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crograph reveals that the surface is not at all atomicany flat 
on a micrometer scale, but instead exhibits fairly large holes 
(Fig. 4). The STM images clearly show both atomically flat 
terraces of up to 100 nm in diameter coexisting with ridges 
and holes, 10 nm or more in depth (Figs. 5 a, b). 

Fig. 5. STM images of 200 nm thick metal films evaporated at elevated sub
strate temperatures. Image sizes are 250 Jim x 250 nm and the brightness is 
proportional to trie height, a) Au/tnica, Tt = 400 =C. b) Ag/mica, T, = 275 °C. 

The observed surface structure reflects the three-stage 
growth mechanism of nucleation, island growth, and coales
cence. At lower substrate temperatures, grains with rounded 
surfaces are observed, while at higher temperatures the sur
faces of the individual grains are flattened. Unfortunately 
however, the defects at grain boundaries, such as disloca
tions and stacking faults arising from a slight misfit and 
misalignment of the nuclei, are not completely healed out 
during the coalescence. Also, twinning boundaries, resulting 
from two different grain orientations of the mica (001) sur
face, are well known for fee metal films on mica/131 

To conclude, die investigation of the surface reactions of 
HOPG demonstrates that it is possible to chemically attack 
not only the edges of the graphite plane but also the basal 
plane itself. This has been achieved in a very controlled way 
using the STM tip. While the localization of the reaction to 
a few square nanometers may be of interest for information 
storage purposes, it also appears possible that a similarly 
well-controlled reaction on a more macroscopic scale may 
promote the adhesion of organic layers to HOPG. Gold and 
silver films evaporated onto glass or mica appear flat under 
more conventional microscopes. On mica they can be epitac-
ticaily ordered. However, the STM reveals a considerable 
roughness in all cases, which suggests that it is difficult to 
form a defect-free organic monolayer in direct contact with 
such a substrate over areas of 1 |un in diameter or move. This 
may explain the difficulty experienced in producing a single 
LB monolayer as insulator between evaporated gold and 
silver electrodes. It may also contribute to the relatively poor 
order of the first fatty-acid salt monolayer on these sub
strates. It should be noted that the influence of the surface 
roughness may be smaller for polymeric liquid crystalline 
monolayers. Indeed, their order can be very similar for a 
mono- and a multilayer.1*1 Nevertheless, it still appears nec
essary to examine other possible conducting substrates for 

ultrathin organic films, including bulk materials and metallic 
glasses. Clearly, STM, in combination with SEM and 
LEED, has proved to be a unique method for determining 
the surface structure of conducting substrates on the 
nanometer scale. 
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Amphiphilic Dyes for Nonlinear Optics: 
Dependence of Second Harmonic Generation 
on Functional Group Substitution*4 

By Christoph Bubeck, Andre Laschewshy, Donald Lupo,* 
Dieter Neher, Pelra Oitenbreit, Wolfgang Paulus, 
Werner Prass, Helmut Ringsdorf, and Gerhard Wegner 

The high degree of order in Langmuir-Blodgett (LB) films 
of dyes has led to considerable interest in their second order 
nonlinear optical properties.'1 ~101 The LB method offers the 
opportunity to orient chromophores which would normally 
tend to crystallize centrosymmetrically, while providing a 
degree of orientation practically impossible to achieve by 
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poling in polymer matrices in an electric field. Correspond
ingly, Lhc highest values of the second order susceptibility 
X<2*(— 2K>; a>, o>) reported in the literature to date have been 
measured in LB monolayers.'4"61 Because /<2) depends on 
the ability to form stable, highly ordered films as well as on 
the molecular nonlincarity, the effect, of different functional 
group substitutions can be more complicated than predicted 
by charge-transfer models. 

In this communication we report the synthesis of deriva
tives of the amphiphilic phenylhydrazone and styrylpyridini-
um compounds reported by Lupo el al.,[S] characterization of 
their nonlinear optical properties, and investigation of the 
chromophore orientation in deposited monolayers via opti
cal second harmonic generation (SHG). A particularly inter
esting result is thai the thioether group is found by compar
ison with ether groups to increase ^(2) significantly without 
shifting the absorption significantly closer into resonance. 

The synthetic routes to the dyes investigated in this paper 
are summarized in Figure 1. Aromatic aldehydes served as 
intermediates for all compounds; the phenylhydrazones 
were obtained by condensation with nitrophenylhydrazones 
and the styryipyridinium compounds by an aidol-condensa-
tion reaction with methylpyridinium precursors. The alkyl-
thiobenzaldehydes were prepared by reaction of the corre
sponding thiol with y>-fhiorobenzaldehyde, the aminoben-
zaldehydes by reaction of substituted anilines with dimethyl-
formamide,[5! and the 2-hydroxy-2-alkoxybenzaldehyde 
from the corresponding n-bromoalkane and 2,4-dihydroxy-
benzaldehyde. With the exception of the triply substituted 
Cj 2-ether compounds the ether precursors were prepared by 
reaction of the corresponding alkyl bromides with hydroxy-
benzaldehydes. 

