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SECOND HARMONIC GENERATION STUDIES OF MONOLAYERS:
ORIENTATIONS, SURFACE COVERAGES AND INTERACTIONS

G. BERKOVIC AND 1. WEISSBUCH
Department of Structural Chemistry, Weizmann Institute of Science,
Rehovot, Israel 76100

(Received July 12, 1991)

Abstract Aggregation of cinnamic acid and cinnamamide derivatives is studied at
the air/aqueous interface. We study both the spontaneous surface aggregation of
soluble molecules from their aqueous solution, and insoluble monolayers of long
alkyl chain derivatives on various subphases. The interaction at the surface
between soluble and insoluble species is also probed.

Keywords: monolayers, second harmonic generation

INTROD 10N

It has been known since the pioneering work of Gibbs and Langmuir that soluble and
insoluble amphiphilic organic molecules can respectively aggregate and form monolayers
at the surface of aqueous solutions. In recent years there has been a resurgence of
interest in these systems, as a basis for the preparation of organized structures,!
specialized surface coatings,2 and induced preferential crystallizations.3

In parallel, new surface sensitive experimental techniques have been developed?:>
to provide a more quantitative picture of the surface interactions and structures in these
type of systems. Here, we use the nonlinear optical technique of surface second
harmonic generation (SHG) to probe®-8 soluble and insoluble monolayers, and the
interactions between them, at the air/faqueous interface.

Recently, we reported? a study of systems in which insoluble amphiphiles are
spread as monolayers on a saturated solution of 4-hydroxybenzoic acid (HBA). In the
bare aqueous solution, this solute does not aggregate significantly at the surface;
however, spreading a suitable insoluble monolayer at the surface induced a surface
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structure consisting of a bilayer of the insoluble amphiphile and HBA. In this bilayer,
the aromatic rings of both species lie flat on the water surface, in stark contrast to the
equilibrium monolayer structure of the insoluble molecule spread on pure water. This
structured aggregate, which mimics the HBA (401) crystal face, provides the template
for induced crystallization of HBA attached by this face to the surface.

In the present work we describe the surface interactions of derivatives of
p-substituted cinnamic acids and amides. Molecules with short chain substituent groups
are soluble, but their hydrophobic character causes spontaneous aggregation at the
surface of their aqueous solutions. Long chain hydrocarbon substituent groups render
the molecules insoluble, forming good Langmuir type monolayers.

EXPERIMENTAL

The materials used in this study are shown in Figure 1. 4-Methoxy cinnamic acid (MCA)
and 4-methoxy cinnamamide (MCAM) are somewhat soluble in water, and are prepared
as 4-6 x 104 M aqueous solutions. The long chain octadecyloxy derivatives ODCA and
ODCAM are insoluble in water, but can be spread from chloroform solution to form
Langmuir type monolayers on water.

SOLUBLE MOLECULES

0 NH,
4
/ C\ / C\\o
CH,0 OH CH;0
4-Methoxy cinnamic acid (MCA) 4-Methoxy cinnamamide (MCAM)

INSOLUBLE MOLECULES

NH
0O 2
7 7
Va C\ CgHy,0 / C\0
CyH3,0 OH 18757
4-Octadecyloxy cinnamic acid (ODCA) 4-Octadecyloxy cinnamamide (ODCAM)

Figure 1
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Measurements of the SHG from the air/solution interface were performed as
described in detail previously.10 The laser source for the measurements is a pulsed dye
laser operating at 612nm, and providing pulses of duration 6ns and energy 5mlJ. The
orientation of the long molecular axis of monolayer molecules at the interface can be
calculated from the ratio of SHG signals in two independent polarization combinations -
thus we measure the SHG intensities I(45-s) and 1(45-p) which are the s- and p-
polarized SHG intensities generated by input light of 45° polarization. Signal intensities
are expressed relative to that of the pure water subphase, of known surface nonlinear
susceptibility, and thus the nonlinearity per monolayer molecule may be estimated.

RESULTS AND DISCUSSION

The surface SHG intensities have been measured for
(i) the two insoluble long chain molecules ODCA and ODCAM as full monolayers
(approx 4x1014 molecules/cm?, determined independently from m-area isotherms)
(ii) saturated solutions of the two soluble molecules MCA and MCAM
(iii) monolayers of the insoluble molecules spread on saturated solutions of the soluble
molecules.
Results are presented in Table 1. The average orientation of the molecular long axes to
the surface normal, <0>, and the average nonlinearity per molecule, B, are calculated
from the data as described previously.10 For the experiments of categories (ii) and (iii)
we may express the total surface nonlinearity as

INB = NiB; + NgBs
where the i and s subscripts refer to the insoluble and soluble molecules, and N is the
number of molecules per unit surface area. The * signs refer to the cases where the
soluble and insoluble species point in the same or opposite directions respectively. If we
make the reasonable assumption that B; = B, we may deduce N, which is consequently
normalized to the full monolayer coverage (4x1014 molecules/cm?) to give ¢, the
fractional surface coverage of soluble molecules.

