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Sum frequency generation (SFG) vibrational spectra of cadmium arachidate multilayer films adsorbed on a
substrate with high nonresonant susceptibility, i.e., gold, and on a low nonresonant susceptibility substrate,
i.e., fused quartz, have been investigated in the C-H stretching region in air. The films were formed by
Langmuir-Blodgett (LB) deposition and their spectra recorded using SFG spectrometers employing both
532-nm nanosecond and 800-nm femtosecond lasers, with counter-propagating and co-propagating beam
geometries, respectively. Both kinds of substrate were rendered hydrophobic by coating them with
per-deuterated octadecanethiol (gold) or per-deuterated cadmium arachidate (fused quartz) monolayers. Single
per-protonated arachidate layers in otherwise per-deuterated 10-layer films were used to show that the SFG
resonances arise only from the topmost and lowermost layers in a LB film comprised of an even number of
per-protonated layers, although the SFG spectra from the two hydrophobic substrates are different from each
other. The differences in the spectra from the same ten-layer per-protonated films deposited on the two types
of hydrophobic substrate have been explained in terms of a simple model that accounts for resonant and
nonresonant contributions.

Introduction

Organic multilayer structures have many applications in
biology, chemistry, and physics.1 Lipid multilayers on solid
substrates provide a convenient way of studying biomimetic
systems,2 while fatty acid multilayers are strong candidates for
incorporation into molecular electronic devices, photovoltaic
devices and nonlinear materials.3 A versatile way of creating
these multilayer structures is by Langmuir-Blodgett (LB)
deposition.4 The LB technique not only allows precise control
of the molecular structure within the deposited multilayer, but
also of the film thickness, which is determined by the length
and orientation of the molecules comprising the layer.

LB multilayer films comprising fatty acids have been studied
by a variety of techniques such as optical absorbance,5 grazing
incidence X-ray diffraction (GIXD),6 electron diffraction,7

neutron diffraction,8 and atomic force microscopy (AFM).9 The
consensus of such studies is that LB films of the cadmium salts
of fatty acids longer than dodecyl consist of highly ordered
domains of alkyl chains in near perfect trans conformations and
further, that the alkyl chains of the fatty acids are oriented in a

plane perpendicular to the film surface, with the cadmium
cations located between the fatty acid layers. Deposition of fatty
acid films onto solid substrates at neutral pH results almost
exclusively in a Y-type morphology, i.e., head-to-head and tail-
to-tail, perpendicular to the surface. The amphiphilic nature of
fatty acids results in different preferred structures on hydrophilic
and hydrophobic substrates. Thus, fatty acid multilayer films
deposited on hydrophobic substrates in air consist of an even
number of individual layers with the lowermost layer oriented
with its hydrophobic alkyl chain pointing toward the substrate
and the topmost layer oriented with its alkyl chain away from
the substrate into air. Conversely, fatty acid multilayer films
deposited on hydrophilic substrates in air consist of an odd
number of individual layers, with the lowermost layer oriented
with its hydrophobic alkyl chain away from the substrate. The
topmost layer is, in common with films on hydrophobic
substrates, oriented with its alkyl chains away from the substrate
into air.

The second-order nonlinear optical technique of sum fre-
quency generation (SFG) vibrational spectroscopy is a powerful
tool for studying adsorption and reaction at interfaces due to
the detailed molecular orientation and conformational informa-
tion that it can provide.10 SFG is achieved via the spatial and
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temporal overlap of a fixed frequency visible or near-infrared
laser beam and a tunable frequency infrared laser beam on an
interface. A third beam, with a frequency equal to the sum of
the two incident laser frequencies (the SF beam) is emitted from
the interface. Measuring the intensity of the emitted SF light as
the infrared frequency is scanned over a vibrational mode or
modes produces a vibrational spectrum of the interfacial species.
The symmetry-based selection rules for SFG make the technique
inherently interface specific. Additionally, SFG is sensitive to
submonolayer surface coverage and may be applied under
ambient conditions. Due to the unique way in which SFG probes
the interfacial layer it often provides complementary information
to other surface techniques. Both metallic and dielectric
substrates have been used in SFG measurements of adsorbates
at the solid/air and solid/liquid interfaces. The use of metallic
substrates such as gold and silver results in the effective
enhancement of the SFG signal arising from the adsorbate due
to the large nonresonant susceptibility of these metals. An
important consequence of the SFG signal arising from the metal
as well as from the molecular adsorbate is that it allows the

facile determination of the polar orientation of the adsorbate
from the spectral phase of the resonances, i.e., positive (peaks)
or negative (dips).11,12