All compounds were characterized by measurement of 
surface-pressure-area isotherms in monolayers on a pure 
(Millipore or Seralpur) water subphase using a Lauda 
Langmuir film balance and the optimum conditions for de
position determined. Monolayers were deposited onto clean 
(hydrophilic) glass slides on the upstroke under the condi
tions summarized in Table 1. 

Absorption spectra of monolayers were recorded on a 
Perkin-Elmer Lambda 9 spectrophotometer fitted with 
Glan-Thomson polarizing prisms. The substrate was 
mounted at 45° to the light path and the absorption was 
measured for s- and p-polarized light. Within certain as
sumptions about chromophore orientation (see below) it is 
possible to define from the polarization dependence of the 
spectra an effective average tilt of the chromphorc from the 
substrate normal according to the model of Orrit et. al.[11J 

The tilt was only estimated for monolayers of compounds 6, 
7 and 11-14 and was found to range from about 50°-70" 
from the normal with, however, a large uncertainty due to 
the relatively low signal. The signal-to-noise ratio from the 
frequency doubling measurements was much larger; this is 
one advantage of the use of nonlinear-optical methods for 
the characterization of monolayers. 

Second order susceptibilities for second harmonic genera
tion x<2)(— 2o>; v), m) were determined using the apparatus 
shown in Figure 2. A passive-active mode-locked Nd: YAG 
laser (Quantel YG501) produced 35 ps pulses at A = 
1064 nm and energies up to 0.4 mJ/pulsc at a rate of 10 Hz. 
The beam was split into a sample and a reference channel to 
correct for laser energy fluctuations. As reference, a fine 
powder of 2-methyl-4-nitroaniline (MNA) was used. The 
monolayer sample was placed on a rotation stage with rota-
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Fig. 1. Synthesis scheme for preparation of amphiphilic dyes. 



Tabk 1. Deposition conditions for amphipbilic dyes. tion axis perpendicular to the optical table. In both channels 
the second harmonic at 532 nm was selected by a monochro-
mator, detected by a photoraultiplier, amplified and pro
cessed by a Stanford boxcar gated integrator. The averaged 
ratio of sample to reference harmonic intensity was recorded 
as a function of incidence angle and stored on a personal 
computer, which also controlled the rotation stage. Neutral 
density filters were placed before and after the sample to 
prevent photomultiplier damage and saturation. Both fun
damental and harmonic polarization could also be varied; 
however in this paper we restrict ourselves to experiments 
in which both the fundamental and harmonic beams are 
p-polarized. A typical result for a monolayer is shown in 
Figure 3. Absolute intensities were calibrated by comparison 
with the signal from a 3 mm thick Y-cut quartz plate. 

Fig. 3. lixperimental second harmonic intensity (circles) and best fit theoretical 
curve (solid line) as function nf incidence angle for compound 10. 

Numerous formalisms have been proposed to evaluate 
second harmonic generation data from monolay
ers'5, b ' ' 2 " 1 5 ' and the assumptions that are used can strongly 
affect the values of )^2> and orientations obtained. Here, we 
have used a simple model based on the formalism of Sipe'14 ' 
and described in more detail by Neher,115^ Briefly, one treats 
the linear optical properties of the multilayer (atr-mono-
layer-substrate) system according to the established proce
dures of thin film optics,'16' and the induced nonlinear polar
ization PyJ2i:a) as an infinitely thin sheet imbedded within 
the monolayer and parallel to the surface at distance a from 
the air/film interface (Fig. 4) from which the second harmon
ic is radiated forwards and backwards and subsequently re
flected and transmitted at the interfaces (Eq. 1) 

/*NL(2<u) = j*8(«) = xi2): Z(w)£(w)5(u) (1) 

Here E(m) is the sum of the forward and backward prop
agating waves in the film. The total amount of second har
monic transmitted into the substrate (w2) and reflected back 
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a 

Fig. 4. Schematic representation of the model used for data evaluation. The 
nonlinear polarization is considered to be localized at a imbedded in the mono
layer. 

into the air (n0 — 1) are determined using again the equa
tions of thin film optics. 

The second harmonic intensity observed with given funda
mental and harmonic polarizations for a particular incidence 
angle depends on the individual tensor components of yi2) 

and the projection factors from sample to laboratory coordi
nates. A common assumption for organic materials is that 
the molecular hyperpolarizability (i is dominated by the 
component along the chromphore axis, i.e. that (I — /?ZIZ. 
Although this assumption may be questionable for an exact 
evaluation of data, it offers a convenient simplification of the 
data analysis for comparison of many different compounds. 
Furthermore, it is assumed that the molecules are symmetri
cally distributed about the substrate normal with a narrow 
distribution in the tilt angle </>. Although the assumption of 
a symmetric azimuthal distribution does not apply to all film 
systems, absorption spectra with polarized light indicate a 
symmetric distribution for monolayers reported here, as 
does the observation that p- or s-polarized fundamentals 
produced almost no s-polarized harmonic. Under these as
sumptions there are only two independent components of 
y}2) (Eqs. 2, 3). 

