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Sum-Frequency Vibrational Spectroscopic Study of a Rubbed Polymer Surface
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Sum-frequency vibrational spectroscopy has been used to probe the chain orientation of polyvinyl
alcohol at the surface after rubbing. The distribution function of the chain orientation is determined
quantitatively. The orientational order parameter of the chains deduced from the distribution matches
well with that of a liquid crystal monolayer deposited on the polymer, proving that the polymer surface
can align a liquid crystal film through orientational epitaxy. [S0031-9007(99)09202-9]

PACS numbers: 68.35.Bs, 42.65.Ky, 78.30.Jw

Among modern strategic materials, polymers have bebut also on the orientational distribution. We report here
come increasingly important in our daily life. In many application of this technique to the study of surface align-
applications, polymer interfaces play a pivotal role. Oftenment of polymer chains by rubbing. We take polyvinyl al-
it is the orientation and conformation of molecular unitscohol (PVA,[-CH,-CHOH-],,, structure shown in Fig. 1)
at a polymer surface that determine the polymer interfaas an example. It was found that the PVA chains at the
cial properties. For example, surface molecular orientasurface are indeed well aligned by rubbing. A quantitative
tion directly affects adhesion of a polymer to metals oranalysis of the SFG results yielded an orientational distri-
semiconductors, which is vital to modern electronic de-bution for the chains that exhibits narrow angular spreads
vices and systems [1]. Surface molecular conformation oin all three directions. To our knowledge, this is the first
a biopolymer, such as protein, DNA, and RNA, stronglytime that an orientational distribution of polymer chains at
influences binding of ligands to a substrate and henca surface has ever been measured. From the distribution
the enzymatic function of the biopolymer [2]. A poly- function, the orientational order parameter was deduced.
mer surface with oriented polymer chains could serve as b agreed well with the measured order parameter of an
template for growing highly ordered polymeric or organic LC monolayer adsorbed on the rubbed PVA, proving that
crystals superb in mechanical, electrical, thermal, or optiorientational epitaxy is the underlying mechanism for LC
cal properties [3]. As a more specific case, rubbed polyalignment by rubbed PVA surfaces.
mer films have long been used in the liquid crystal display Surface SFG results from a nonlinear polarization
industry as substrates for obtaining the desired liquid crysinduced at an interface by two input field&w;) and
tal (LC) bulk alignment. Rubbing presumably modifies E(w,) at frequenciesw, (visible) and w, (infrared),
the polymer surface structure, and then aligns the LQespectively,

[4,5]. To study how rubbing a_lffects the polymer surfacg P (w,) = x?: E(w))E(w2), 1)
structure, a number of techniqgues have been used with ® ) o
varying degrees of success. Ellipsometry [6] and infraredvhere x'~ denotes the surface nonlinear susceptibility
spectroscopy [7] can measure rubbing-induced anisotropinSor- It can be shown [10] that the SFG output intensity
in the surface region of a polymer film, but are incapable
of probing the real surface because of their lack of sur-
face specificity. Atomic force microscopy [8] can provide
images of rubbed polymer surfaces although the spatial
resolution may be limited. Near-edge x-ray absorption
fine structure spectroscopy [9] can probe a surface layer
of 1 nm thick and yield information on the orientational
order parameter of a rubbed polymer surface.

Recently, sum-frequency generation (SFG) vibrational
spectroscopy has been demonstrated to be an effective
surface analytical probe [10]. As a second-order non-
linear optical process, it is forbidden in media with in-
version symmetry, but allowed at interfaces where the
inversion symmetry is necessarily broken. Therefore it ig~!G. 1. Molecular structure of PVA and orientational geome-
particularly sensitive to the interfacial structure betweerf”y Of @ Ci group on a rubbed PVA surface. Axisis along

t i tri dia. Wh dt b £ he rubbing direction, and is along the surface normal of the
WO centrosymmetric media. €n used 10 probe Suracg,ymer film. Axis ¢ is normal to CH plane (along the PVA

molecular orientation, it can provide information not only chain), is along the symmetry axis of GHand 7 is orthogo-
on the average molecular orientation and order parametesl to ¢ and /.
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in the reflected direction (in mks units) is given by sample orientations specified by the azimuthal angle
_ w? @2 between the incidence plane and the rubbing direction
Hay) = 8ejc3 cogB IXeir 1 (1)1 (@2). @ The spectra aty = 0° and 90° are presented in Fig. 2

