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The second-order nonlinear optical susceptibilities x? of several phenylhydrazone and stilbazium salt dyes in
Langmuir-Blodgett monolayers have been determined from second-harmonic-generation measurements. Three of
the substances demonstrated x(® values greater than 10~6 electrostatic units, although two of the three did not
absorb light significantly at the second-harmonic wavelength.

1. INTRODUCTION

The high quadratic nonlinearities of organic materials, their
wide transparency range over the visible and the near-infra-
red spectrum, and their short response time associated with
their off-resonance nonlinear properties qualify them for
various applications in the field of optical signal processing,
such as amplifiers, frequency converters, and modulators.
An increasing number of organic materials are now shown to
exhibit second-order nonlinear efficiencies that are several
orders of magnitude higher than in LiNbO3.!* For exam-
ple, the quadratic nonlinear susceptibility dg; of N-4-nitro-
phenyl-L-prolinol (NPP) crystals is 200 X 109 electrostatic
units (esu),’ a value corresponding to an enhancement of 2
orders of magnitude of the nonlinear efficiency over LiNbOs.

Higher nonlinear coefficients could be obtained by using
more-complex structures, such as stilbene derivatives or
merocyanines.®” The molecular hyperpolarizabilities 8 of
these compounds are among the largest known for organics,
but in most cases the molecular units crystallize in centro-
symmetric space groups and, therefore, show no second-
order nonlinear optical effects.

The Langmuir-Blodgett (L-B) techniqued? is one of the
various methods used as a means of imposing a noncentro-
symmetric structure onto a material that crystallizes in a
centrosymmetric structure. L-B films for use in quadratic
nonlinear optics can be ordered in a statistically noncentro-
symmetric lattice.

One of the foremost features of the L-B technique is the
ability to control the film thickness in the deposition pro-
cess. In addition, the index of refraction can be modified, if
required, for optical applications, For example, one can
modify the number of CHs groups forming the hydrophobic
tail, thus simultaneously acting on the layer thickness and
on the index of refraction.!® In principle, these properties

qualify L-B films for giving rise to two-dimensional optical
waveguides, and various studies have already been carried
out in this field.1-13 However, most of the L-B films have a
tendency to form microdomains in the range 2-200 um and
are responsible for losses due to scattering of the optical
wave propagating in the waveguide. However, it is possible,
by using an appropriate thermal treatment, to obtain larger
domains (2 mm) in a crystalline form, for example, in azo-
benzene molecules,!* which are good candidates for qua-
dratic experiments.

Nonlinear-optical characterization of L-B molecules is
usually achieved by measuring the second-harmonic (SH)
signal emitted by the L-B film deposited upon a substrate.
The measurements can be carried out either in transmission
or in reflection. The SH intensity can be enhanced signifi-
cantly by resonance if either or both of the fundamental and
harmonic frequencies are close to an absorption band. In
thick materials, the proximity of the resonance induces a
strong attenuation that is not compatible with the observa-
tion of a SH signal; on the contrary, L-B films, by virtue of
their thinness, do not introduce a strong attenuation of the
signal and are therefore particularly suited to the observa-
tion of resonance-enhanced transverse effects. The SH sig-
nal emitted by a monolayer can therefore be detected and
subsequently can be used to measure the corresponding hy-
perpolarizability 8 and susceptibility x® of the deposited
L-B molecule.

Second-harmonic generation (SHG) from monolayers of
highly polarizable dyes was reported for the first time by
Aktsipetrov et al.,! the corresponding x® being of the order
of that of LiNbO3;. SHG has been demonstrated in mono-
layers of merocyanine,'® hemicyanines,!” amidonitrostil-
benes,!® and azobenzene derivatives.l® Z-typel?-2! and Y-
type alternated multilayers!82223 have been studied; the cor-
responding SH signals increase with the number of active



Table 1. Molecular Structure, Thickness Per Layer I, Area Per Molecule,
Wavelength of the Maximum Absorption Band Anmax, Refractive Index n at 633
nm, Deposition Pressure p, and Deposition Rate v of Dye Monolayers

