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The nonlinear optical response arising from a model multilayer structure, i.e., Langmuir-Blodgett (LB)
films comprised of different numbers of per-protonated (H) and per-deuterated (D) fatty acid layers on
solid substrates, has been evaluated by sum-frequency generation (SFG) spectroscopy. The SFG signals
depend significantly on the absolute polar orientation of the fatty acids in the individual layers and on the
nonlinear optical response of the substrate. The SFG spectra on gold and fused quartz substrates
demonstrate a totally different dependence on the number of the contributing H layers, which it is
possible to analyze quantitatively. The results provide important information for understanding the origin
of the nonlinear optical responses from ordered systems composed of multiple interfaces and therefore for
extracting exact structural information about each interface from the observed SFG signals.
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Ultrathin organic films are the fundamental molecular
building blocks of cell membranes, bilayers, and vesicles
and consequently of great interest to physicists and biolo-
gists alike [1]. They are also the essential components of
many nanotechnologies. For example, it is possible to
control the size and shape of nanoparticles by using a fatty
acid film as a restraining matrix. Although it is believed
that the functionalities of organic films depend signifi-
cantly on their interfacial molecular structures, there is a
paucity of such structural information available due to a
lack of effective experimental probes, particularly ones
capable of operating under ambient conditions. The inher-
ent structural information available from vibrational spec-
tra, hitherto obtained from IR or Raman spectroscopy, has
been greatly extended by the introduction of sum-
frequency generation (SFG), a 2nd-order nonlinear optical
process in which two laser beams at frequencies w; and w,
impinge on a medium, mix and generate a sum-frequency
output at w, = w; + w, [2]. Usually, vibrational SFG
spectrum is achieved using a fixed frequency visible laser
beam (w;) and a tunable frequency infrared laser beam
(w,). The intensity of SFG is enhanced when w, coincides
with a vibrational transition of the interfacial species. By
this means a vibrational spectrum of the interface is ob-
tained upshifted into the visible or UV region of the
spectrum. SFG is forbidden in a bulk medium with inver-
sion symmetry and only occurs at a surface or interface
where the inversion symmetry is necessarily broken. As a
surface sensitive probe, SFG offers several advantages over
traditional infrared and Raman spectroscopic techniques
due to its extremely high surface specificity and sensitivity
[2,3]. Consequently, it is now widely employed for inves-
tigating the molecular structure of various surfaces and
interfaces comprised of organic thin films such as self-
assembled monolayers (SAMs), Langmuir-Blodgett (LLB)
films, as well as thin polymer films [4—8]. Although a very
powerful technique, the analysis of SFG spectra becomes
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complicated when several interfaces exist in the same
system, which might occur in an organic multilayer in a
biological system such as lung surfactant, since more than
one of them may be SFG active. The interpretation is
further complicated when different supporting substrates
are used because these can have nonresonant responses of
different magnitudes depending on the electromagnetic
interaction between the laser light and the substrate [9—
11]. Our fundamental understanding of the nonlinear opti-
cal response from multiple interface systems is still very
limited and the development of a rigorous physical model
is an essential prerequisite if the technique is to be mean-
ingfully used for more complex systems.

We have recently succeeded in using SFG to probe the
“bulk” molecular structure of a LB multilayer by burying
one-layer of per-protonated arachidic acid (H) at different
locations in a per-deuterated (D) multilayer film on a gold
substrate [8,12—14]. In the present study, in order to pro-
vide a quantitative understanding of how the SFG signals
from a multiple interface system arise, LB multilayers
were constructed with varying numbers of H layers, each
with the same polar orientation buried in otherwise D
layers (Fig. 1) deposited on substrates with both high and
low susceptibilities. We report results here on gold and
fused quartz substrates representing systems with high and
low nonlinear susceptibilities. It was found that the SFG
responses from the H layers within the multilayer film
depended significantly on their polar orientation and on
the substrate and showed a totally different dependence on
the number of H layers in films on gold compared with
films on fused quartz substrates. We have succeeded in
quantitatively analyzing these observations.

The samples were prepared on gold or fused quartz
substrates by transferring a monolayer of arachidic acid
onto the substrate from a 0.3 mM NaHCO; aqueous sub-
phase containing 0.2 mM CdCl, (pH, 6.6, 20°C) at
30 mN m™~! by the Langmuir technique [14,15]. SFG char-
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FIG. 1 (color online). Tailored LB multilayers of per-
deuterated fatty acid (D) containing (i) 1, (ii) 2, (iii) 3, and
(iv) 4 layers of per-protonated fatty acid (H) with the same polar
orientation on a solid substrate.

acterizations were carried out in air using a tunable femto-
second broadband infrared pulse (2.5-10 um) and a nar-
rowband picosecond visible pulse (800 nm) with a
copropagating beam geometry [14,15]. The ppp combi-
nation of SFG, visible, and infrared polarizations was used
for the gold substrate and ssp for the fused quartz sub-
strate. The ssp polarization was chosen here for fused
quartz since it yields more direct structural information
than the p p p combination [16], without prejudicing any of
the conclusions reached in this Letter.