Xlll. = .V/» / (2f f l ) p_<cos3 <p} (2) 

Zi£ = Jf£ = J $ = *£J = 1/2 A y V ) / ( 2 « ) / ^ < s m 2 <P cos <p> (3) 

N is the molecular density, f{u>) and f(2m) are the local 
field correction factors for fundamental and harmonic, and 
the brackets indicate averaging over the angle <p. Under the 
assumption of a narrow distribution the brackets are put 
around the angle only. One has thus for p-polarized funda
mental and harmonic and light propagating at angle 9 from 
the normal the following dependence of the SHG intensity 
on incidence angle (Eq. 4). 

'2-~Crf£-sin02O-sii i20< , + j£ l 

• (sin 92,u cos2 8a + 2cos 92w sin 8a cos OJ) • ll (4) 

Figure 3 shows the experimental curve and the calculated 
best fit for compound 10 using the model described above 
and nonlinear least-squares fit routine. The values of y}2), f} 
and <<£>} obtained, and the maximum intensilies compared 
to the maximum (at about 103) from the quartz reference are 
listed in Table 2. 

Fable 2. Absorption wavelength, xm values, effective hyperpolarizabilities jl, 
average effective till angle and intensilies of second harmonic maxima normal
ized against the first maximum from a 3 mm thick quartz crystal. The asterisk 
denotes measurements performed on substrates coated on both sides with a 
monolayer, for the other measurements the monolayer was on the side facing 
the laser. 
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Comparison of the y}2) and effective jl (i.e. including pos
sible effects of poor ordering) values of compound 6 with 
those of 1 and 2 confirms the common expectation that 
additional substitution meta to the bridge group tends to 
decrease molecular nonlinearity while ortho or para substitu
tion enhances /! due to the possibility of mesomeric struc
tures.'171 One could have expected the additional alkyl 
chains to improve the order in the film by causing tighter 
packing, counteracting somewhat the decrease in /?eff. but 
the results for y}2) do not confirm this. The very low values 
for 2 and 4 are apparently due to poor film quality caused by-
extreme stiffness of the monolayers at the air-water interface 
and consequent poor ordering. Addition of a nitro group is 
seen by comparison of 1 and 3 to increase fjllf significantly, 
but at the cost of increasing the apparent average tilt of the 
chromophore from the normal. Somewhat, surprising is the 
comparison of effective molecular nonlinearities between 5 
and 8, in which increasing the length of the conjugated sys
tem by adding a -CH = CH- double bond to the bridge has 
no apparent effect on /?. "Conventional wisdom" would pre
dict a significant increase in /? from such a substitution due 
to the lengthening of the conjugated JI-electron system. 

The effect of end group change in hemicyanines 11-13 is 
somewhat unclear. In principle one would expect little effect 
on /J but the effective value for 13 is significantly lower, 
interesting in light of the enhanced SHG from an internal 
salt hemicyanine on water reported by Loew et al.[,B1 This 
effect could well be due to the fact that the hemicyanine 



chromophore appears to have a strong off-axis component 
of § which can render a simplified evaluation of the data 
suspect.118 - * " 

The enhancement of 7 relative to 6 appears to be based on 
the increased planarity of the conjugated system created by 
interaction between the OH group and the nitrogen in the 
bridge.121' As the increase in ji was achieved without a shift 
of the absorption closer to the harmonic wavelength this 
represents an interesting improvement. 

The results for the thioethers are particularly interesting; 
comparing /2) for 6 with 14 and 9 with 10 we see that a 
thioether as donor group offers a significant improvement in 
nonlinearity over an ether group, although the absorption 
shift for the phenylhydrazone is zero and the shift for the 
styrylpyridinium is also quite small. The thioether group as 
donor was reported previously by Leslie and Teng^12] and 
predicted to be a good donor by Li ct al.r23] Although the 
amino group appears on the basis of our results and previous 
literature still to be the strongest donor group for nonlinear 
optical effects the thioether moiety seems to offer a desirable 
combination of relatively high nonlinearity and good film-
building and spectral properties. On the basis of these direct 
comparisons and the earlier reports it would appear to be a 
promising group for future study. 

In summary, variation of substituents in amphiphilic dyes 
was found to affect the macroscopic nonlinear optical prop
erties both through changes in molecular nonlinearity and 
effects on the structure within the LB film. Furthermore, the 
thioether group was identified as a promising candidate for 
nonlinear optics applications in LB films. The future appli
cability of such films depends however not only on high /(2* 
values, but also on the solution of other problems, such as 
buildup of stable multilayers, creation of waveguide struc
tures and improvement of optical quality. Other articles in 
this issue deal with some of these aspects. 
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Blodgett (LB) films is essential for their potential applica-

c 

polymeric materials in order to control critical features of 

si 

rials, which combine the high stability of polymers with am-

bilities in structuring thin films, namely by lithographic 
means such as UV light, e-beamsni or even with the scanning 

In this 

als are photoreactive in the short-wavelength UV re-
U. " • 

of 3,5-dialkoxybenzylamrnonium salts. 

photoreactive, and yield the benzyl cation via elimination of 
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