Molecular structure and Area p v
designation 1(A) molecu/le A max n (mN.r) | lem/mn)
H,C- 0O CH=CH~(E)v-CH, 27 35A" | 360 16 25 10
1
s P 6 3k | 475 35 10
N—@—CH=CH EN-CH,| 2 |4 16 /
HuCo/ =
2
HSSC;,—%—O—Q-CH=N— N~O-NO, | 275 | 245A"| 412 | 157 | 35 10
0 3
HS,Q;*O-@-CH=N— N~O-No, | 30 2654 | 420 158 35 1.0
4
HyCm0~O-CH=N-N=O)-N0.| 275 | 264" | 420 | 161 | 35 10
| 5

layers according to a subquadratic,2® quadratic,!® or super-
quadratic?! dependence, depending on the structure and the
deposition conditions of the samples. Linear electro-optic
effects of a monolayer of hemicyanine have also been dem-
onstrated.2425 Qnly a few molecules have been studied up to
now, and it would be of interest to investigate new com-
pounds that combine good film quality with large nonlinear-
optical susceptibilities.

In this paper we report some § measurements on two
families of nonlinear molecules, stilbazium salt derivatives
and a new class of nonlinear dyes, phenylhydrazone deriva-
tives. The nonlinear behavior of the molecules is studied in
monolayers, for various donor (R—0—, RyN—, R—C0O—0—)
groups associated with the same acceptor (=HN*—R for
stilbazium salts, —NOj; for the phenylhydrazone). The mo-
lecular structures of these compounds are given in Table 1.

2. SYNTHESIS OF THE COMPOUNDS

The synthetic routes to the compounds are shown in Fig. 1.
The intermediates for the stilbazium salts as well as for the
phenylhydrazones are aromatic aldehydes that are synthe-
sized by ether formation or esterification of 4-hydroxybenz-
aldehyde. 4-(N,N-Dihexadecyl)-aminobenzaldehyde is
prepared by Vilsmeier synthesis from the respective aniline
compound.

The stilbazium salts 1 and 2 are prepared from the alde-
hydes and 2-methyl-N-methylpyridinium iodide through an
aldol-condensation reaction, and the phenylhydrazones 3, 4,
and 5 are obtained through condensation of the aldehydes
with p-nitrophenylhydrazine.

3. PREPARATION AND CHARACTERIZATION
OF MONOLAYERS

A. Monolayer Isotherms
All compounds were characterized in monolayers at the gas—
water interface by isotherm measurements.? Compound 1

exhibits only a solid analog phase in the temperature range
from 20 to 40°C. At 20°C the breakdown pressure range is
40 mN/m, and the area required at that point is 0.28 nm?/
molecule. This large area requirement implies that the
packing within the monolayer is controlled mainly by the
packing of the head group and not by a tight packing of the
hydrocarbon tails of the amphiphile. This tight packing of
hydrocarbon chains would lead to an area requirement of
approximately 0.2 nm2/molecule for a simple chain com-
pound.

The double-chain compound 2. exhibits a solid analog
phase at 20°C and both solid and fluid analog phases at
higher temperatures (see Fig. 2). The area at the collapse
point of the monolayer is 0.4 nm?/molecule. Thus we can
assume that the monolayer packing here is controlled by a
dense packing of the two hydrocarbon chains.

The spreading behavior of the phenylhydrazones is illus-
trated in Fig. 3 for compounds 3 and 4. Compound 5 has
almost the same isotherm as compound 4; the collapse pres-
sure, however, is about 5 mN/m lower.

The ethers as well as the esters exhibit only solid analog
phases, even at 40°C. The collapse pressures are approxi-
mately 60 mN/m at 20°C, and the area required at the
collapse point by the ethers 4 and 5 is 0.25 nm?/molecule,
whereas the collapse point of the ester 3 is somewhat smaller
(0.22 nm?/molecule). Thus the hydrocarbon chains cannot
be packed densely. The monolayer packing is controlled
mainly by the head group. The ester can be packed better
than the ether compound.

