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Amphiphilic hydroxystilbazolium cations and their corresponding neutral betaines exhibit large off-resonant
positive and negative, respectively, second order hyperpolarizabilities which were measured by DFWM and Z-scan
experiments. Quantitative structure—property relations were established from semi-empirical calculations.

1 Introduction

An increasing interest in organic materials with high optical
nonlinearity has emerged in recent years due to potential
applications in optoelectronics and photonics. In particular,
third order optical phenomena might be exploited for high
speed all-optical switching in computing and telecommuni-
cation systems.! The fundamental physical property of a
material useful for that purpose is the third order electric
susceptibility y®. The macroscopic susceptibility »® can be
derived theoretically from the calculated microscopic molecu-
lar second order hyperpolarizability y if local field effects and
the orientation of the molecules are accounted for. On the
other hand, it is straightforward to obtain y from experimental
% or the nonlinear refractive index n, if the experiments are
carried out in the gas phase where the local field effect is
negligible or in dilute solutions where the local field effect can
be accounted for by the simple Lorentz approximation.?

For practical applications it might be advantageous to use
properly oriented molecules in order to efficiently exploit the
largest tensor element. Langmuir—Blodgett techniques provide
an excellent possibility for that purpose.® All compounds in
this study have been designed and synthesized to be able to
form LB layers. Nevertheless, the experimental results to be
presented here refer to isotropic solutions.

The molecular design of an organic material with maximized
nonlinearity requires reliable theoretical prediction algorithms
or knowledge of structure—property relationships. Most
reliable hyperpolarizabilities of calibrational quality can be
calculated by ab initio methods for small molecules,* particu-
larly if electron correlation effects are accounted for together
with further refinements. Correlation effects have been shown
to influence significantly the calculated second order hyper-
polarizabilities in the case of a symmetric condensed-ring
conjugated system.’

For large sets of bigger molecules like those studied in this
paper sophisticated ab initio methods are prohibitive due to
their computational cost. Therefore, semi-empirical methods
are widely employed which have been proven useful particu-
larly for trend prediction rather than for the calculation of
correct hyperpolarizabilities.®’

Relationships between the first order hyperpolarizability f
and the chemical structure are better understood than those
of y. A simple description of f# and y in terms of state energies
(E), static dipole moment changes (Au) and transition dipole
moments (u) is obtained from the sum-over-states method

(static limit),® c¢f. also the review in reference’ [eqn. (1)
and (2)].
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A comparison of the first term of eqn. (2) with eqn. (1) shows
that large positive f can imply also large positive 7.
Consequently, a very similar optimization strategy may be
applied in the molecular design of compounds showing both
large f and large y as long as the first term of eqn. (2) is
dominating. Hemicyanines are known to exhibit considerable
charge transfer upon excitation. In particular, aminostilbazol-
ium salts are among the most extensively investigated com-
pounds concerning B.° Hydroxystilbazolium salts have not
been investigated so extensively.!%!! Because of the OH group
being a weaker donor substituent in comparison to NR,,
hydroxystilbazolium salts are less interesting with respect to
maximizing . However, if the OH group is dissociated then
the very strong donor substituent O~ is generated resulting in
a merocyanine chromophore. Depending on the polarity of
the environment and on the relative donor and acceptor
strengths merocyanines might be realizations of any intermedi-
ate between a quinoid, an ideal polymethinic, and a betainic
state (Scheme 1).
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The benzoid nature of the zwitterionic state has been
confirmed experimentally for polar and non-polar solvents.!!
We use the terms polymethine and cyanine as defined by
Dihne,'*** however, it should be pointed out that some
authors use these terms with different meanings, e.g.'* In an
ideal polymethinic state f§ as well as the first positive contri-
bution to y should vanish. However, it can still exhibit large
negative y.13

It is the aim of this study to find structure—property relation-
ships for y within the class of hydroxystilbazolium salts. For
that purpose we have synthesized a total of 21 compounds of
the general formula shown in Scheme 2.
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Scheme 2

From a subset of the hydroxystilbazolium salts and their
betainic counterparts we shall present experimentally deter-
mined y values which are used for scaling the results of finite
field (FF) calculations. From the latter quantitative structure—
property relationships (QSPR) will be derived. We shall show
that the cationic title compounds exhibit large positive 7y
comparable to known molecules of similar molecular weight.
The corresponding neutral forms show negative v which are
among the largest ones so far published.!®

2 Results

Structures of the compounds investigated in this study and
their abbreviations are given in Schemes 3 to 6. In the following
the superscripts ° and * will denote the neutral and the cationic
forms of the compounds.