Two different types of infrared laser sources are employed
in SFG spectrometers, narrowband and broadband.13,14Usually,
in narrowband spectrometers, a narrow line width infrared laser
is scanned in frequency across the region of interest under the
excitation of a near-infrared or visible pulse at the wavelength
of the fundamental (1064-nm) or second harmonic output (532-
nm) of a nanosecond or picosecond Nd:YAG laser. Conversely,
in broadband spectrometers, a wide line width infrared source
(typically ≈ 200 cm-1) and a narrow-band near-infrared pulse
at the fundamental (800-nm) of a femtosecond Ti:sapphire laser
are employed and the entire spectrum is collected simultaneously
exploiting the multiplex advantage.15 The SFG technique has
been applied to a substantial number of experimental systems
including biomembranes,16-18 polymer films,19-21 and fatty acid
LB multilayer films.22-25 Since LB films have been extensively
investigated and characterized by other techniques over many
years, they constitute model systems for understanding SFG
from multilayer structures. Recent SFG studies of LB films of
the cadmium salts of fatty acids have highlighted differences
between films formed on different substrates and investigated
by different laser systems.

Using a broadband femtosecond laser system with an excita-
tion wavelength of 800-nm, Ye et al.22,25found that SFG spectra
from multilayers of cadmium stearate adsorbed on hydrophilic
gold and fused quartz in air were virtually independent of layer
thickness. This finding was interpreted in terms of SFG activity
solely of the topmost layer, consistent with the interface
specificity of SFG. The SFG active layer was found to be highly
conformationally ordered and to have the methyl groups of the
aliphatic chains oriented into air. Employing a narrowband
nanosecond spectrometer with an excitation wavelength of 532-
nm to investigate multilayer cadmium salt fatty acid films on
hydrophobic gold, Holman et al.23 confirmed the presence of
hydrocarbon chains in anall-trans conformation. However, in
contrast with the conclusion of Ye et al., it was found that the
SFG signal arose from both the topmost and lowermost fatty
acid layers and that the observed signal was in fact a summation
of the individual spectra of these two layers, but with the
topmost layer making the larger contribution. The spectra were
found to be further characterized by the presence of a thin film
thickness interference effect that affected the line shape of the
asymmetric methyl stretching mode, a finding that in itself is
qualitative confirmation that one of the two layers is separated
from the substrate by changing distances as the film thickness
is varied by altering the number of layers. This thickness
dependent interference effect was quantified in a subsequent
article26 using the theory that describes thickness dependent
interference in SFG spectra developed by Lambert et al.27 In
contrast, the film thickness interference effect was not observed
in the SFG spectra of fatty acid multilayer films with a
maximum thickness of 12-layers when deposited on hydrophilic
gold or fused quartz substrates recorded on the femtosecond
(800-nm) spectrometer of Ye et al.22,25

In the present work, we show that it is possible to rationalize
the differences between spectra recorded from multilayers on
different substrates with two spectrometers operating at different
wavelengths and with different optical geometries, thereby
providing a deeper understanding of the phenomenon of SFG
from multilayer structures. SFG spectra of multilayers composed
of cadmium arachidate deposited onto per-deuterated octade-
canethiol (d-ODT) coated gold substrates, i.e., hydrophobic gold,
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and onto fused quartz coated with a single layer of per-
deuterated cadmium arachidate, i.e., hydrophobic fused quartz,
have been recorded in the aliphatic C-H stretching region
(2800-3000 cm-1). Selective per-deuteration/per-protonation
of specific layers within the cadmium arachidate multilayer
structures has been employed to further elucidate the origin of
the SFG signal. The experimental results are interpreted in terms
of a simple and unified theoretical framework.

