglected. We can then use the values of (X(c2f)30)ijk to determine g(f, @)
following Eqs. (4.1) and (2.12). The deduced parameters for g(f, ¢) are listed in Table 4.1.
It is interesting to note that the parameter d; is negative. This implies that the 6CBO side
chains are aligned opposite to the rubbing direction. From [ ¢(6, ¢) sin 6 df, we can obtain
the azimuthal distribution of the side chains, as depicted in Fig. 4.8.

The SHG intensity measurements cannot distinguish between the two possible
molecular orientations of the side chains in Figs. 4.4 (a) and (b). To resolve the ambiguity,
we need a phase measurement. We consider here the phase of xﬁ?z The side chaiﬁs with
opposite orientations illustrated in Figs. 4.4 (a) and (b) should have a 180° phase difference
in X.Sl?z)z (as can be seen explicitly in Eq. (4.1) with ¢ replaced by —f ). We can compare the
measured phase of X:(rzz)z for the 6CBO side chains with that for a 5CB monolayer adsorbed
on a polyimide without side chains (P6) [58, 62]. The latter is known to have 5CB molecules
oriented with the CN terminal facing the surface (Fig. 4.4 (c)). As seen from the measured
interference patterns for the two cases 'in Figs. 4.4 (d) and (e), the phase of X:(I:ZQ?m of 5CB on
P6 is opposite to that o-f 6CBO. The correct orientation of the 6CBO side chains therefore
must be the one shown in Fig. 4.4 (a). We also found that the phases of Xﬁ)m for the 6CBO

‘s'ide chains and the 5CB monolayer are the same, consistent with the pictures in Figs. 4.4
(a) and (c). As we shall see later, this orientation of the 6CBO side chains is responsible
for the observed negative pretilt of the bulk LC alignment.

The results of SHG measurements of | X%,EFF(§)12 versus ® on a 5CB monolayer
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Figure 4.4: Schematics describing the two possible orientations of the 6CBO side chains in
(a) and (b) and the orientation of 5CB molecules adsorbed on a polyimide (P6) surface in
(c). The experimental data and the line fits in (d) and (e) describe the results of SHG phase
measurements of (Xgéo)xm and (X%B)zm’ respectively. The arrow denotes the rubbing
direction.
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Table 4.1: Parameters in orientational distribution function ¢(6, ¢) for 6FDA-6CBO and
5CB monolayer

6FDA-6CBO 5CB

o 86.5 £ 1. 8l4 %1
o 95 £ L 10.5 £ 0.5
di| -14+£04 -0.81 £ 0.1
da 1.2 £ 0.2 0.79 £+ 0.05
dz | -0.38 £ 0.15 -0.20 + 0.05

on rubbed 6FDA-6CBO for four polarization combinations are given in Fig. 4.5. In order
to determine XgCB,EFF(‘I’)1 we used Eq. (4.2) in which | XgBO,EFF(q)N was already obtained
and ¢ measured by SHG phase measurement to be 0.26 £ 0.3 rad. Within the error of our
meésurement, ¢ was found to be independent of input/outpuf polarization combinations
or sample orientations, as expected from rod-like molecules. Thus, fitting of the measured
I X%EFF((I’)F with (X%B)ijk as adjustable parameters allows us to detérmiﬁe the six nonva-

nishing (X%B)ijk' After normalization against (Xgl)ao)mm’ they are

X X2, 1, xZ, X8, X,

= —0.81:-0.191: —0.028 : 0.23 : 0.101 : 0.041

with errors of +4%, +10%, +20%, +5%, +10%, and +12%, respectively. From these
values of (ng(%B)ijk’ we can again use Eqs. (4.1) and (2.12) to find 9(0,¢) for the 5CB
monolayer. The deduced parameters for g(8, ¢) of 5CB are also listed in Table 4.1. We
note that (X%B)ma: and (X(C2[)30)mxx have opposite signs, indicating that the 5CB molecules
and the CBO side chains have anti-parallel orientations along the rubbing direction (Eig. 4.6
(a)). This is well conﬁrmed.by the in situ SHG measurement monitoring 5CB deposition
on 6FDA-6CBO described in Fig. 4.6 (b). The data showing the decay of |(X'§‘EFF)M$|2

with 5CB deposition is a clear indication that the adsorbed 5CB molecules and the 6CBO
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Figure 4.6: (a) Schematic showing the orientations of adsorbed 5CB molecules and 6CBO
side chains on a rubbed 6FDA-6CBO surface. The arrow denotes the rubbing direction. (b)
|(X§‘,EFF)$«T$|2 as a function of 5CB evaporation time obtained by in situ SHG monitoring

of 5CB deposition on 6FDA-6CBO.

side chains havé opposite 6rientations. As shown in Fig. 4.8, the azimuthal distribution
of the 5CB ménolayer obtained from [ g(6,¢) sinf df is well correlated with that of the
side chains. A 5CB film sandwiched between two substrates coated with rubbed 6FDA-
6CBO (Fig. 4.7) appeared to be well aligned homogeneously along the rubbing direction.