2.1. Semi-empirical quantum chemical calculations

The second hyperpolarizabilities of the cationic dyes were
calculated by the finite field (FF) method after full geometry
optimization of the molecules. Whereas reasonable results
were obtained with the cationic dyes severe discrepancies from
experimental data (see below) were obtained with the neutral
merocyanines. Quinoid structures are predicted for the neutral

RS N ¥ R7
|
CigHay
Scheme 3
4-(4-Oxystyryl )-1-octadecylpyridinium betaines
R! R? R3 R* R5 R® R’

la H H H H H H H
1b H H H C,H, H H
1c H C,H, JHy H H
1d OCH; OCH; H C,H, H H
1le OCH; OCH; H H H
1f OCH; H H C,H, H H
1g OCH; H H H H
1h H C,H, H H H H
1i OCH; OCH; H C,H, C,H,

merocyanines by all methods available in the packages used.
FF calculations of y based on those structures give erroneous
results. Even the predicted sign is wrong. The merocyanines
are predicted by various methods to absorb at approximately
the same wavelength as their corresponding protonated
counterparts or even at a lower wavelength which is also
strongly at variance with experiment. Self consistent reaction
field calculations with acetonitrile as a solvent as implemented
in the VAMP program, for instance, did not overcome this
discrepancy.

Scheme 4
4-(2-Oxystyryl )-1-octadecylpyridinium betaines
R! R? R3 R* R RS
2a H H H H H
2b H H H H C,H,
2c H H C,H, H
2d H H C,H, C,H,
2e H OCH; H H C,H,
2f H OCHj; H H H
2g OCH; H H H C,H,
2h OCHj; H H H H
2i H OCHj; H OCH; C,H,
R
R? 0"
=
Hs7Cis~ N
=
Scheme 5
2-(2-Oxystyryl )-1-octadecylpyridinium betaine
R! R?
3a H H
o-
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=
H37;C
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Scheme 6
2-(4-Oxystyryl )-1-octadecylpyridinium betaines
R! R?
4a H H

4b OCH, OCH,
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Reasonable coincidence of the calculated y with the
experimental ones was obtained using molecular geometries
optimized with the COSMO (conductor-like solvent model)
algorithm which is implemented in the AMPAC package.'”
This method has been shown to deliver a molecular geometry
for Brooker’s merocyanine'® which is close to the experimental
one obtained by X-ray crystallography.'® Though the solution
geometry may differ from that in the crystal we expect a close
resemblance because the merocyanine is hydrated in the crystal.
Kurtz’s method?® for the calculation of 7y fails (keywords
KPOLAR and COSMO) in that again positive y values are
predicted for the betaines. Therefore, the FF method
implemented in MOPAC6 was used after COSMO optimiz-
ation. Also in the case of the cationic dyes the y values from
FF calculations are significantly closer to the experimental
ones than those from KPOLAR. However, the solvent effect
as modelled by COSMO is very small as expected. COSMO
optimization was also performed with the cations merely for
the sake of consistency. Changing the relative permittivity
from 24.5 (ethanol) to 78.4 (water) only affects the result for
the merocyanines. Since the theoretical results have to be
compared to experiment ethanol was also chosen as the solvent
for the COSMO calculations.

2.2 Comparison to experiment

Fig. 1 and 2 show examples of degenerate four wave mixing
(DFWM) and Z-scan experiments, respectively, with com-
pound 1d™" and its neutral counterpart 1d° in ethanol solution.
The Z-scan measurement is performed without the pinhole,
see Fig. 5, to obtain the nonlinear absorption coeflicients of
the dye solutions (Fig. 2B). These Z-scans result in Lorentzian
curves indicating higher absorption due to higher intensity at
the focal point. With the knowledge of these curves the Z-
scan with the pinhole in front of the detector could be corrected
from nonlinear absorption by simple division of the data. As
an example the resulting Z-scan signature for the 1d° sample
is shown in Fig. 2A in comparison with the Z-scan of pure
ethanol. The minimum of the ethanol curve at negative z
values denotes a positive sign of n,. The smaller transmission
change observed with the dye solution compared to that of
the pure solvent proves that the solute 1d° exhibits a negative
n,. It is assumed that the contributions to the optical nonlin-
earity of solute and solvent are additive.