Theory

The successful interpretation of the resonant intensities and
spectroscopic phases of the multilayer SFG spectra recorded
here and previously can be achieved by consideration of the
similarities and differences in spectral features of four different
systems: first, the differences that occur between spectra
recorded on metal and dielectric substrates; second, differences
in the laser systems and optical beam geometries used; third,
optical interference effects from thin films deposited onto
different substrates; and last, differences between hydrophilic
and hydrophobic surfaces. To achieve a quantitative understand-
ing we begin by consideration of the most fundamental system.
Specifically, a resonantly active monolayer (or submonolayer),
such as an adsorbed fatty acid film, on a substrate with
significant nonresonant SFG activity such as gold or silver, or
on a substrate with weak nonresonant SFG activity such as fused
quartz or calcium fluoride (CaF2). The SFG intensity (ISFG) can
be envisaged as a combination of a resonant susceptibility
contribution (øR

(2)) arising from the molecular layer and a
nonresonant susceptibility contribution (øNR

(2) ) arising from the
substrate,

which can be expanded to include the resonant (δ) and
nonresonant (ε) phases:

wherei, j, andk represent the tensor components ofø(2) in the
laboratory frame and * represents the complex conjugate.

It is instructive to consider how the relative magnitudes of
the terms on the right-hand side of eq 2 are dependent on the
nature of the substrate. Where the substrate is a dielectricøR

(2)

. øNR
(2) ≈ 0 and eq 2 reduces to the first squared term only. As

a consequence, SFG spectra of a monolayer on fused quartz
are invariably peak shaped. Conversely, for a metal substrate
such as gold,øNR

(2) is dependent on the excitation wavelength
and typically is comparable in magnitude toøR

(2).28-31 Contri-
butions from all terms of eq 2 must therefore be considered.
The øNR

(2) term is (typically) almost constant with infrared
frequency and hence provides a nearly frequency independent
background SFG signal. The third term in eq 2, a cross term of
the resonant and nonresonant susceptibilities, containing the
phase angles, provides a second resonant contribution to the
SFG spectrum.

The line shapes of the spectral features appearing in an SFG
spectrum are determined by the relationship between the phase
angles δ and ε, provided there is a strong nonresonant
background. The nonresonant phase angleε can be considered
to be infrared frequency independent over the measured

frequency range. On a gold substrate, its value is approximately
+90° for the counter propagating beam geometry of the
nanosecond spectrometer with an excitation wavelength of 532
nm.28,29 The absolute value of these phases is dependent upon
the precise geometry, wavelength, and the polarization combina-
tion employed.28-31 The resonant phaseδ varies as the infrared
frequency tunes through the resonant frequency of a specific
vibrational mode and can be modeled with a phase angle ofδ
) +90° on resonance if this mode is located in a functional
group oriented in a direction away from the interface.32 For
present purposes the symmetric (r+) and asymmetric (r-)
stretching modes of the methyl group are assumed to have the
same phase. Thus, the counter-propagating geometry using
532-nm visible light will lead to constructive interference
between the resonant and nonresonant phases (cos (ε-δ) ) 1
in eq 2), giving rise to spectral resonances of positive phase,
i.e., peaks. Conversely, if the resonant functional group is
oriented toward the surface, the spectral features appear with
negative phase i.e., as dips, due to destructive interference.

The opposite of these situations occurs when a co-propagating
geometry is employed. It is known that for the PPP (sum
frequency, visible, infrared) beam polarization combination
contributions are made by four susceptibility components;øzzz

(2),
øxxz

(2), øxzx
(2) and øzxx

(2). As previously discussed by Hines et al.,30

although the Fresnel factors corresponding toøzzz
(2) and øxxz

(2)

(specifically those with polarization of the infrared laser beam
in the z direction, the dominant molecular orientation) have the
same sign in both geometries,øxzx