From an ellipsometry measurement (Ref. [67]), the bulk pretilt angle was found to be

Figure 4.7: Schematic describing the negatiire pretilt angle of a 5CB film sandwiched be-
tween two rubbed 6FDA-6CBO surfaces. The arrows denote the rubbing directions on the
two substrates. ’ . -
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Figure 4.8: Azimuthal orientational distributions of side chains (thin line) and 5CB
molecules in an adsorbed monolayer (thick line) on a rubbed 6FDA-6CBO surface.

ap=—8.7°. This negative preﬁlt angle is induced through L.C molecular correlation by the
orientation of molecules in the surface LC monolayer, which is anti-parallel to the rubbing
direction (Fig. 4.7). Assuming boundary surfaces fully covered with 5CB molecules with the
orientational distribution specified in Table 4.1, we can use the Landau-de Gennes theory
to calculate the pretilt angle [58]. We found ap=—4.4°. The discrepancy between theory-
and experiment is presumably because,. in reality, the ‘boundary surfaces are composed of a

mixture of oriented 5CB molecules and 6CBO side chains.

4.5 Discussion

-~

SHG is highly surface-specific and sensitive, but is not necessarily helpful in the determi-
nation of surface molecular orientation unless the molecule is highly symmetric [43]. For-

tunately, this is the case for both 6CBO side chains and 5CB molecules. The second-order
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nonlinear polarizabilities for both 6CBO and 5CB are dominated by the cyanobiphenyl
chromophores, which appear to have no strongly preferred orientation about their long
molecular axes. Thus they can be treated as rod-like molecules, and as shown in the previ-
ous section, SHG can be used to determine approximate orientational distributions of the
chromophores.

It is known that rubbing can align the main chains of a polymer at the surface {26,
28, 34, 68]. This has been found to be true for a number of polyimides including 6FDA-
6CBO. What we have observed here, in addition, ié that the side chains are also aligned
by rubbing, which is not always the case [29]. The reason is that the polar 6CBO side
chains here are connected to the main chains through a (CHj)g section that can be bent by
creation of trans-cis defects. The chromophores are expected to orient along the rubbing
direction. Since the terminal CN. of 6CBO has an attractive interaction with the polyirhide
main chain, the chromophores woﬁld have a polar orientation with a tilt in the direction
anti-parallel to rubbing (Fig. 4.4 (a)), as we have observed.

On polyimides without side chains, 5CB molecules are known to adsorb with the
CN terminal anchored to the main chain. With the 6CBO side chains, however, this is no
longer the case. We now havé the polar orientation of adsorbed 5CB molecules inverted, i.e.,
the CN terminal is pointing away from the surface. Apparently, the interaction between 5CB
and 6CBO chromophores dominates and favors the anti-parallel pair interaction geometry
normally observed in bulk LC. Rubbing aligns the 6CBO side chains, which in turn, align
the adsorbed 5CB molecules. The azimuthal orientational distributions of 6CBO and 5CB

chromophores are therefore correlated (Fig. 4.8).
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The pretilt angle of a homogeneously aligned LC film is determined by the molecu-
lar orientations in the boundary layers. In our case, the observed negative pretilt is obviously
induced by the orientations of 6CBQ and 5CB at the surface, which are opposite to the
rubbing direction. As to a quantitative estimate of the pretilt, unfdrtunately, we do not yet |
know how to describe properly the orientatiopal boundary conditions for LCs presented by
a mixed monolayer of 6CBO and 5CB.

The goal of many who works on LCDs is to have a large, controllable pretilt angle.
Our work he;e indicates that this may be possible with side-chain polyimides if the side
chains have an appropriate structure. For a large pretilt, we need side chains that can be
aligned by rubbing and have a large tilt away from the surface. They must also interact
with LC molecules sufficiently strongly so that they can effectively align the latter. We can
image, for example, a modification of 6FDA-6CBO. Instead of attaching 6CBO directly to
the 6FDA main chain, let it be attached through a stiff molecular stem projecting vertically
out from the main chain and from the surface. This way, 6CBQO side chains retain all their
characteristic features for LC alignmént, But the additional spacing betwéen 6CBO and the
main chain, effected by the molecular stem, would allow 6CBO to have a larger tilt at the
surface. Varying the length of the stem could change the tilt a,nglé of 6CBO and hence the

pretilt of the LC film.

4.6 Conclusions

Surface SHG allowed the determination of approximate orientational distributions of 6CBO

side chains on a rubbed 6FDA-6CBOQO surface and 5CB molecules adsorbed on the surface.
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There is a strong correlation between the two. Both are highly anisotropic, prefe;entially
aligned along the rubbing direction. The molecular tilts away from the surface, however,
are in the anti-rubbing direction. This leads to the negati{re_z pretilt we obéerved in the
homogeneously aligned LC film sandwiched between substrates coated Witil rubbed 6FDA-
6CBO. The orientations of 6CBO and 5CB at the surface were found to be anti-parallel, as
one woﬁld expect from the pair interaction geometry of such molecules. Our results here
provide us with some insight into possible exploitation of side-chain polymers to control the

pretilt angle of an LC display cell.
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Chapter 5

Orientations of phenyl sidegroups
and liquid crystal molecules on a

rubbed polystyrene surface

5.1 Introduction

Mechanical rubbing of polymer surfaces is a technique commonly used to align liquid crystal
(LC) films for LC devices [44]. Recent studies have found that rubbing aligns the surface
7 polymer chains [26, 30, 34], which in tufn align the LC molecules adsorbed on the surface
and then molecules throughout the bulk film [58]. Infrared-visible sum-frequency vibra-
tional spectroscopy (SFVS) and second-harmonic generation (SHG) are effective probes for
such studies. Being surface—specific, they allow quantitative determination of molecular

orientation and alignment at a polymer surface. Applications of the techniques to rubbed
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surfaces of polyvinyl alcohol (PVA) and polyimide (PI) have shown that the surface ﬁolymer
chains are well aligned along the rubbing direction, and so are the LC molecules adsorbed on
them (26, 30, 32]. Rubbing of a polystyrene (-[-CHy-CH(CgHs)-]-n: PS) surface, however, is
known to induce an LC film alignment perpendicular to the rubbing directi\on [43, 47]. One
would then expect that if rubbing aligns the polymer chaiﬁs along the rubbing direction, the
phenyl sidegroups protruding out of the surface must have an orieﬁtation perpendicular t(;
the rubbing. The latter must interact more effectively with the adsorbed LC molecules than
the main chains in induciﬁg the LC alignment. To confirm this picture, we ilave conducted

SFVS on a rubbed PS and SHG on LC adsorbed onAa rubbed PS. In this chapter, we show

our findings.