In Table 1 the results of DFWM experiments obtained from
ethanol solutions are presented together with the calculated
y values.
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Fig. 1 Degenerate four wave mixing measurement with ethanolic
solutions of 1d* and 1d°. The measured DFWM signals are plotted
against the delay of the backward pump pulse. The solid curves
represent least squares fits to a Gaussian pulse shape.
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Fig. 2 Normalized nonlinear transmission of 1d* and 1d° in ethanol
obtained from closed aperture (A) and open aperture (B) Z-scan
experiments.

Linear correlation of the experimental to the calculated y
yields eqn. (3) and (4)

Veate =293 437 +(0.21 +0.06)7xp» (3)
Veale = _46i66+(11i02)yexp9 (4)

for the cationic hemicyanines and the neutral merocyanines,
respectively. The correlation coefficients are r=0.83 and r=
0.95, respectively. 1e° shows significant two-photon resonance
enhancement in the experiment, and was not included in the
correlation. 1e* is an outlier and was excluded from the
correlation. These fairly reasonable correlations justify the use
of theoretical hyperpolarizabilities instead of experimental
ones in order to derive relations to the chemical structure.
Aggregation at the comparatively high concentration applied
for the DFWM experiments and insufficient solubility did not
allow NLO investigations of the total number of compounds
synthesized.

2.3 Relation between chemical structure and y

We may encode each particular compound of the entire set by
assigning x; = {1 or 0} to the existence or nonexistence, respect-
ively, of any of seven structural features i. Fitting the y values
obtained from the MOPAC calculations to eqn. (5)

;
’VCalc=a+ zkixi (5)
i=1
yields the coefficients k; and their standard deviations which
are given in Table 2. The correlation coefficients are r=0.98
and r=0.92 for the cations and the neutral molecules,
respectively.
In Fig. 3 the MOPAC y are plotted versus the y predicted
from the correlation.
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Table 1 Comparison of experimental (from the nonlinear refractive indices n,) and calculated y (MOPAC) values of selected dyes together with
experimental absorption wavelengths. Geometries optimized with COSMO in ethanol

Sample max,/ 0N n,(sample)/n,(EtOH) ny x1071%/cm?> W1 yx 1073 /esu (exptl.) yx 1073 fesu (caled.)
la* 400 +0.03 +0.23 78 328
la® 500 —0.16 —1.2 —407 —368
1b* 450 +0.07 +0.53 180 376
1b° 600 —0.13 —-0.99 —336 —259
Ic* 500 +0.16 +1.2 408 602
Ic® 689 +0.05 +0.38 129 190
1d* 453 +0.14 +1.1 337 372
1d° 645 —0.22 —1.7 —577 —826
1d°¢ 645 —0.18 —1.4 —475 —826
le* 421 +0.40 +3.0 1002 527
le® 564 —1° ~—8 ~ —3300° —400
1h* 453 0.22 +1.67 563 384
2ct 427 0.12 +0.91 307 321
2c° 598 0.05 +0.38 128 —85
2d* 484 0.41 +3.11 1127 595
2d° 674 0.05 +0.38 128 136
2i* 486 0.33 +2.50 845 367
2i° 596 —0.09 —0.68 —230 —384

9Z-Scan, 1047 nm. *Two-photon resonance enhanced.

3 Discussion

To understand the dependence of hyperpolarizabilities on
chemical structure Marder et al. have performed pioneering
work.?! These authors discuss the nonlinear optical properties
in terms of bond length and bond order alternation. This
approach delivers particularly valuable insights if an unsatu-
rated chain of a given length is considered under a variation
of the donor and acceptor terminating groups or as a function
of an external field. However, if a particular nonlinear optical
parameter is to be maximized by a systematic variation of the
structure then more structural information has to be considered
than can be contained in bond length alternation (BLA) and
bond order alternation (BOA) alone even within a given class
of compounds.