B. Langmuir-Blodgett Monolayer Films
All substances were deposited using a Lauda Langmuir
trough in a clean room during the upstroke on both sides of
glass microscope slides at 20°C. The spreading and deposi-
tion conditions are described in Appendix A. The slides
were cleaned and rendered hydrophilic by treatment with a
1:4 mixture of 30% Hy0 and concentrated HySO4 and were
then rinsed with Millipore purified water.

Spectra were recorded of the monolayers and of as many
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Fig. 1. Reaction scheme for synthesis of compounds 1-5.
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Fig. 2. Temperature dependence of the spreading behavior of compound 2.
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Fig. 3. Spreading behavior of compounds 3 and 4 at 20°C.

as 40 layers of the dyes in the wavelength range 300-1000 nm
on a Perkin-Elmer spectrophotometer. The absorption
spectra of the monolayers are shown in Fig. 4.

For phenylhydrazone derivatives, the shape of the absorp-
tion pedks is very similar for the three compounds. The
wavelength Apmax corrésponding to the maximum of the ab-
sorption band is exactly the same for 4 and 5, the structure of
the chromophores being identical in both cases. On the
contrary, the Ayay value is 115 nm higher for 2 than for 1.
The higher value can be accounted for by the strong elec-
tron-donor character of the disubstituted amino group in 2
compared with the poor electron-donor properties of the
ether group in 1. Compound 2 has its maximum absorption
wavelength close to the harmonic wavelength A = 532 nm,
and a strong enhancement of 8 owing to the proximity of the
resonance can be expected.

The film thicknesses [ and refractive indices n of the films
at 633 nm were determined by performing ellipsometric
measurernents on as many as 30 layers on silicon substrates.
Compounds 1 and 2 did not build stable multilayers; thus
the réfractive indices could not be determined directly. Ta-
ble 1 summarizes the deposition conditions for the monolay-
ers on glass and the results of the ellipsometric measure-
ments. The thickness per layer [ is determined by measur-
ing the thickness t of N Y-type monolayers (N =10, 20, or
30) by ellipsometric techniques, the value of [ being given by
! =t/N. This value could be smaller than the length of the
isolated molecule, because a partial interpenetration of the
aliphatic chains belonging to two adjacent monolayers is
possible. Hence, for monolayers, the relevant molecular
length corresponds to the value of the isolated molecule; the
measured values must therefore be corrected by considering
the actual interatomic distances of each chemical bond. In
fact, comparison between the experimental ! values mea-
sured here and the molecular lengths calculated from inter-

atomic bond distances leads to similar values for phenyl-
hydrazone derivatives; the discrepancy does not exceed 3%
in any case.

On the contrary, ! measurements of stilbazium salts, car-
ried out on two layers only, lead to a thickness per layer of 20
A, whereas the calculated value is 27 A for 1 and 26 A for 2.
The discrepancy occurs because the ellipsometric technique
is not accurate for a very small number of L-B layers. For
the reasons mentioned above, the refractive indices for stil-
bazium salts could not be determined. The n values for the
phenylhydrazone derivatives are very similar; however, a
slight increase of n is observed when the length of the ali-
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Fig. 4. Ultraviolet-visible absorption spectra of monolayers of

compounds 1-5 on glass substrates: 1, « - 12, —-— 8, —e—=;
4, —; 5, ———.



phatic chain is decreased, as evidenced by comparing com-
pounds 4 and 5, which differ only by the number of -¢CHy)
groups in the hydrophobic tail. This property could be used
to control with good accuracy the refractive index of a L-B
layer in view of applications such as mode coupling in a
planar waveguide.