5.2 Experiment

The experimental setup and the theoretical background for SFVS and SHG have been
described in chapter 2. The samples used were isotactic PS films with a layer thickness of
~400 nm prepared by spin-coating. To obtain an uniform layer, the PS solution in toluenev
(Scientific Polymer Produéts, Inc.) was filtered ‘by membrane filters. It was then dropped
on a substrate to be spin-coéted at 3500 rpm for Gb seconds. The samples were then baked
at 170,00 for 60 minutes. Rubbing of a PS surface was carried out by a rubbing machine

with a velvet cloth.
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5.3 Results, analysis, and discussion

Figure 5.1 presents the SFVS spectra in the CH stretch region of a rubbed PS/air interface
taken at three different angles (® = 0°, 90°, and 180°) between the incidgnce plane and
the rubbing direction with three input/output polarization combinations: SSP (denoting
S—polarized SF output, S—polarized visible input, and P—polarized infrared input, respec-
tively), PPP, and SPS. The spectra exhibit five aromatic CH vibrational stretches associated
with the phenyl sidegroups. They appear at 3024, 3036, 3057, 3069, and 3084 cm™1, which
can be assigned to the vogy, V74, Uz, Vo, and 1o, vibrational modes, respectively (69].

SFVS on PS films has recently been reported by several groups 70, 71]. In all
investigations, it was concluded that the observed SF signal is dominated by the contribution
from the PS/air interface. Therefore in our case, we can consider SF signals in Fig. 5.1 as
coming mainly from the phenyl sidegroups projecting out of the PS surface.

We now focus on the symmetric stretch v at 3069 cm™! of the phenyl group as it is
most prominent in the spectra. This mode can be strongly excited by an IR field along ¢ in
the molecular coordinates described in Fig. 5.2 and by Raman excitation with a-symmetric
polarizability tensor component inA the £&—( plane. Thus, the nonlinear polarizability for
SFVS in resonance with this mode is dominated by components ag?c and aé?(' From the
SF spectra, we can readily obtain a qualitative i)icture of the rubbing-induced alignment
of the phenyl sidegroups. First, the SSP spectra at ® = 0° and & = 180° are significantly
stronger than the one at ® = 90°, indicating that the phenyl sidegroups are more or less
along the direction perpendicular to the rubbing direction. Second, the hardly detectable

forward-backward asymmetry in the spectra suggests that the phenyl groups do not have
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Figure 5.1: SFVS spectra with (a)SSP, (b)PPP and (c) SPS polarization combinations for
a rubbed isotactic PS film. The inset of the top graph shows the normal mode vibrations
of the aromatic CH stretch. The angle ® between the incidence plane and the rubbing
direction describes the azimuthal orientation of the sample. The spectra are normalized by
the SF signal from a z-cut quartz. :
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Figure 5.2: Geometric relations between the molecular coordinates and the laboratory co-
ordinates. The rubbing direction is defined along z axis.

an appreciable tilt toward the rubbing direction, or the polymer backbones lie nearly flat
on the surface. The observed azimuthal anisotropy is r;elatively srﬁall compared to the casés
of rubbed PVA and PI. This is partly because we rubbed PS only gently to avoid possible
removal of the PS film from the substrate. The degree of anisotropy in the spectra is a
measure of how broad a distribution the chain orientation has around its mean.

More quantitatively, we can deduce the orientational distribution function of the
phenyl sidegroup using the the same analysis described in Ref. [26]. We present .o'nly a brief
sketch of the procedure below. The nonlinear susceptibility ()—(*(2) responsible for SFVS can

be written as

«—

@ =O A, ,
X = XnNR + ; m, with (51)

A = N, [ & @r@a.

=2 _— )
Here Xg denotes the nonresonant contribution; &_:I, wy, and Ty are the strength, resonant

frequency, and damping constant, respectively, of the ¢t resonant vibrational mode; Q
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Table 5.1: Parameters used in the calculation of (Ag)ijx and measured and calculated
nonvanishing tensor elements (Ag);;x for the vy mode of the phenyl stretch. egp ~ €l = 1.6
and ep ~ 1.2.