Here, 3 is the angle of the SF output(w;) is the beam @S examples. Only those with polarization combinations

intensity atw;, and y2 is the effective surface nonlinear S5 (for S-, -, and P-polarized SF output, visible
y alw;, and Xert input, and IR input, respectively)sPS, and PPP are
susceptibility defined as

) @ shown since the others{S, SPP, and PPS) are hardly
Xett = [€5 - L(wy)]x  :[e1 - L(w1)][e2 - L(w2)] distinguishable from noise. All the measured spectra
(3) can be fit by Eg. (4) assuming the presence of three

with e; being a unit polarization vector of the opti- resonant modes at 2882, 2907, a2@40 cm™ !, each

cal field at w; and L(w;) the tensorial Fresnel factor. with a damping constanf =~ 16 cm~!. The first one,
As a response functiony® is expected to be reso- which is rather weak, probably comes from the stretch

nantly enhanced whemn, approaches a surface resonancemode of the CH groups on PVA. The last two, highly

Scanning over resonances then yields a surface SFG spgmominent except for some polarization combinations, can

trum. In this paper, we focus on surface vibrational specbe identified with the symmetrics) and antisymmetric

troscopy. We can write (a) stretch modes of CH Fitting of the spectra allows

@ _ O A, us to deduce the effective mode strength
X7 =xnk t Z e 4)
q

—wg tily’ Ageir = [e; - L(wy)]Ag :[er - L(w1)][e2 - L(w2)] (6)

A, = Nda,); = st a,f(Q)dQ, (5) for every specificy and polarization combination. The
deduced values are plotted in Fig. 3. In the following,
where ,y,(vz,z describes the nonresonant contributigxy,,  we shall use them to deduce the orientation of, §&hd
w,, and I'; are the strength, resonant frequency, andchence the orientation of PVA chains since the chains are
damping constant of theth resonance mode, respec- perpendicular to the CHplanes) at the surface of PVA.
tively, N, is the surface density of molecules, is the Without any calculation, we can already obtain defini-
nonlinear molecular polarizability strength associated withtive information from the spectra in Fig. 2. First, the
the gth resonance() denotes the set of three orientational
angles(, ¢, ) defined in Fig. 1, and), denotes an av-
erage with the orientational distribution functigi(). i

The experimental setup for SFG has been described 10}
elsewhere [10]. In this experiment, a visible beam at
532 nm and an IR beam tunable from 2.68t® n.m, both
having a 15 ps pulse width and a 20 Hz repetition rate,
were overlapped at the sample with incidence anglés 45
and 57, respectively. The SFG output was detected in the
reflected direction. The rubbed PVA films were prepared
by spin coating on fused quartz plates, followed by baking
and rubbing with velvet. The rubbing strength used was
at a saturation level; i.e., stronger rubbing would not
improve the chain alignment further. The film thickness
was about 30 nm.

We have measured the SFG spectra in the CH and OH
stretch frequency range. The OH stretch modes are rather
weak and can be identified as OH groups hydrogen bonded
to their neighbors [11]. This suggests that the OH groups
at the surface are oriented toward the polymer bulk. Cor- 2F
respondingly the CEHgroups should point out of the sur-
face, as evidenced by the strong L£kitretch modes in I PR R
the spectra shown in Fig. 2. The SFG signal disappeared 2750 2800 2850 2900 2950
when the surface was immersed in water, but reappeared
when it was dried. The result indicates that the spec-
trum must come mainly from the surface of the polymerFIG. 2. SFG spectra of a rubbed PVA surface in the CH
because otherwise the spectrum would not have chang%@emh range for three different polarization combinaticiss?,

. . . S, and PPP. The intensity has been calibrated with a
so dramatically upon a simple perturbation of the :surfacereferencez_Cut quartz crystal. Only spectra at= 0° and90°