4. EXPERIMENTAL SETUP FOR NONLINEAR
MEASUREMENTS

The experimental setup for the SHG measurements is illus-
trated in Fig. 5. The experiments were carried out using a
Q-switched Nd3+:YAG laser (A = 1.064 um). Two M4 plates
were used to vary the polarization direction, and the laser
energy was able to be attenuated by using neutral-density
filters. The fundamental beam was then focused upon the
sample (focal length 60 cm). The sample was set on a rota-
tion stage monitored by a stepping motor so as to vary the
incidence angle 6 of the fundamental beam, the rotation axis
being vertical and perpendicular to the laser beam. SHG
signals were recorded at various values of 6, ranging from
—50° to +50°. The transmitted harmonic light was detect-
ed after the remaining fundamental was filtered off by a
photomultiplier and was sampled, averaged, and recorded
synchronously. This detection system can measure weak
harmonic signals by using a photomultiplier with a very low
dark current and by improving the synchronization between
the SH pulse and the trigger of the boxcar. If one works at
large integration scales (10 sec), the noise level does not
exceed 0.1 mV; the minimum x® value of L-B films that can
be detected is therefore of the order of 2 X 1072 esu. The
measurements were calibrated against the SH Maker fringes
emitted by a 2-mm-thick quartz plate. The macroscopic
second-order susceptibility x? of the L-B sample was deter-
mined relative to the dy; coefficient of quartz (dy; = 1.2 X
1079 esu). In addition, the reference used consisted of the
SH signal Ip2 produced by a nonlinear organic powder of
NPP irradiated by an additional fundamental beam and
sampled and averaged by the same lock-in amplifier as the
SH signal I1 p?* emiitted by the L-B films. The signal I1p2*
is divided by the reference Ip2» and recorded. This setup
considerably reduces the variations of the SH signal owing to
laser fluctuations and therefore improves the rapidity and
the sensitivity of the measurements.

The radiation emitted by the L-B films is identified as SH
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Fig.5. Experimental setup for determination of the SHG suscepti-
bility.
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Fig.6. Normalized SHG as a function of the incidence angle 0 for 2.

radiation by its narrow spectral width, its pulse duration
shorter than that of the fundamental beam, and its quadrat-
ic dependence on incident laser energy. Regions of the
samples free from the film gave no detectable signal, con-
firming that the observed radiation is emitted by the film
only. The harmonic peak is p polarized, independent of the
polarization of the fundamental beam. In this work we
focused only on SHG from p-polarized fundamental beams.

5. NONLINEAR OPTICAL PROPERTIES

The dependence of the emitted intensity with respect to the
incidence angle shows a well-contrasted fringing pattern re-
sulting from interference between the harmonic beams pro-
duced by the front and the back layers (Fig. 6). Because the
optical path in the L-B layers (of the order of a few tens of
angstroms) is much smaller than the coherence length (of
the order of a few tens of micrometers), this pattern has no
connection whatsoever with Maker fringes. It originates
from dispersion of the refractive index of the substrate ng2®
= ng®, which introduces a dephasing factor between har-
monic waves generated at the front and back sides, respec-
tively, of the substrate.?” ng® and ng? are the fundamental
and harmonic refractive indices of the gldss substrate, re-
spectively. The dephasing factor varies with the optical
path in the substrate as the plate is rotated, as was previous-
ly demonstrated for third-harmonic generation in polydiacetyl-
ene L-B multilayers.?’” The interfringe 6 is given by

A 1

00 = — ’
2L cos O(tan 05* — tan ;%)

(1)

where L is the thickness of the substrate, §g* and 852 are the
angles of incidence of the fundamental and harmonic beams,
respectively, inside the glass substrate, and A is the funda-
mental wavelength. In the pattern sketched here, the ex-
perimental interfringe between the second and the third
fringes is 8.6°. Taking L = 1 mm, ng* = 1.508 06, and ng2 =
1.520 83, 66 = 8.7°. This result confirms the origin of this
SH fringe pattern resulting from the dispersion of the refrac-
tive index of the substrate.

From the envelope function of the SH fringe pattern we
can infer both the x® value of the sample and the average
tilt angle ¢ between the charge-transfer axis of the molecules
and the normal to the substrate. x® and ¢ are adjusted to
give the best fit between the theoretical and the experimen-



tal envelope function of the fringes. The second-harmonic
intensity from the L-B sample is given by

Za,Kl

ILB w 2w 0 w,2w an,Zw’ nGw,2w, (5)