. Wg Wi w9
wavelength A/pum 0.457 0.532 3.26
refractive index n(polystyrene) 1.61 1.59 1.56
n(fused quartz) 1.47 1.46 1.41
beam angle 3/deg. 465 45.0 57.0
fresnel factor L, 0.861 0.906 0.982
fresnel factor Ly, 0.598 0.695 0.554
fresnel factor L,, 1139/ 1.094/€,;,,  1.019/€q
measured caculated

Arzs 3.1+£0.2 3.1

Ayys 3.940.2 3.9

Az 3.3+0.3 3.2

Apzr = Azzg | 1.240.2 1.2

Aoy = Agyy | 1.940.3 2.0

represents a set of orientational angles (8, ¢, 1)) for a phenyl ring; N; is the surface density of
the phenyl groups; and f(£2) is the orientational distribution function of the phenyl groups.
The Ca, symmetry of a rubbed surface without forward-backward asymmentry allows only
five independent nonvanishing elements of the third-rank tensor A, for each vibrational
mode: (Aglzzz, (Aglyyzs (Aq)zzzs (Aqlaza=(Aq)zza, (Ag)yzy=(Ag)zyy [26]. They can be
determined, together with the other parameters, from fitting of the SF spectra obtained
with different sample orientations (®) and input/output polarization combinations. For
the 15 mode of PS, the deduced values of (Ag);jx and the other parameters are listed in
Table 5.1. To find f(£2), we know that, for the vo mode, the dominant tensorial elements
of ag in the molecular coordinates are (ag)eec and (ag)c¢¢, which can be transformed into

the laboratory coordinates (7, j, k) as functions of Q = (6, ¢,7). Then knowing the values
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of (Aq)ijr and assuming that f(§2) can be approximated by a Gaussian form

(660> (8—¢0)* (¥ —)?

Q) = —
F(Q) = Cexp( 203 202 207

); : (5.2)

we can determine (a)¢¢¢/(a)¢e¢ and all the parameters in Eq. 5.2. We have found (a)¢¢c/(a)eec =
1.68 £+ 0.15, ¢o. = 90°, o4 = 49° £ 5°, ¢ = 90°, oy, = 68° £+ 9°, and 6 in the range from
72° £ 6° to 83° + 7° with oy varying from ~ 3° at O = 72° to ~17° at 65 = 83°. To
show the consistency of the result, we used the deduced f(2) to reevaluate (Ay);jx. The
calculated values of (Ag)ijk, also listed. in Table 5.1, are indeed close to those deduced from
the measurements.

We also used SHG to study the orientation of 4’-n-pentyl-4-cyanobiphenyl (5CB)
adsorbed on PS. The LC molecules were deposited on PS by thermal evaporation. During
the evaporation, in situ measurement showed that SHG increased monotonously and then
leveled off [59]. The saturated signal from the 5CB layer was rather weak, less than one
tenth of that from a 5CB monolayer on PI (P6). The ratio of x(® of PS to x(?) of 5CB on PS
was around 1 : 1.4. This indicates that polar adsorbtion of 5CB on the nonpolar PS surface
is probably poor, leading to only a partial coverage of the surface by polar-oriented 5CB
molecules. That the surface was acfually partly covered by 5CB molecules with their CN .
terminals toward the surface was found from an SHG phase measurement [30]. As shown
in Fig. 5.3 (a), interference of the SHG signals from 5CB on rubbed PS and on n-hexyl
pyromellitic polyimide (P6) with that from a quartz plate yielded the phase ¢ of x@ for
the two cases. SHG from 5CB on P6 isv dominath by a contribution from 5CB molecules
that adsorb with the CN terminal facing P6 [43, 72]. Therefore x%B ~ x%B /pg- Lhe vector

diagram of x(? in Fig. 5.3 (b) shows that the polar-oriented 5CB molecules on PS must
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Figure 5.3: (a) Experimental data and curve fits for SHG phase measurements of 5CB
monolayers on rubbed PS and P6, respectively. (b) Schematic phase relationship of x(?) for

a 5CB monolayer on a PS surface. ng), X%B and ng) /508 2T€ the susceptibilities of the PS

surface, the 5CB monolz;,yer, and the 5CB monolayer on rubbed PS5, respectively.

also have their CN terminals facing PS; an opposite orientation of 5CB would change the
sign of Xé%})B and would lead to an SHG signal from 5CB/PS that decreases with increasing
5CB coverage, contrary to the observation.

It is interesting to note that we have found equal SHG signé.ls (in reflection) from

homogeneous 5CB films sandwiched between rubbed PS substrates and between rubbed

PVA substrates, despite the significant difference of SHG from evaporated 5CB layers on
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PS and PVA. This indicates that in the presence of the bulk 5CB film, the 5CB molecules
at the PS surface are forced to assume a polar orientation with CN facing the surface as in
the case of 5CB on PVA [26]. Presumably when 5CB molecules are forced to be next to the
phenyl rings, they would prefer to have their biphenyl cores interact with the phenyl rings,
and hence have their CN terminals toward t‘he surface. We have also found, from a 5CB
film sandwiched between rubbed PS surfaces, stronger SHG with the input polarization
perpendicular to the rubbing direction than parallel to the rubbing direction, indicating
that 5CB molecules in the film were aligned perpendicular to the rubbing direction. Thié '

was also verified by linear optical measurements.

5.4 Conclusions

We have shown that mechanical rubbing effectively aligns the surface phenyl sidegroups of
PS perpendicular to the rubbing direction. The phenyl planes incline towards the surface
with a rather broad distribution. The aligned phenyl sidegroups at the PS surface can
interact with nearby 5CB molecules and force them to polar—oriqnt with the CN terminals
facing the surface. The orientation and alignment of the 5CB surface monolayer can then -

~.

induce a homogeneous alignment of the 5CB bulk film through molecular correlation.
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Chapter 6