(2) and øzxx
(2) (the dominant

substrate contributions) have reversed signs and consequently
on gold surfaces the counter-propagating geometry produces
reversed spectral features relative to the co-propagating geom-
etry. In addition to geometrical contributions to spectral phases,
the visible/near-infrared excitation wavelength has a significant
effect due to potential correspondence with interband transitions
of gold.29,31Nevertheless, for both spectrometers the orientation
of the functional group with respect to the surface defines the
phase of the resonant SFG signal and consequently the orienta-
tion of the resonant group can be deduced from the phase of
the signal. We have confirmed that the different visible
wavelengths of the two spectrometers does not affect the validity
of the orientational conclusions by recording the SFG spectrum
of a monolayer of ODT on gold in the PPP polarization
combination using a co-propagating geometry, and visible
wavelengths of 532 and 800 nm. Both spectra were closely
similar, with the resonances appearing with negative phase, i.e.,
dips. This result is directly applicable when the resonant and
nonresonant contributions to the SFG signal are not spatially
separated. In cases where different sources of SFG are spatially
separated from each other, the model can be extended by
including a propagation distance term in the phase factor. This
development accounts for thickness dependent interference
effects in SFG spectra and has been described in detail by
Lambert et al.27 However, it should be noted that on dielectric
substrates (with insignificant nonresonant susceptibilities) the
SSP beam polarization combination that probes solely theøyyz

(2)

component is typically employed. Following the discussion
above, it is expected, and indeed observed, that resonances of
positive phase (peaks) occur on dielectric substrates irrespective
of the beam geometry.

The model for the SFG intensities, given in eqs 1 and 2, can
be expanded to include a second resonant SFG active layer,
specifically a layer that is spatially removed normal to the
substrate. This model would be appropriate for example for
representing a multilayer film in which only the topmost and

ISFG∝ |øR
(2) + øNR

(2) |2 (1)

ISFG∝ ||øR,ijk
(2) |eiδ + |øNR,ijk

(2) |eiε|2

) {|øR,ijk
(2) |eiδ + |øNR,ijk

(2) |eiε} × {|øR,ijk
(2) |eiδ + |øNR,ijk

(2) |eiε}*

) |øR,ijk
(2) |2 + |øNR,ijk

(2) |2 + 2|øR,ijk
(2) ||øNR,ijk

(2) |cos[ε - δ] (2)
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lowermost layers were resonantly SFG active. The observed
SFG signal may then be described by expanding eq 1,

whereøtop
(2) andølower

(2) are the resonant susceptibilities of the two
layers. Expanding eq 3 gives

which rearranges to

Equation 5 provides a general mathematical description of SFG
arising from two different resonant SFG active layers and a
nonresonant SFG active substrate. It is now useful to revisit
the two limiting cases, which were considered earlier for a single
resonant layer on a substrate with weak or strong nonresonant
signal, with regards to eq 5. First, SFG from a system in which
the substrate makes a very weak nonresonant contribution to
SFG such as when fused quartz, CaF2 or mica, are employed.
Second, the case in which a relatively strong nonresonant
background arises from the substrate (such as when gold or
silver is employed) which is comparable to that of the resonant
signals.28-31 In the first case, withøR

(2) . øNR
(2) ≈ 0, eq 5 reduces

to,

whereas|øtop
(2)|2 and|ølower

(2) |2 are real,øtop
(2) andølower

(2) are complex
quantities that may be determined by fitting the experimental
SFG data to a set of generic susceptibilities for individual modes
(q) given by

whereων,q, Αq, andΓq are the frequency, strength, and damping
factor respectively of theqth vibrational mode andωIR is the
infrared laser frequency.32 As indicated in eq 6, the SFG
intensity of the system is contributed to by the summation of
two individual spectra (|øtop

(2)|2 and |ølower
(2) |2) as well as by the

cross terms given by the third and fourth terms in the equation.
For the second case, where a metal substrate such as gold or

silver is employed,|øR
(2)| is comparable to|øNR

(2) |.28-31 Assuming
that øNR

(2) is a constant in the SFG spectral region of interest
then,

Procedures similar to those described for eq 6 are necessary to
analyze the resulting SFG spectra. As will be discussed in the
Results and Discussion section, however, contributions from

the third and fourth terms on the right-hand side of eq 8 are
much smaller than those of the first and second terms.