Conformational flexibility can alter the optical and the
nonlinear optical properties significantly.>>2* This has to be
taken into account when experimental results are to be com-
pared with calculated ones. In the case of the stilbazolium
salts two types of torsional motions or isomerism have to be

taken into consideration: torsion of the aromatic rings around
the C,;omatic—Cetnylenic bond, and rotation of the methoxy group
in the corresponding dyes. Benzocondensation causes a torsion
of about 30° from coplanarity, whereas the dyes with uncon-
densed pyridine and benzene rings are predicted from calcu-
lations to be essentially coplanar.

The barrier for the rotation (~0.8 kJ mol !) of the methoxy
groups is significantly smaller than the thermal energy
(RT ~2.4 kJ mol~!). However, one of the two methoxy groups
in the o-position to OH cannot freely rotate due to hindrance
by that OH group. This might be an explanation for the
greater y enhancing efficiency of the second methoxy group in
comparison to the first one because the dihedral angle (COCC)
has to be close to 0 or 180° in order to maximize the lone pair
interaction with the aromatic n-system.

As recently pointed out by Morley!® none of the conven-
tional molecular orbital methods at the Hartree—Fock level
are able to reproduce the correct geometry. The most promis-
ing procedure within the family of semi-empirical methods is
probably the COSMO routine. There are alternative ways to

Table 2 Slopes k; and their standard deviations o; of data fits to eqn. (3); upper two rows: cationic stilbazolium salts, lower two rows: neutral

merocyanines
p-OH p-Acc Acc-Bz Don-Bz
OH - OH
x x ; :
N
I ) @_L, .
R R rlxj l‘f‘" “OH
R

k; 168.6 135.9 55.9 1394

g; 19.7 24.5 18.8 23.1

k; —124.2 —71.7 177.7 196.8

oy 38.7 48.1 36.9 453

p-OCH;3 m-OCHj;(1) m-OCH;(2)
OCH;4 OH OH
: OCH,4 CH;30 OCH;
OH "OH

k; 139.8 41.2 113.28

oy 334 25.4 31.6

k; —25.7 17.6 —33.8

oy 65.5 49.9 62.0
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Fig. 3 Structure-property relationships for the calculated second
order hyperpolarizability of the stilbazolium salts (A) and their
neutral merocyanines (B).

drive the merocyanine molecules from the quinoid structure
to the betainic one: optimization of the molecule in the
presence of an external electric field directed parallel to the
long axis,?! or similarly, by usage of properly positioned
sparkles? in the optimization procedure. We have performed
geometry optimization with all merocyanines investigated here
under a variation of the sparkle position until a structure was
obtained which was closest to the ideal polymethinic state
(measured by vanishing bond order alternation of the three
central bonds). Significant trends of the experimental y could
be reproduced that way, however, this procedure remains
highly unsatisfactory because the structures obtained that way
are arbitrary. They may or may not be realized in some solvent
which at least cannot be the same for all dyes. Inspection of
the data given in Table 2 readily reveals the effect of the
structure variation. Linking both or either of the aromatic
rings of the stilbazolium salts in the o-position to the hetero-
cyclic nitrogen atom or to the phenolic O atom, respectively,
leads to a significantly smaller y. Benzocondensation enhances
7, being slightly more effective at the donor moiety. Methoxy
substitution in the 4-position significantly increases y in the
case of the o-hydroxy compounds. The effect of one m-
methoxy group is small whereas the increasing effect of two
methoxy groups is highly significant. Also with the neutral
merocyanines p-linkages of both the donor and the acceptor
moieties strongly enhance the amount of y in comparison to
the o-isomers. Again benzo annulation at the acceptor moiety
enhances 7y, that is y becomes less negative. Two methoxy
substituents in the m-position of the donor ring exhibit an
effect on the magnitude of y whereas a single methoxy substitu-

Y

50 % Sample
Laser

1047 nm, 13 ps

Delay

‘Yi'ay

1

sig

Lig = ULy EnP s v

Fig. 4 Experimental setup of the DFWM experiment.

ent has only an insignificant influence. A similar observation
was recently published by Morley?® who found an unusual
enhancement of f induced by a second alkoxy substituent and
also by Hendrickx er al.?” who pointed out that B depends
critically on the conformation of the alkoxy groups.