Rubbing-Induced Polar Ordering

of Nylon 11

6.1 Introduction

Nylon is among the first and most important synthetic polymers developed and used in
modern life. In the last decade, odd-numbered nylons, i.e., nylons with an odd number of
carbon atoms in each repeating unit, have attracted much attention for their ferroelectric
properties [15]. As shown in Fig. 6.1 (a), for an odd-numbered nylon such as nylon 11,
a macroscopic polarization can be achieved by the parallel alignment of the dipoles asso-
ciated with the amide units. Ferroelectric hysteresis has been observed in nylon 11 films
prepared by cold-drawing and poling [15]. In contrast, an even-numbered nylon such as
nylon 6 cannot form a macroscopic polarization (Fig. 6.1 (b)). Ferroelectric nylon films

are potentially useful in many applications including audiofrequency and ultrasonic trans-



52

Figure 6.1: Chemical structure of (a) nylon 11 and (b) nylon 6. The arrows (P) are dipoles
and the dotted lines hydrogen bonds. (c) The molecular orientation of CHy. (d) The
molecular picture of rubbed nylon 11. z is along the rubbing direction, z along the surface
normal of the polymer film, ( along the symmetry axis of CHy and that of NH and CO
bonds, and £ normal to the CH; plane and along the chain direction. Inset: geometry of
the incidence plane with respect to the sample surface. ® is an angle between z and the
incidence plane.

ducers, pyroelectric detectors, robotics, and. biosensors [5]. Nylon films can also serve as
templates for adsorbing biomolecules such as nucleic acids and proteins [73, 74]. Therefore
it.is important to have a good understanding of the fabrication and characterization of sﬁch
polar-ordered nylon films. In this study, sum-frequency vibrational spectroscopy (SFVS)
was employed to study the structural change of nylon thin films before and after mechani-
cal rubbing. Being a second order nonlinear optical technique, SFVS is ideally suited as a
probe to study polar ordering in polymer thin films. We found that for nylon 11, mechanical
rubbing is capable of aligning the 'polymer chains and forming a large in-plane ferroelectric
polarization perpendicular to the rubbing direction (Fig. 6.1 (d)). A possible mechanism

will be suggested.
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6.2 Background

The experimental setup (see also the inset in Fig. 6.1) and theoretical background for SFVS
have been described in chapter 2. A pellet of nylon 11 (-[-NH-CO-(CHa)19-]n-) was baked
overnight at 100°C to reﬁove water. A nylon film on a fused quartz substrate was prepared
by pressing it with a hydrophobic quartz substrate coated with octadecyltrichlorosilane
(OTS) above the melting temperature of nylon 11 and separating it from the OTS-coated
substrate by weakly shearing the OTS-coated substrate against the film after quenching in
liquid nitrogen. It was then rubbed with a velvet cloth. In the experirﬁent, sum frequency
(ws) was generated from w; (= 1.064 pm) and wy (tunable IR). The tunable IR covers the
spectral ranges for the vibrational modes of CO (1500 ~ 1700 cm™!), CHz (2800 ~ 3000
cm™1), and NH (3150 ~ 3450 cm™!). The SF field is propbrtional to the effective nonhnear
susceptibility defined as xgpp = (Z (ws) - é(ws))- ;;2’25: (Z' (wr) - é(wl))(z (w2) - é(w2)),
where é(w;) is the unit polarization vector at w;, and I (w;) is the macroscopic local field

—(2 ‘
correction tensor (Eq. 2.6): Xé’iﬂ in a uniform bulk film is given in Eq. 2.3 and the subscript

S,eff is omitted hereafter.

6.3 Results and analysis

Shown in Fig. 6.2 are the SF spectra for isotropic nylon 11 (nylon 11 before rubbing)
with three polarization combinations (SSP (denoting S-polarized SF output, S-polarized
E{(wi) input, and P-polarized E(w;) input), PPP, and SPS). No NH signal was observed,

" suggesting the NH groups are not polarized and presumably lie in plane. Shown in Fig. 6.3

are the SF spectra for rubbed nylon 11 for various polarization combinations and the relative
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Figure 6.2: SF spectra of isotropic nylon 11.

orientations (®) between the rubbing direction and the incidence plane of the beams (see
the inset of Fig. 6.1). Only the SF spectra of SSP, PPP, PPS, and SSS are presented,
the others showing only small s_;;ectral peaks. More than 100-fold signal enhancement was
observed after rubbing, which cannot be explained by the sil;face contribution. The bulk
contribution to SFVS actually dominates, as will be shown later. The large difference in
the signal levels for different orientations (® = 0° and 90°) indicates the surface is highly
anisotropic. From the SF spectra, we can obtain a qualitative picture for the orientation
of the NH group. The NH vibrational mode is most strongly excited by fields along ¢, and
therefore a.NH,«C is the strongest element in the nonlinear polarizability of NH, ang. The
SSS signal at ® = 0° is much stronger than that at ® = 90°, indicating that the NH bond is
aligned nearly perpendfcular to the rubbing direction (Z). The much stronger SSS thaﬁ PPS

signal suggests that the NH bond lies close to the surface plane. More quantitatively, the
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Figure 6.3: SF spectra of rubbed nylon 11 in the vibration ranges of (a) CO, (b) CHz, and
(c) NH for different polarization combinations (e: ® = 0° and o: ® = 90° ). Lines are
obtained from fits with the ‘calculated’ Aq grr.