Figure 2 shows SFG spectra (squares) recorded in the C-
H stretching region (28003000 cm™ ') of H/D nine-layer
films on gold (left panel) and fused quartz (right panel),
containing one, two, three, or four H layers, all with their
methyl groups pointing towards the substrate, buried in
otherwise D layers (Fig. 1). The SFG spectra of the films on
the gold substrate give rise to three peaks at 2875, 2935,
and 2960 cm~! which can be attributed to symmetric,
Fermi resonance, and asymmetric C-H stretching reso-
nances, respectively, of the terminal CH; group in the H
layers [14,15]. The resonance positions are almost identi-
cal for the films with different H layer thicknesses, sug-
gesting that the chemical environments around the H layers
in the film are very similar. Peaks from the chain CH,
groups around 2850 and 2920 cm ™! are very weak in the
single H layer system but become more noticeable in the
higher number H layer films, indicating that some gauche
defects exist in the latter. All SFG peaks observed for the H
layers in the multilayers deposited on gold as depicted in
Fig. 1 show this upward pointing shape (Fig. 2). Con-
versely, if the H layers are deposited with the opposite
polar orientation, i.e., methyl groups pointing away from
the gold substrate, the SFG resonances become dips (re-
sults not shown here), demonstrating that the SFG spectra
on gold are very sensitive to molecular orientation and
hence the absolute polar orientation of the molecules on

the gold substrate can be directly determined [8,9,12,13].
On the other hand, ss p-polarized SFG spectra on the fused
quartz substrate give rise to two peaks, corresponding to
the symmetric and Fermi resonance methyl modes, respec-
tively [15,16]. In contrast to the SFG spectra on gold, it
should be emphasized here that the resonance peaks on
fused quartz always appear as peaks, even from H layers
with a reversed polar orientation [8].

A further important feature is that the SFG intensities
observed on both substrates clearly increase with the num-
ber (n) of H layers deposited in the multilayer films
(Fig. 2). Figure 3 shows the SFG intensities of the sym-
metric stretching mode of the CH; group in the multilayer
as a function of n on gold (squares) and fused quartz
(circles) substrates. The SFG intensities here were normal-
ized to that of a single H layer on each substrate. In order to
compare the dependence on n, two dotted lines showing
linear (blue) and quadratic (red) functions of n are super-
imposed on the data in the figure. It is clear that the SFG
intensities observed here follow a quite different depen-
dence on H layer number n with a stronger dependence on
a fused quartz substrate than that on a gold substrate
(Fig. 3).

Generally, the SFG intensity (/grg) of the CH; group in a
multilayer containing n layers of H can be described as
(2,3]

Isr = P+ X2+ + X2+ X8R D)

where X%)z is the nonresonant contribution from the sub-

strate and Xﬁ,Z) represents the 2nd-order susceptibility for
the nth H layer (counting up from the substrate) which can
be described as [2,3]

A
(2) — q (2)
" ; WIR — a)v’q + qu

where A, @, ,, and Fq are the strength, frequency, and
damping factor, respectively, of the gth vibrational mode
and wyr is the infrared frequency. In the present experi-
ment, we have deliberately fabricated a multilayer struc-
ture where all H layers have an identical polar orientation,
ie., X(lz) = )((22) = ,\/(32) =...= )(S,z), and so on. Hence,
Eq. (1) can be simplified to

Ispg |”X:(12) + XI(\?I)QP‘ (3)
It can be anticipated from Eq. (3) that the observed SFG
intensities should directly associate with the H layer num-
ber (n) in the multilayer as observed in Figs. 2 and 3. On
the other hand, no thickness dependence was observed in
previous SFG spectra for the isotropic multilayer only
composed of H layers [14,15]. This is to be expected since
the bilayer structure in the isotropic multilayer film shows
areversed polar orientation so )((,2) = — )((22), ,\/gz) = — ,\/f),
etc. Therefore, SFG intensity only arises from the unique
topmost layer. Furthermore, the SFG intensity and the
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SFG spectra (square symbols) of LB multilayers of per-deuterated arachidic acid containing 1- (black), 2- (red),

3- (green), and 4- (blue) per-protonated layers on gold (left) and fused quartz (right) with the layer scheme given in Fig. 1. The solid
line of the same color corresponds to the fitted (1-layer) and simulated (2-, 3-, and 4-H) results using Egs. (3) and (2).