X [xP]X(E*)* cos 5Q, )

where the function F includes factors related to the trans-
mittance and reflectance of the various interfaces as a func-
tion of angles of incidence in the film for fundamental or
harmonic beams 8z or 872¢, respectively, and in the glass
substrate 8¢ or §g2. F depends also on the refractive index
at fundamental (harmonic) frequencies in the film ng® (n )
and in glass ng® (ng?*) and on the angle 6. x® is the nonlin-
ear coefficient of the L~B film of thickness [, the projection
factors depending on the tilt angle ¢ being taken into ac-
count in the envelope function F. @), describing the phase
difference between the two harmonic beams, has the form

aQ—2—“’£(n

cos 0% — ng® cos 0%). (3)
KLBis a factor independent of the orientation of the sample,
including the absorption coefficient of the film at w and 2w.
x values are determined by comparison of the amplitude of
the envelope of the interference fringes with the signal from
the quartz reference plate. This calibration eliminates the
term (E«)4, where E* is the amplitude of the incident funda-
mental field, which cannot be measured directly when cur-
rently available Nd3+:YAG laser cavities are used.

The molecular hyperpolarizabilities are deduced from the
x® values by using a molecular-oriented gas model in which

x® = Nf(f)*6. (4)

Here fo2¢ = [(n»2%)2 + 2]/3 is a local field factor and Nisthe
number of molecules per unit volume, equal to ¢/l, where o is
the surface density of the monolayer. Therefore

g = (2) l 5)
P

Table 2. x®, B, and Tilt Angle ¢ for Dye Monolayers

Molecule b | X"aghsw)| B (x107esu) | Ref.
This
1 50 0.51 015 work
2 50 6.25 20 “
3 65 0.56 oM ‘
4 60 1.80 0.40 ”
5 55 170 033 “
Merogyonine 9 - 406 16
Hemicyanine 43 0.95 0.31 17
| DPNA | 65 1.60 0.31 20

[The validity of the Lorenz approximation involved in Eq.
(4) is not strictly verified in the case of monomolecular layers
placed at the glass—air interface. This model would be more
nearly valid for thick multimolecular L-B samples. There-
fore the 8 value given by Eq. (5) corresponds to the hyperpo-
larizability of a monolayer that would be surrounded by L-B
layers of the same nature ratlier than to the 8 value of a
monolayer placed at the glass-air interface.]

@, x?, and B values for the five molecules studied here are
given in Table 2. It is of interest to compare these values
with nonlinear data measured in other L-B molecules, such
as merocyanines and hemicyanines or diazostilbene deriva-
tives, and to examine the influence of some electron-donor
or electron-attractor substituents on the nonlinear proper-
ties of L-B molecules. The relative errors on x® and 8 do
not exceed 10%.

6. DISCUSSION

In each of the two families reported here, the acceptor group
remains the same, and the donor group is modified. There-
fore the electron-donor character of these substituents can be
compared. Of the phenythydrazone derivatives, 4 and 5 have
similar 8 values when the experimental errors are taken into
account; the hyperpolarizability is slightly stronger for the
highest chain length (4). This small increase of 8 with re-
spect to the chain length is probably due to a slight inductive
effect of the hydrophobic tail, the electron-donor character of
a linear alkyl substituent R = C,Hgn+1 increasing with the
number of carbons n. Comparison between 3 and 4 or 3 and 5
indicates that the ester substituent —Hg5C;7—COO—
is a very poor electron-donor group, the corresponding f
value being much smaller than for the other L-B molecules
reported up to now for quasi-ideritical resonance effects (the
wavelength of the absorption maximum being almost the
same for 3 and for 4 or 5). The results obtained on the two
stilbazium salts confirm the strong electron-donor character
of the disubstituted amino group (H33C6)sN— when com-
pared with the Hg;Cg—O— group of compound 1. In this
last case, the small 8 value can be accounted for by the weak
electron-donor character of the ether substituent and by the
weaker resonance effect between the harmonic frequency
and the first absorption peak of the molecule, which lies at
360 nm; both phenomena have a cumulative influence on the
weakening of 8. On the other hand, the electron-donor
power of the (R)eN— group in 2 is reinforced by the pres-
ence of two long aliphatic chains grafted onto the nitrogen
atom. In addition, the presence of two hydrophobic tails on
a L-B molecule instead of one should increase the stability
and thereforé the ordering of the monolayer. But the most
important feature is the proximity of the maximum absorp-
tion wavelength Apay to the harmonic frequency, leading to a
large enhancement of the nonlinearity. In fact, the x®@
value is high (more than 2 orders of magnitude higher than
for LiNbOs), and the hyperpolarizability is at least six times
higher than for the hemicyanine reported in Ref. 17. In fact,
2 exhibits one of the highest quadratic nonlinearities ever
measured, its 8 value coming just behind that of the mero-
cyanine described in Ref. 16. Indeed the value for x@ of 6.5
X 10-6 esu is the largest explicitly reported volume suscepti-
bility known [x® was not given for the merocya-
nine]. Another factor that could be responsible for this