SF measurements for rubbed nylon 11 enable us to determine the orientational distribution

of the molecular groups, f(£2). We can writé

XBFF = XNR.EFF + Xq: wz—ﬁ%ﬂ’ | (6.1)
Agirr = (L (ws) - éws)) Ag: (L (w1) - e(wn))(L (w2) - &(w2)), (6.2)
Ag= Ns / g () f(Q)dQ ' (6.3)

where N, xﬁR’EFF, a4, wy, and [, are the effective surface density of molecules, the _
nonresonant background, and the strength, resonant frequency, and d#mping constant,
respectively, of the ¢th Vibrational mode, Q denotes the Euler angles (6, ¢, and ) that
defines the orientation of CHy (and also NH and CO), and consequently, the chain of nylon

11 (Fig. 6.1 (c)). Knowing that the SFG signal is proportional to |xgpp|%, Wwe can fit the
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observed spectra using Eq. 6.1 and deduce the ‘measured’ A, grr (see Fig. 6.3). On the

« . - - -
other hand, we can calculate Ay grr from known a4 and an assumed distribution function

_(0-60)2  (¢—¢0)% _ (¥—vg)?

f(ﬂ) = Ce 203 203 203’ (6.4)

with 8y, ¢o, Yo, 09, 04, aﬁd oy as adjustable parameters (for NH and CO, there is no depen-
dence on ). The results are presented in Table 6.1. To obtain the ‘calculated’ A4 grr for the
NH groups, we used the measured values of wng = 3314 em™! and I'ng/(27c) = 33.5cm™L.
The NH bond has two nonvanishing independent @ g elements, aé&( (= apne¢ ) and a¢¢e, and
we found age¢/a¢ee ~ 0.14 from Ref. [75]. Then, with the following values of the adjustable

parameters
6o = 75° £ 6°, ¢ = 12° £ 3°,09 = 60° £ 10°, o4 = 32° £+ 10°, (6.5)

the ‘calculated’ Any ErF agree with the ‘measured’ ones to within 20 %, except for Ang grr(PPP,
//) and Ang err(PPS, //) as seen in Table 6.1. With the same values of the orientational
parameters for CO and with wco = 1641 ecm™! and Tco/(2rc) = 11 cm™!, the dominant
Acogrr elements also show fair agreement between the ‘calculated’ and the ‘measured’
values, confirming that the orientations of NH and CO are the same. In the calculation, we
used (agec/accc)co = 0.14+0.02.

Knowing that NH and CO align horizontally and nearly perpendicularly (off by
~ 12°) to the rubbing direction (see Fig. 6.1 (d)), one can estimate the thickness of the
polar-ordered layer a;nd the magnitude of the nonlinear polarizability of CO, which is not
otherwise known. If the thickness I of the polar layer is larger than the coherence length,

lfa(,;r), for SFG in reflection (R) or transmission (T), |xfpp| at w2 = w, (¢: NH or CO) for



Table 6.1: Measured and calculated A, ger of CO, symmetric CH,, anti-symmetric CH,, and NH vibrational modes for

different polarization combinations and sample orientations ( ® = 0° (//) and ® = 90° ( L)) (10'9 m? V! sec™).

CO s-CH, a-CH, NH
measured  calculated | measured  calculated | measured calculated | measured calculated

SSP /] 332 + 5 19.4 77 = 5 7.5 64 + 5 -3.2 995 =+ 15 81.2

1] 516 + 5 43.8 317 = 5 27.4 -16.4 £ 5 -4.9 223 = 15 187
PPP /1] 232 = 5 -13.8 55 £ 5 -6.3 37 £ 5 -2.9 -309 x 15 -65.4

L 75 £ 5 -86.7 -27.3 + 5 -24.7 204 £ 5 -10.3 -336 = 15 -398
PPS /]1-251 £ 5 -33.7 213 = 5§ -24.2 149 = 5 3.9 -114 = 20 -168

L} -85 + 5 13 68 + 5 5.3 62 = 5 -2.2 62.2 + 15 61
SSS /" 126 = 5 120 | 262 + 5 30.5 264 = 10 14.9 568 + 20 506

L]-126 + 5 -18.9 -89 x 5 -6.3 79 + 5 -4.7 -101 + 15 -79.8

LS
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SSS and ®=0° is approximately given by

<ag >
Xl (SSS) ~ .Nvlg@L(ws)yL(wl)yL(wz)y(—"qu@|, (6.6)

where (<Eq>f)yyy ~ faq,CCC(é “(C - 9)(C - §) F(Q)dQ with aq¢¢¢c dominant. For NH, we
used the results of Refs. {75] and [76] to find the values of anp ccc. We calculated angg,crerer
from Ref. [75] and then the bond-additivity model.in Ref. [76] provided the relation between
GNH;,¢'¢'¢' and ang,¢c¢, Where f’ is a symmetric axis of NH3 and f an unit vector along the
bond direction. We obtained anpc¢c ~ 1.1 x 10726 m* V1 sec™!
the measured value of |xg&pp|NH(SSS, //) and N,(volume density) = 2.8x 10-347% (in a
perfect crystal) [77], we found IX, ~ 100 nm which is close to the coherence length for
SFG in reflection calculated from the refractive indices of nylon. This indicates that indeed
! > IR,. Since CO is always pa;ured with NH, knowing- |xg&gp|co(SSS, //) wei calculated
acocce ~ 2.2x 1072 m?* V7! sec™l. In SF transmission measurements [27], we found
] Xoprlco(SSS, //) to be ~ 13 times larger than in reflection SFVS, yielding IX, ~ 1.3 ym
which is also close to the calculated coherence length of 1.1 pm, suggesting that the actual
thickness of the polar layer is ~ 1 ym or higher. -