In order to assess the usefulness of the title compounds as
materials for nonlinear optics, particularly as Langmuir—
Blodgett multilayers, we may estimate the amount of y® for
both the pure cationic and the neutral compounds to be in
the order of magnitude of 1012 <|y®| <1071 esu. From a
comparison of the averaged y and the largest tensor element
Vxxxx WE conclude that a five fold increase should be achievable
by proper orientation of the chromophores. Finally, further
structure variations are conceivable, in particular the synthesis
of vinylogue compounds with hindered internal rotational
degrees of freedom.

4 Experimental
4.1 Synthesis, solvents

The synthesis of the compounds has been described else-
where.?®-2° The structures and the purity have been confirmed
by '"H NMR spectroscopy (Bruker DRX400). Spectroscopic
grade ethanol (Merck UVASOL™) was used for spectroscopic
and NLO experiments. Concentrations close to 0.01 M were
used for the DFWM measurements. It was checked prior to
measurement that significant aggregation was absent by
recording the absorption spectra of a capillary layer and
comparing them with the spectra of a highly dilute solution
(1073 M).

4.2 Apparatus

The measurements of the third order nonlinearities were
performed using a passively mode-locked Nd: YLF-laser with
a negative feedback system for pulse width and energy stabiliz-
ation. The laser pulse width was 13 ps at a wavelength of
1047 nm. The measurement techniques we used were degener-
ate four wave mixing (DFWM) in the phase conjugation
geometry (back reflection geometry) c¢f. for instance refer-
ences®® or 3! and the Z-scan method.’**® Fig. 4 shows the
experimental setup of the DFWM experiment. The geometry
of the Z-scan device can be seen in Fig. 5.

R Lens Sampl Pinhole
Laser Beamspliter m aﬂﬁ’ ) ,j PD
= = ]

|
\}L’//U H Signal

PD ... Photodiode

PD é Reference

Fig. 5 Optical scheme of the Z-scan measurement.
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The advantages of the DFWM measurement are a high
sensitivity and the possibility of time resolved measurements.
In the case of a nonlinear refraction combined with a nonlinear
absorption it is difficult to extract the pure refractive effect
from the absorption. To overcome the disadvantage of the
DFWM technique we performed Z-scan measurements. All of
the given values of n, are determined relative to ethanol (n,=
7.6 x 1071 cm W™ 1).34 9 was calculated from n, according to
formula (6)**

n; ”02
f4N3.90x 1072
with the local field factor

y= (6)

1,
f=5ng+2)

where N is the number density and n, is the linear refractive
index.

4.3 Calculations

The AMPAC package was used for all geometry optimizations.
The AM1 hamiltonian was applied throughout together with
the COSMO routine (EPS=24.5). Electronic transitions were
calculated with either the VAMP program®® (PECI=8) and
CNDO(S) using both the Mataga—Nishimoto and the Ohno
Klopman approximation or INDOI1(S).3” Second order hyper-
polarizabilities were calculated with the help of the MOPAC6
package.?® All quantum chemical calculations were performed
on a DEC ALPHA 3000 workstation.

Acknowledgements

The authors greatly acknowledge funding by the Deutsche
Forschungsgemeinschaft via the Sonderforschungsbereich 196.
UWG thanks the German Fonds der Chemischen Industrie
for financial support.

References

1 J. L. Brédas, C. Adant, P. Tackx and A. Persoons, Chem. Rev.,
1994, 94, 243,

2 C. J. Boettcher,
Amsterdam, 1952.

3 A. Ulman, An Introduction to Ultrathin Organic Films, Academic
Press Inc., Boston, 1991, p. 339.

4 D. M. Bishop, Adv. Quantum Chem., 1994, 25, 1.

5 M. Nakano, S. Kiribayashi, S. Yamada, I. Shigemoto and
K. Yamaguchi, Chem. Phys. Lett., 1996, 262, 66.

6 B. Beck and U.-W. Grummt, J. Phys. Chem., 1998, 102, 664.

7 H. S. Nalwa, in Nonlinear Optics of Organic Molecules and
Polymers, ed. H. S. Nalwa and S. Miyata, CRC Press, Boca Raton,
1997, p. 515.

8 M. Nakano, M. Okumura, K. Yamaguchi and T. Fueno, Mol
Cryst. Liq. Cryst., 1990, 182A, 1.

Theory of Electric Polarization, Elsevier,

1424 J. Mater. Chem., 1999, 9, 1419-1424

11

12

13
14

15

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

R. G. Denning, Mater. Chem., 1995, 5, 365.

X.-M. Duan, H. Konami, S. Okada, H. Oikawa, H. Matsuada
and H. Nakanishi, J. Phys. Chem., 1996, 100, 17780.