The SFG spectra of PVA were taken with different are shown. Solid lines in the figures are fits from Eq. (4). The
input/output polarization combinations and differentinset definesy for the azimuthal sample orientation.
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FIG. 3. Polar plots of the effective mode strendtfy; of the CH symmetric (circles) and antisymmetric (squares) stretch modes
as functions ofy for different polarization combinations (8SP, (b) (SPS), and (c)PPP. Symbols are values deduced from the
measured SFG spectra. Lines are obtained from fits (see text).

excitation of the Chl symmetric stretch requires an IR gy = —ﬁ paj =45 x 1073 m’CVv-2sec’!, where
q

polarization component along the symmetry axis 0,CH ;7 and a| are the dipole derivative [13] and polarizibil-
The fact that the mode is very weak in tS&S spectra jty derivative [14] of a single CH bond. We then have,
(for all y) indicates that the CHaxis must be nearly from Egs. (7), three equations of constraints for the non-
pe_rpendlcular to the_ surface_plane. Secon_d, the eXCianishing(4, )i« Taking the nonvanishing,);;x and the
tation of thg CH antisymmetric stret<_:h requires an IR gielectric constantg’(w,) = €'(w;) and €'(w,) for the
component in the CHiplane perpendicular to the GH  gyrface layer [appearing in the Fresnel facibfe;) [10]]
symmetry axis. Since this mode is absentyat= 90° 45 unknown parameters, we can now use these equations
and very strong ay = 0°, the Ch plane must be nearly anq Eq. (6) to fit the experimental data in Fig. 3. As

perpendicular to the rubbing direction. Consequently, thenown in Fig. 3, the fit is very satisfactory, yielding val-
PVA chains must be oriented nearly parallel to the surfacgeg of (Ag)ii listed in Table |, ande/(w;) = 2.1 and

along the rubbing direction. Finally, in Fig. 3, the po- €'(wy) = 1.5.

lar plot of As,eff(_SS_P) _shows a slight forward/b_ackward Knowing (4,)jx, We can then use Eg. (5) to obtain an

asymmetry. This indicates that the average orientation ofpproximate orientational distribution functigh(Q) for

the chains has a slight backward tilt. _ the CH, groups. Knowing that the PVA chains are well
We now discuss the quantitative analysis of the dataaligned, we can assume a Gaussian distributiorf {6r)

The rubbed PVA surface has;, symmetry. Therefore ) )

. . (@) . B (0 =00 (b — ¢o)

its nonlinear susceptibility;;; [correspondingly(A,);;x f(Q) = Cex 5 5

for each CH mode] has only 10 nonvanishing independent T 20
elementsxxz, yyz, zzz, Xzx = zxx, yzy = )Yy, XXX, yyX, W= ) 8
zzx, xyy = yxy, andxzz = zxz. There exist additional 205/ ’ (8)

equations relating some of th@,);x that are specific
to the CH stretch vibrations. By symmetry the only
nonvanishing elements of the, tensor in Eq. (5) are
(as)ee, (as)nnes (as)eee, and(aa)ney = (aa)¢ny, Where

(¢, m,¢) are the molecular coordinates defined in Fig. 1.TABLE I. Measured and calculated nonvanishing tensor ele-

It can be shown from Eq. (5) that mentsA;; for the CH symmetric §) and antisymmetric )
stretch modes. All values are in units fi~2' mCV—2sec!.

whereC is a normalization constantyy = ¢ = 0° (by
symmetry), anddy, oy, o4, and o, are the parameters

(As)xzx + (As)yzy + (As)zzz = NS<2 : 2>f'(as)§{§ > s-stretch a-stretch
PN Measured Calculated Measured Calculated
(As)xxz + (As)yyz + (As)zzz = Ny({ - Z)f

% [(ay)eer + (@) Awe 20010 199  —25+15  —10

el s/nné ) Ay.  420*10 419 120+ 15 129

+ (as)¢ee] A... 310 + 40 317 200 * 60 140

> .5 Avx = Ay ~0 21 20 £ 20 46

(Aa)xzx + (Aa)yzy + (Aa)ZZZ = N5<§ . Z)f(aa)n{n > Ayzy = Auy, ~0 —927 205 + 15 211
A + A .+ A ) , = 0 Axxx ~0 -8 ~0 —4
( a)xxz ( a)yyz ( alzzz Ayyx _17+5 17 ~0 7
A ~0 ~11 ~0 —4