The SF results for CH; are somewhat surprising. Even with the symmetric ar-
rangement of the ten CHy groups along the chain, the SF signal from CHs remains strong.
Presumably this is because the NH and CO terminals of the CH; section break the symme-
try so that the contributions of individual CHj to X are not cancelled completely by pairing.
In calculating Ay grr for the observed CHy modes, we assume the ratios of the ay,, to be

the same as those deduced earlier for individual CHy {26] for the symmetric (s) and anti-

symmetric (a) stretch modes. We also used ws_cn, = 2870 cm™! and w,—cp, = 2929 cm™1,

. From Eq. 6.6 using

~
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Lsa)/(2mc) = 9 cm™1, 49 = 0°, oy = 60°, and the values of the other orientational pa-
rameters in Eq. 6.5. We found that all the ‘calculated’ A, gpr agree with the ‘measured’
ones within ~ 20 %. The value oy, ~ 60° indicates that CHy has a broad ¢ orientation.
The discrepancy between measured and calculated values in A, grr is however large. The
problem could be due to the complex structure of the spectra including the presence of an

unassigned peak around 2970 cm™!

or error in the assumption regarding ay,,. From the
preceding results, we conclude that the nylon chains are aligned nearly parallel along the

. rubbing direction with the dipoles aligned laterally.

6.4 Discussion

rI.‘he drar.na,tic enhancement of the SF signal in rubbed nylon 11 was explained by rubbing-
induced polar ordering. For comparison, we also measured the SF signal from isotropic and
rubbed nylon 6 films. The SF signal of isotropic nylon 6 was below the noise level and that
of rubbed nylon 6 for the CHy stretch modes in the SSP configuration was barely observable
(IXBrrl2 /) ~ 8 x 107 8¥m*V~2). We found |XEppla,// ¢ IXBrpla,L © [XBrrls//  IXBEFls,L ~
1. :0.7: 0.7 : 0.4, implying that there is no strong polar ordering and that the nylon chains
at the surface are aligned along the rubbing direction with the CH; symmetric axis (as well
as NH and CO) lying towards the surface plane. The amides in both nylon 11 and 6 should
be aligned laterally to ensure that all the amide units at the surface are hydrogen-bonded.
An interesting question to ask is why the surface polarization in rubbed nylon 11
points ‘to either left or right with respect to the rﬁbbing direction, which supposédly cannot

break the left-right symmetry. The strong transmission SF signal suggests that the rubbed
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Figure 6.4: (a) Three different shearing directions with respect to the rubbing direction, (b)
the dependence of the SHG polarization on the shearing directions ((i): A, (ii): e, and (iii):
o) (the maxima were adjusted to be equal), (c) the schematic of the SHG polarizations and
the in-plane dipoles in (i) and (ii) (P2, in-plane SHG dipole), and (d) SF spectra (SSP) of
a strongly sheared nylon 11 sample (x: along the shearing direction and o: perpendicular
to the shearing direction) :

nylon 11 film consists of a single polar domain. In order to check the asymmetry of the
dipole alignment and find a possible mechanism for the symmetry Brea)king, we prepared
three different samples with three relative orientations betwee;i ‘shearing’ and rubbing as
shown in Fig. 6.4 (a). Shearing of the sample surface from the OTS-coated glass was
weak enough not to create any noticeable polar ordering or anisotropy. We used second
harmonic generation (SHG) to probe polar ordering induced by rubbing. In Fig. 6.4 (b),
the position of the analyzer yielding the maximum SHG output determines the polarization
of the SHG. The departures of the analyzer orientation for the maximum SHG from 0°
(SouT) as shown in Fig. 6.4 (b) ((i) and (ii)) indicates that the polarization of SHG output

deviates from Sour as shown in Fig. 6.4 (c). The samples with opposite lateral shears
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((1) and (ii)) yielded S-polarized components of SHG (Sour) 180° out of phase, while
the P-polarized components (Poyr) of the two are the same (Fig. 6.4 (b), (c)). These
samples apparently have opposite dc polarization pointing in opposite directions nearly
perpendicular to rubbing. In the sample with the parallel shear (iii), the maximum SHG
output was obtained when the analyzer orientation is ~ 0° (Sout), presumably because
the surface was composed of opposite ferroelectric domains, the size of which is suggésted
to be larger than the wavelength of the light but smaller than the beam size at the sample
so that the (v:ont‘ributions from individual domains can be added incoherently and yield the
maximum SHG at the analyzer angle of ~ 0°. The determination of the domain size will
be conducted in the future. The correlation between the shearing and dipole directions
suggests the initial shear is responsible for the symmetry breaking. With a harder shearing
of unrubbed samples, dc polarizations appears to align along the shearing direction (Fig. 6.4
(d)). It seems that some amide moieties adsorbed to the template were pulled along the
shearing direction upon sample separation from the cover plate and the surface was polarized

along that direction.

6.5 ~Conclusions

We have shown that rubbing can create strong polar ordering at the nylon 11 surface.
The chains align nearly along the rubbing direction and the dipoles perpendicularly to the
rubbing direction forming a lateral ferroelectrically-ordered structure. A possible mech-
anism for symmetry breaking is identified as due to sample shearing involved in sample

preparation.



62

Appendix A

Scanning force microscopy on

nylon surfaces

We also investigated the n;'lon surfaces usiﬁg 'scanning force microscopy (SFM).