A. Fort, C. Runser, M. Barzoukas, C. Combellas, C. Suba and
A. Thiebault, Proc. SPIE-Int. Soc. Opt. Eng., 1994, 2285
(Nonlinear Optical Properties of Organic Materials VII), 2.

S. Dihne and F. Moldenhauer, Prog. Phys. Org. Chem., 1985,
14, 1.

S. Diahne, Chimia, 1991, 45, 19.

I. D. L. Albert, T. J. Marks and M. A. Ratner, J. Phys. Chem.,
1996, 100, 9714.

M. Nakano and K. Yamaguchi, Chem. Phys. Lett., 1993, 206, 285.
Reference 7, p. 611.

AMPAC 5.0., copyright 1994 Semichem, 7128 Summit, Shawnee,
KS 66216.

J. O. Morley, R. M. Morley, R. Docherty and M. H. Charlton,
J. Am. Chem. Soc., 1997, 119, 10192.

D. J. A. De Ridder, D. Heijdenreijk, H. Schenk, R. A. Domisse,
G. L. Lemiere, J. A. Lepoivre and F. A. Alderweireldt, Acta
Crystallogr., Sect. C Cryst. Struct. Commun., 1990, 46, 2197.

H. A. Kurtz, J. J. P. Stewart and K. M. Dieter, J. Comput. Chem.,
1990, 11, 82.

F. Meyers, S. R. Marder, B. M. Pierce and J. L. Bredas, J. Am.
Chem. Soc., 1994, 116, 10703.

W. M. F. Fabian, R. Dworczak, H. Junek and B. N. Pawar,
J. Chem. Soc., Perkin Trans. 2, 1995, 903.

A. Gussoni, G. Zerbi, J. J. G. S. van Es, H. A. M. Biemans and
E. W. Meijer, Synth. Met., 1996, 80, 201.

C.-Y. Zhao, Y. Zhang, W.-H. Fang and X.-Z. You,
THEOCHEM., 1996, 367, 73.

MOPAC 6.0, J. J. P. Stewart, F. J. Seiler Res. Lab., US Air Force
Academy, Colorado 80840, obtainable from QCPE, Department
of Chemistry, Indiana University, Bloomington, IN 47405, USA.

J. O. Morley, J. Phys. Chem., 1994, 98, 11818.

E. Hendrickx, C. Boutton, K. Clays, A. Persoons, S.van Es,
T. Biemans and B. Meier, Chem. Phys. Lett., 1997, 270, 241.

F. Lehmann, G. J. Mohr, P. Czerney and U.-W. Grummt, Dyes
Pigm., 1995, 29, 85.

F. Lehmann, G. J. Mohr and U.-W. Grummt, Sens. Actuators, B,
1997, 38-39, 229.

R. A. Fisher, Optical Phase Conjugation, Academic Press Inc.,
N.Y., 1983.

H.-J. Eichler, P. Guenter and D. W. Pohl, Laser-Induced Dynamic
Gratings, Springer, Berlin, 1986.

M. Sheik-Bahae, A. A. Said and E. W. Van Stryland, Opt. Lett.,
1989, 14, 955.

M. Sheik-Bahae, A. A. Said, T.-H. Wei, D. J. Hagan and
E. W. Van Stryland, IEEE QE, 1990, 26, 762.

CRC Handbook of Laser Science and Technology, ed. M. J. Weber,
CRC Press, Boca Raton, 1982, p. 268.

N. Butcher and D. Cotter, The Elements of Nonlinear Optics,
Cambridge University Press, 1996, p. 306.

G. Rauhut, A. Alex, J. Chandrasekhar, T. Steinke, W. Sauer,
B. Beck, M. Hutter, P. Gedeck and T. Clark, VAMP6.0, Oxford
Molecular Ltd., The Medawar Centre, Oxford Science Park,
Oxford OX4 4GA, England.

M. A. Thompson, Argus, A Quantum Chemical Electronic
Structure  Program, 1992, available via ftp pnlg.pnl.gov
(130.20.64.11).

Paper 9/00259F