exceptionally large hyperpolarizability is the nature of the
substituent grafted onto the pyridinium ion: the long ali-
phatic chain used in Ref. 6 has a higher electron-donor char-
acter than the CHj group grafted onto 2 and therefore has a
tendency to reduce the electron-attractor power of the pyri-
dinium ion. In principle, this effect is not strong, but previ-
ous 3 measurements, carried out by electric-field-induced
SHG (EFISHG) in solution, on N -octadecylmerocyanine
(NOM),® and on N-methylmerocyanine {NMC),” led to simi-
lar conclusions: the 8 value is 5~10 times smaller for NOM
than for NMC, although the fundamental wavelength used
for NOM (A = 1.318 um) is closer to the resonance than the
wavelength used for NMC (A = 1.89 um). (The solvent was
dimethylsulfoxide for NMC and methanol or pyridine for
NOM.) Although such results must be considered carefully,
the EFISHG measurements seem to confirm this influence
of the chain length on the electron-attractor character of the
pyridinium ion. The highest 8 value known currently is that
of the merocyanine indicated in Table 2. This molecule can
be described by the two mesomeric structures:

H .

0= >=é T s
\C=<j\/l\ICnH2n+l .
(A)

H
ol
N —@NCHHW

(B)

The (B) form corresponds to a conjugated system into which
has been substituted the strongest electron-donor group
—O~ and the strongest electron-acceptor group pyridinium
ion. The large charge transfer resulting from this structure
is responsible for its high 8 value.

Therefore these measurements have confirmed the classi-
fication of various chemical groups following an increasing
electron-donor character:

CH; _CrHaney
< —N

AN
CHs CrHaut1

0 .
I s
R—0—C < R—0— < —N\ < —0~

and an increasing electron-acceptar character:

A AN
—NO; < N* —C,Hgsy; < N+—CHj
s /

7. CONCLUSION

We have measured x® and g8 values of various nonlinear
molecules and illustrated some molecular-engineering rules
for the electron-donor and the electron-acceptor character
of some substituents. The coupling of the best donor and
acceptor groups led to an exceptionally nonlinear L—-B mole-
cule, with a 8 value of 2 X 10~ esu. SHG measurements on
L-B monolayers of nonlinear molecules are convenient
means for determining the 8 values of \7ario_us structures.

The highly efficient compound reported here seems to be
promising for further investigations on multilayers and for
applications in forming planar waveguides for quadratic
nonlinear interactions. Some studies on highly efficient
multilayers are currently in progress.

APPENDIX A

A. Synthesis of Compounds

Compound 1

5.8 g (42 mmol) of dry K,COj is suspended in a solution of 4.9
g (40 mmol) of 4-hydroxybenzaldehyde, 13.3 g (40 mmol) of
1-bromooctadecane, and 50 mg (0.3 mmol) of KI in 300 ml of
dry acetone.?® The suspension is refluxed for 48 h and
filtered when still hot. 800 ml of hexane is added, and the
solution is washed with 10% NayCO;3 in water. After the
residual water is removed with Na,SOy, the solvent is evapo-
rated under reduced pressure, and the crude reaction prod-
uct is recrystallized from hexane (melting point, 74°C; yield,
80%). .

L.1 g (2.9 mmol) of 4-octadecyloxybenzaldehyde, 1.7 g (3
mmol) of N-methyl-4-methylpyridinium iodide, and 1 ml of
piperidine are dissolved in 50 ml of ethanol and refluxed for
5 h. After it is cooled to room temperature, the reaction
mixture is filtered. The precipitate is collected, dissolved in
chloroform, and washed with 1 M HI and water. After
evaporation of the solvent in vacuo the product is recrystal-
lized from hexane and methanol [melting point, >200°C
(decomposed); yield, 86%).