Experimental Section

Monolayers of cadmium arachidate were prepared at the
subphase/air interface by spreading chloroform solutions of the
arachidic acid (1.00 mg/mL) onto a LB trough (FSD-500, USI)
containing a subphase of cadmium chloride (0.2 mM) and
sodium hydrocarbonate (0.3 mM) in 18.2 MΩcm Milli-Q water,
(pH ∼ 6.6). Surface pressures were measured using Wilhelmy
plates of Whatman Chr1 paper. Following chloroform evapora-
tion, films were compressed to a surface pressure of 30 mN/m
and allowed to equilibrate for 30 min. LB layers were deposited
by sequential dipping either onto a silicon wafer coated with a
hydrophobic gold layer or onto the bottom of a hemicylindrical
fused quartz prism (IR grade,d ) 25 mm, l ) 25 mm), by
vertical and horizontal dipping, respectively.25 Films incorporat-
ing combinations of per-deuterated and per-protonated fatty acid
layers were formed by the procedure outlined above with the
exception that the spread film was changed from per-protonated
to per-deuterated fatty acid, or vice-versa, at the requisite time.
Complete removal of the old film from the subphase/air interface
was verified by the recording of a flatπ-A isotherm prior to
the spreading of the new layer. Transfer ratios were, within error,
unity for all deposited layers.

The hydrophobic gold substrates employed were formed by
self-assembly of per-deuterated octadecanethiol (d-ODT) films
from methanolic (HPLC grade) solutions onto 150 nm thick
gold layers thermally evaporated onto chromium primed pol-
ished silicon wafers. Solubilization of d-ODT in methanol was
achieved by sonication of a needle tip quantity at 40°C for 30
min. The gold coated silicon wafers were subsequently im-
mersed in the d-ODT methanol solution for 12 h at ambient
temperature to facilitate self-assembly of a d-ODT monolayer.
The fused quartz prisms were rendered hydrophilic by sonicating
them in acetone followed by immersion in a boiling sulfuric
acid/nitric acid mixture, and finally extensive rinsing with
Milli-Q water. All chemicals were used as received and obtained
from Aldrich with the exception of the per-deuterated arachidic
acid, which was obtained from CDN Isotopes, and the d-ODT,
which was supplied by Dr. R. K. Thomas, University of Oxford.

SFG spectra were recorded in the C-H stretching region
(2800-3000 cm-1). The nanosecond spectrometer has been
described elsewhere.33 In brief, a frequency doubled Nd:YAG
laser provides 532 nm light (9 ns, 3 mJ, 11 Hz). About 10% of
the 532 nm beam is used as the visible radiation for the SFG
experiment. The remainder is used to pump a dye laser,
generating red light, which is subsequently shifted into the
infrared by stimulated Raman scattering (third Stokes shift) from
a cell containing 36 atm of hydrogen. The broadband femto-
second laser spectrometer22 is built from a Ti:sapphire femto-
second oscillator/regenerative amplifier laser system (Hurricane,
Spectra Physics, 80 fsec, 1 mJ, 800 nm, 1 kHz). About 80% of
the laser output was used to pump an optical parametric
amplifier (OPA) system (TOPAS, Light Conversion Inc.) to
generate a broadband tunable IR beam (200 cm-1). The
remainder of the broadband visible output at 800 nm was
narrowed to a line width of 10 cm-1 by passing it through a
Spectral Shaper (TII, Tokyo). The visible and infrared beams
were overlapped on the substrate with incident angles of 65°
and 50° respectively, and powers of 2µJ using a co-propagating
beam geometry. The SFG signal was dispersed through a
monochromator (MS350 1i, Solar-TII) and collected with a CCD
camera (DU420-BV, Andor Technology). When fused quartz

ISFG∝ |øtop
(2) + ølower

(2) + øNR
(2) |2

) (øtop
(2) + ølower

(2) + øNR
(2) ) × (øtop

(2) + ølower
(2) + øNR

(2) )*
(3)

) |øtop
(2)|2 + |ølower

(2) |2 + |øNR
(2) |2 + øtop

(2) ølower
(2)* + øtop

(2) øNR
(2)* +

ølower
(2) øtop

(2)* + ølower
(2) øNR

(2)* + øNR
(2) øtop

(2)* + øNR
(2) ølower

(2)* (4)