SFM is able to show the morphology ;Lnd tribological properties of polymérs ‘[25, 78]. A

recent development of scanning polarization force 'microscopy (SPFM) and kelvin probe

“microscopy (KPM) enables us to probe surface polarization by measuring surface poten-

tials [35]. With SPFM/KPM, the vertical polarization of r;bbed nylon 11 was examined

and found to be less than our detection sensitivity, indicating'the polarization should _}be in
the plane, consistent with the SFVS result. |

We used a home-built force micfoscope operated by electronic controllers from

RHK Technology, Inc. in two different modes: contact AFM and scanning polarization

f_érce microscopy/kelvin probe microscopy(SPFM/KPM). 'i‘he schematic for SPFM/KPM

is shown in Fig. A.1. Contact-mode AFM was used to image the topography of surfaces.
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Figure A.1: Schematic diagram of SPFM/KPM setup

The tip from Nanosensor, Inc. is made of Si with a force constant 0.07 ~ 0.4 N/m (typically,
k ~ 0.2 N/m). A laser beam reflected from the back of the cantilever is directed to a position
sensitive detector (PSD) with 4 quadrants and used t'o monitor the position of the cantilever.
The signal differences between top and bottom and between left and right determine the
vertical force and the lateral positions, respectively. The tyf)ical scan size is up to 6 ym x 6
pm, and the scan speed is less than or around 1 sec/line. The vertical and lateral resolution
is as good as a few A and a few nm, respectively.

In SPFM/KPM, the cantilever is conductive with metallic coating of PtIrs. An

AC potential oscillating at w is applied to the tip, and the vibration of the tip is monitored.
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The signal has three frequency components: 0 (DC), w, and 2 w, as shown below.

F = A ((Vp+ Vicos wt) — )2

= A (Vicos®wt 4 2Vi (Vo — p)cos wt + (Vo — ¢)?)

Ii

F2w)+ F(l w) + F(0 w) (A1)

where V' = Vp + Vicos wt is the potential applied to the tip, ¢ a surface potential existing
on the sampie, A=-A47eg gﬁ x f(£), and f(£) a function of the tipb size (R) and the
distance (z) of the tip from the surface. The w and 2 w signals are separated by two lock-in
amplifiers. The 2 w signal is kept constant by adjusting z in A (1°* feedback). The spatial
distribution of the voltage applied to the z piezo-scanner then yields the ‘topographic image’
convoluted with the local dielectric constant €. The w signal is kept at zero by feedback
equalizing Vj to local ¢ (2" feedback). From the feedback signal Vp, we can determine .
Thus, the ‘topography’ and surface potential of the surface can be determined separately.
In our experimen‘t, wé applied V; ~ 10 V and 5= = 4 kHz which is far from the resonance of
the cantilever. The lateral resolution is about the distance between the tip and the surface,
typically ~ 20 nm and the vertical resolution is determined by the noise of the system,
typically a few nm. In order to determine the sign of a surface potential, a DC tip bias
with a known sign is applied and the sign of the force between the tip and the surface is
measured via the direction of the bending of the tip. For calibration, a known DC potential
can be applied to a graphite surface (See Fig. A.2). The tip bias is expected to be equal to
the applied surface potential.

In a nano-scratching measurement, the sample surface can be scratched by scan-

ning the surface with a rigid metallic tip (k ~ 3 N/m) in contact mode. Afterwards, the
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Figure A.2: Calibration of the tip bias with the surface potential at a graphite reference.
(a) Tip bias image, (b) a profile along the vertical line segment in (a), and (c) the one-to-one
correlation between the tip bias and the applied potential of the graphite.
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Figure A.3: SPFM/KPM images of rubbed nylon 11 ((a): 2 w, (d): 1 w), isotropic nylon
11 ((b): 2 w, (e): 1 w), and isotropic nylon 6((c): 2 w, (f): 1 w).

surface is scanned with a much weaker force to obtain an image of the modified surface.
Contact and SPFM/KPM modes are used to determine the topographical modification and
any possible vertical polarization induced by the nano-scratching.

The figures in Fig. A.3 are SPFM/KPM images of rubbed nylon 11, isotropic
nylon 11, and isotropic nylon 6. In rubbed nylon 11, we could not get any clear evidence
for a vertical polarization to which SPFM/KPM is sensitive. The 2 w images showing
the topography are distinct but the tip bias (V;) images showing the surface potential are
similar with no feature. In addition, we created groove patterns on the surface of nylon
11 by scratching it with a hard tip (See Fig. A.4). The topographical grooves with almost
equal sub-micron spacing were oriented perpendicularly to the scratching direction. The

mechanism for the pattern formation is suggested in Fig. A.4 (b). The larger the applied
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Figure A.4: Formation of groove patterns in nylon 11 by scratching with a hard AFM tip
(k ~ 3 N/m). The image (f) was obtained by SPFM and all others by contact AFM. The
arrows in the images indicate the direction of scratching and the orientation of the cantilever
was from top to bottom. (a) Nylon 11 before scratching. (b) shows a suggested mechanism
for creating grooves by scratching. The applied normal force fy during scratching and the
approximate spacing s and depth d of the grooves are (c) fy = 12.5 x 1077 N, s = 350
nm, and d = 30 nm, (d) fy = 7.5 x 1077 N, s = 250 nm, and d = 10 nm, (e) fy = 5.0
x 1077 N, s = 190 nm, and d = 7 nm for the left image and fy = 5.0 x 1077 N, s = 450
nm, and d = 15 nm for the right image. (f) SPFM image on the same area as in (e)
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force is, the wider and the deeper the grooves are. Shown in Fig. A.4 (f) is an image with no
clear evidence of surface polarization induced by scratching. In order to verify the lateral
polarization observed in chapter 6, we will conduct SFM measurements in a mode sensitive

to lateral polarization in the future.
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