If we adopt the bond additivity model for GHribrations A 0 3 0 g
[12], we can find(as)érgg = 0.16ay, (as)nn{ = 0.82ay, Axyy ; Ayxy ~0 —7 ~0 —4
(as)g;év = 0.4961(), and(aa),,g,, = (Cla)éh,m = 0.6661() with i S
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to be determined. We find, for the best fit, = 2.5° + films. The technique should also be useful for studies of
0.7°, 09 = 26° = 5°, 04 = 27° £ 5°, andoy = 35° =  other relevant polymer interfacial problems.
5°. These values, when used with Eq. (8) in Eq. (5) This work was supported by NSF Grant No. DMR-
to calculate(A,);jx, reproduce almost all the measured9704384.
(Ay)ijx values within the experimental error, as shown in
Table I.

The above result shows how the £Hyroups are *Present address: Department of Physics, Stanford
oriented on the rubbed PVA surface. Accordingly, we University, Stanford, CA 94305-4060.
know that the PVA chains are well aligned along the  'Present address: Organic Material Research Laboratory,

rubbing direction with a fairly narrow angular spread, NEC Corporation, Kanagawa 216, Japan.
and on average, &2.5° backward tilt. One may notice [1] J. Dinardo, J.E. Demuth, and T.C. Clarke, J. Chem. Phys.
that the number ofA,);x used in this calculation far 85, 6739 (1986).

exceeds the number of parameters to be determinedl2] B- Alberts et al., Molecular Biology of the Cel(Carland
The fact that we can still consistently reproduce all the ?%llw!tr;g, Inc., Ngv‘éygrk’.ﬂllg?\f)t’ 3rd ?_d' q 14
measuredA, ) values indicates that Eq. (8) is indeed [ J:C. Wittmann and P. Smith, Nature (Londo852

a good representation of the orientational distribution [4] glfﬂgléeary J.W. Goodby, A.R. Kmetz, and J.S. Patel

of CH,. o _ J. Appl. Phys62, 4100 (1987).
From the known distribution function, we can calculate [5] X. Zhuang, L. Marrucci, and Y.R. Shen, Phys. Rev. Lett.

the orientational order parameter, usually defined as = 73 1513 (1994); M. Barmentlo, R.W.J. Hollering, and

S = (% (& - &)? - %}, for the PVA chains, wheré and N.A.J.M. van Aerle, Phys. Rev. A6, R4490 (1992).
&y are the unit vectors denoting the local and averagel6] |- Hirosawa, Jpn. J. Appl. PhyS5, 5873 (1996).
chain directions, respectively. We obtainsd= 0.52.  [7] R. Hasegawa, Y. Mori, H. Sasaki, and M. Ishibashi,

To see how this rubbed PVA surface induces LC o z\pg' JP'_dAé’pl'kPhyS?aJsA'\?z (129.6)'T hnol. AL4. 1723
alignment, we deposited a monolayer of LC molecules, [8 A-J. Pidducket al., J. Vac. Sci. Technol. Al4,

. . (1996); Y.B. Kim et al., Appl. Phys. Lett.66, 2218
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orientational distribution of the LC monolayer using opti- [9] K. Weisset al., Macromolecule®1, 1930 (1998); J. Stohr
cal second harmonic generation [15]. We then calculated " ¢ 51, MacromoleculeS1, 1942 (1598). ’

the orientational order parameter of the LC monolayef1o] Y.R. Shen, in Frontier in Laser SpectroscopyPro-
from the distribution and found it to b§ ¢ = 0.54. This ceedings of the International School of Physics “En-
suggests that the LC monolayer interacts strongly with the  rico Fermi,” Course CXX, edited by T.W. Hansch and
PVA surface and adopts an orientational ordering close to M. Inguscio (North-Holland, Amsterdam, 1994), p. 139.
that of the underlying PVA chains. As demonstrated in[11] Q. Du, R. Superfine, E. Freysz, and Y.R. Shen, Phys. Rev.
Ref. [5], the orientation and alignment of the surface LC __ Lett. 70, 2313 (1993).

monolayer then governs completely the orientation andl2] C. Hirose, N. Akamatsu, and K. Domen, J. Chem. Phys.
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