The results of the surface SHG of the pure solutions of soluble molecules MCA
and MCAM [set (ii)] show that these molecules spontaneously aggregate at the surface,
to the extent of 40-45% of the equivalent full monolayer coverage. The molecular long
axis is slightly more tilted from the normal than for full monolayers of the corresponding
insoluble molecules. It should be pointed out that these results could be consistent with a
net coverage of =~ 40% in a single layer at the surface, or spread over a small thickness in
the "near surface" region.
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subphase insol ML I(45-s)  1(45-p) <6> ZNB O
@) water ODCA 70 100 29° 2x10-15
water ODCAM 40 100 25° 2x10-15
(i) MCA none 40 20 41° 9x10-16 45%
MCAM  none 30 15 41° 8x10-16 40%
(i) MCA ODCA 20 8 40° 7x10-16 65%
MCA ODCAM 16 8 40° 6x10-16 70%
MCAM  ODCAM 18 11 36° 7x10-16 65%
MCAM  ODCA 9 4 39° 5x10-16 75%

TABLE 1. The SHG intensities obtained from the surfaces of various subphases
(water and saturated solutions of MCA and MCAM) covered by insoluble
monolayers. 1(45-s) and I(45-p) have uncertainties +30%, and are normalized to the
1(45-s) signal of pure water. <0> values are £4°. NP is in units of esu, and thus we
deduce that for both ODCA and ODCAM P = 5x10-30 esu/molecule.

In all the experiments of set (iii) where an insoluble monolayer is spread on a
solution, we find the total SHG is less than either the soluble or insoluble species alone.
This may be explained by a physically reasonable structure in which the acid or amide
head group of the insoluble species, which points down into the solution, interacts with
the corresponding group of the soluble species, forming a hydrogen-bonded
quasi-centrosymmetric dimer. Therefore, equating £ N} with N;B; - NgB¢ we calculate
¢, finding somewhat higher coverages than those of the bare solutions. It appears that
the ¢ values for the acid-amide pairs are slightly higher than those of the "like" pairs,
although the differences are of the same order as the experimental uncertainty.

These measurements provide a direct proof of the strong interactions between the
soluble and insoluble molecules, which we ascribe to formation of hydrogen bonding
between the two species. Similar conclusions were inferred!! from X-ray reflectivity
measurements of glutamine solute molecules attached below an amino acid amphiphile.
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We may also ask what is the structure of MCA and MCAM molecules at the surface
of their pure solutions. The SHG intensities alone cannot distinguish which end of the
molecule points out of the water. However, we may determine this by a relative SHG
phase measurement.12 This is performed by placing a quartz crystal in the path of the
SHG (and residual fundamental) reflected from the aqueous interface. The harmonic
waves generated by the interface and by quartz will add either constructively or
destructively depending on the relative phase between them. By varying this phase
difference (with the assistance of a small variable pressure cell inserted between them)
we can measure a SHG interferogram. In Figure 3 we show interferograms produced by
the ODCA monolayer on pure water, and by the bare solution of MCA. The
interferograms are identical, meaning that the SHG of MCA and ODCA are in phase.
Since the acid head group of ODCA must point down into the water, we therefore
conclude that the surface MCA molecules have their methoxy groups pointing out of the
aqueous phase, and the acid group pointing down. In a similar way, we also showed
that the amide group of MCAM also points down into the water.

Thus these measurements imply that when corresponding long chain molecular
monolayers are spread over aqueous solutions of MCA and MCAM, solute molecules
are attached to the surface with their carboxylic acid groups pointing in the opposite
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Figure 2. SHG interferograms measured when the SHG from bare MCA solution
(circles) or from ODCA monolayer on water (squares) is combined with the SHG
generated by a quanz crystal, whereby a 4.5 cm long cell of variable air pressure is placed
between the two SHG sources. SHG intensities are normalized to the maximum signal of
each experiment. The full curve represents a theoretical fit, whose periodicity is defined
by the extra optical phase difference between 612nm and 306nm induced by the cell.
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direction to that found in the bare solution (see Figure 3). Thus the acid-acid and
amide-acid interactions are sufficiently favourable energetically to overcome the
preference of the spontaneously organized molecules.

In conclusion, these measurements have shown and quantified the spontaneous
surface aggregation of soluble cinnamic acid/amide derivatives from their aqueous
solutions, and the change in orientation upon strong interaction with monolayers of
insoluble analogues.

Figure 3. Proposed model for cinnamic acid and cinnamamide monolayers at the
air/aqueous interface as deduced from SHG measurements. Note that this only provides
structural information about the polar head groups - the structure of the tail is assumed.
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