spectral line shape are directly dependent on the relative

magnitude and phase of the resonant susceptibility ( ,\/512)) in

comparison with those of the nonresonant contribution

( XI%){) [Eq. (3)]. In order to quantitatively evaluate theJ

n-dependent SFG intensity observed on the different sub-
strates (Figs. 2 and 3), Eq. (3) can be rearranged and
expressed in terms of the SFG intensity for a single H layer
system (Igpg,1) and H layer number n,

Igpg = 1 X Ispg + K X [n(n — DIYP? = (n — DIx% 1] (4a)

o n2 X ISFG,] + K X [—n(n - 1)(/\/

where * corresponds to the complex conjugate and K is a
constant representing the contribution from Fresnel factors
and excitation laser power densities, etc. [2,3]. It should be
emphasized that Egs. (4a) and (4b) are completely equiva-
lent to each other and are presented in alternative forms
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FIG. 3 (color). Normalized SFG intensities of v,,,(CH;) of
LB multilayer systems of arachidic acid shown in Fig. 2 on gold
(squares) and fused quartz (circles) substrates. See text for de-
tails.

D P ) — (2 = DI, (4b)

[merely to facilitate the discussion. In fact, the above rela-
tion can be further simplified depending on the relative
values of y\? and Xl%){.

If Xﬁ; =~ 0, i.e., the case when fused quartz, which has a
negligible nonresonant background under the present laser
excitation conditions, is used as a substrate, Eq. (4b) can be
truncated to

Ispg > n* X Ispg 1, ()

i.e., the total SFG intensity of a multilayer containing n
per-protonated layers, which having identical polar orien-
tation on fused quartz is expected to be n? times that of a
single per-protonated layer. This is confirmed by the results
in Figs. 2 and 3. Since there is a negligible nonresonant
background [Eq. (5)], SFG spectra on fused quartz sub-
strates will only appear as peaks. On the other hand, the

Xgl){ of the gold substrate is larger than, but still compa-

rable to, )(512) for the CH; group at the present visible or
SFG wavelength region [8,10,11], and hence the contribu-
tion from the two terms in the square brackets [Egs. (4a)
and (4b)] must be taken into account. Therefore, Iggg from
the H layers in a multilayer on a gold substrate would be
expected to depart from the linear or quadratic relation-
ships. Although a quantitative estimation for the contribu-
tion from these terms requires further work, it is never-
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theless the case that the experimental dependence for a
gold substrate is much closer to a linear than a quadratic
dependence for small H layer numbers (Fig. 3). The above
analysis demonstrates the important role played by the
substrate in SFG spectra.

As shown in Fig. 2, the SFG spectra for the multilayers
containing two, three, and four H layers (red, green, and
blue lines, respectively) are well reproduced by a simula-
tion employing Eq. (3) based on the spectral parameters
determined by fitting the SFG curves of the single H layer
system on both substrates (black lines, Fig. 2). The spectral
simulation fits the experimental results well with the ex-
ception of some minor discrepancies arising from the CH,
resonances caused by a small number of gauche defects in
the single H layer film (Fig. 2). These results clearly
demonstrate that the model employed above is valid and
accurate.

In practice evidence for partial mixing between neigh-
boring layers in LB multilayer films comprised of alternat-
ing layers of per-deuterated (D) and per-protonated fatty
acid (H) has been established by neutron and x-ray reflec-
tometry [17,18] and atomic force microscope (AFM) [19].
However, in the present experiment it was found that in
films comprised of both per-deuterated and per-protonated
layers the SFG intensities remained constant over a period
of months after preparation. This observation is in agree-
ment with the reports that the intermixing between the
layers takes place during the initial deposition process
[17-19]. Although the absolute SFG intensity for each H
layer is expected to decrease due to the decrease in asym-
metry caused by the H/D layer intermixing, the quantita-
tive relationships given above should remain valid if one
assumes that the same ratio of H and D molecules ex-
change during the sample preparation. This is a reasonable
assumption since the simulations fit the experimental re-
sults fairly well (Fig. 2). Further investigations of these
effects are under way.

In summary, we have demonstrated the effects of the
polar orientation and of the substrate on the nonlinear
optical response from a well-defined H/D multilayer.
These effects can be analyzed quantitatively even when a
partial intermixing of H/D molecules in adjacent layers
takes place. Greater layer number dependence of the SFG
signal can be obtained from a substrate with a negligible
nonresonant susceptibility (fused quartz) than that from a
substrate with a large nonresonant susceptibility (gold).
These results provide a quantitative understanding of the
origin of the nonlinear responses from ordered systems
containing multiple interfaces.
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