Compound 2

10 g (18.5 mmol) of N,N-dihexadecylaniline is dissolved in
20 g (270 mmol) of freshly distilled dimethylformamide.2%30
The solution is cooled down to 5°C, and 2.8 g (18.3 mmol) of
POCIl; is added within 5 min. The mixture is stirred for 1 h
at 20°C and then for 3 h at 80°C. After it is cooled down
again, the mixture is hydrolyzed by slowly adding 40 g of ice-
cold water and is then neutralized with approximately 10 ml
of 5 M NaOH. The precipitate is collected and recrystal-
lized from methanol, hexane, and ethanol (melting point,
57°C; yield, 48%).

1.7 g (3 mmol) of 4-(N,N-dihexadecyl)-aminobenzalde-
hyde, 0.7 g (3 mmol) of N-methyl-4-methylpyridinium io-
dide and 1 ml of piperidine are dissolved in 50 ml of ethanol
and refluxed for 3 h. After the mixture is cooled to room
temperature, the precipitate is collected, dissolved in chloro-
form, and washed with 1 M HI and water. Aftel; evaporation
of the solvent the product is recrystallized several times
from ethanol [melting point, >200°C (decomposed); yield,
81%].

Compound 3

6.11 g (50 mmol) of 4-hydroxybenzaldehyde and 8 ml of
triethylamine are dissolved in 200 ml of absolute methylene
chloride.?8 The solution is cooled down to 5°C, and a solu-
tion of 15.1 g (50 mmol) of stearic acid chloride in 100 ml of
absolute methylene chloride is added within 20 min. After
being heated to room temperature, the reaction mixture is
washed with 1 M HC, water, 5% Na,COj, and again with
water. After removal of residual water with NayS0, the



solvent is evaporated in vacuo. The crude reaction product
is recrystallized twice from methanol (melting point, 60°C;
yield, 66%).

3.89 g (10 mmol) of the stearic acid ester of 4-hydroxyben-
zaldehyde is added to a solution of 1.53 g (10 mmol) of 4-
nitrophenylhydrazine in a mixture of 10 ml of glacial acetic
acid, 10 ml of water, and 100 ml of ethanol. The mixture is
stirred for 2 h at room temperature, and the precipitate is
collected and recrystallized repeatedly from methanol, ethyl
acetate, and acetone (melting point, 134°C; yield, 24%).

Compound 4

1.2 g (7.8 mmol) of 4-nitrophenylhydrazine is dissolved in a
mixture of 10 ml of glacial acetic acid, 10 ml of water, and 100
ml of ethanol.228 To that 2.7 g (9.7 mmol) of octadecyloxy-
benzaldehyde is added, and the mixture is stirred for 2 h at
room temperature. The precipitate is collected and recrys-
tallized repeatedly from hexane and methanol (melting
point, 112°C; yield, 68%).

Compound 5

Compound 5 is synthesized according to the same procedure
as for compound 4, starting from 3.47 g (10 mmol) of 4-
hexadecyloxybenzaldehyde and 1.53 g (10 mmol) of 4-nitro-
phenylhydrazine (melting point, 117°C; yield, 66%).

B. Film-Balance Measurements

The water used for all film-balance éxperiments was puri-
fied with a Millipore water purification system (Milli-Q, 4
bowl). This system was fed with deionized water.

Chloroform was used as solvent for spreading compounds
1 and 2, and methylene chloride was used for compounds 3,
4,and 5. All solvents were purchased from Merck (Uvasol).
The concentration of the spreading solutions was 0.5 mg/ml.

The isotherms were measured with a commercial comput-
er-controlled film balance (Filmwaage 2, MGW Lauda) with
a sweep time of 10 min/curve. The same film balance in
combination with the corresponding film lift was used for
the deposition experiments.

The cleanliness of the film balance and the purity of the
water were checked routinely by measuring isotherms of a
well-known compound (palmitic acid, reference for GC).3!
The purity of the spreading solvents was also checked by this
method.
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