ISFG∝ |øtop
(2) + øNR

(2) |2 + |ølower
(2) + øNR

(2) |2 + øtop
(2) ølower

(2)* +

ølower
(2) øtop

(2)* - |øNR
(2) |2 (5)

ISFG∝ |øtop
(2)|2 + |ølower

(2) |2 + øtop
(2) ølower

(2)* + ølower
(2) øtop

(2)* (6)

øR
(2) ) ∑

q

Aq

ωIR - ων,q + iΓq

(7)

ISFG∝ |øtop
(2) + øNR

(2) |2 + |ølower
(2) + øNR

(2) |2 + øtop
(2) ølower

(2)* +

ølower
(2) øtop

(2)* - |øNR
(2) |2 (8)
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substrates were employed, the sample was irradiated through
the hemicylindrical side of the prism, and in this configuration
the visible and SFG beams were totally internally reflected,
leading to higher electric fields and consequently a larger SFG
signal. On gold, the signal was intrinsically enhanced due to
the high nonresonant susceptibility of the metal. Spectra were
recorded in the PPP laser beam polarization combination for
multilayers adsorbed on gold substrates and in the SSP laser
beam polarization for multilayers adsorbed on a fused quartz
prism. Integration times of 60 and 180 s were necessary on the
gold and fused quartz substrates, respectively to achieve good
signal-to-noise ratios. The spectra were fitted with Lorentzian
line profiles using a Levenberg-Marquardt least-squares fitting
routine.34

Results and Discussion

(a) Spectra on Gold.Figure 1 presents broadband 800-nm
excited femtosecond SFG spectra of three different cadmium
arachidate multilayer films deposited on d-ODT modified gold
substrates. Figure 1a is the spectrum of a 10-layer per-protonated
film and contains resonances that are attributable to the terminal
methyl groups (r) and the methylene groups (d) of the aliphatic
chains of the arachidate anion. Specifically, the resonances may
be assigned as follows: methyl symmetric stretch,r+ at 2883
cm-1, Fermi resonance of the methyl symmetric stretch,r+

FR

at 2945 cm-1, methyl asymmetric stretch,r- at 2975 cm-1, and
methylene symmetric stretch,d+ 2857 cm-1. The presence of
the d+ resonance in the spectrum indicates the existence of

gauche defects and hence a lack of centrosymmetry (giving rise
to SFG activity) in the fatty acid hydrocarbon chains. This result
is unexpected since fatty acid alkyl chains deposited under these
conditions are typically close packed on a hydrophobic surface
and hence exist in an all-trans conformation, as shown for
example by previous SFG measurements on a comparable
system using a 532-nm excited nanosecond laser system.23 It is
noted that the line shapes of the resonances of Figure 1a
resemble first derivative in profile rather than consisting of peaks
(phase+90°) or dips (phase-90°). The interpretation of the
spectral features in Figure 1 is considered below.

The authors’ earlier investigation of multilayer films of
cadmium arachidate deposited on comparable hydrophobic
substrates employing a nanosecond spectrometer revealed via
deuteration of selected layers that the SFG spectrum was
composed of contributions solely from the topmost and low-
ermost fatty acid layers of the film.23 A comparable experimental
scheme has been employed in the present study to probe the
origin of the 800-nm excited femtosecond SFG signal. Specif-
ically, Figures 1b and 1c are femtosecond spectra of 10-layer
films comprising nine layers of per-deuterated and one layer of
per-protonated arachidate. Since the spectra are recorded in the
C-H stretching region, it is solely the per-protonated layers
that give rise to the resonant SFG signal. In Figure 1b the per-
protonated layer is topmost in the film and in contact with air
while in Figure 1c the per-protonated layer is lowermost and
in contact with the hydrophobic gold substrate. In accordance
with predictions of arachidate chain orientation based on the
deposition cycle, the resonances appear with dips (negative
phase) for methyl chain terminating groups oriented into air
(Figure 1b) and with peaks (positive phase) for methyl groups
oriented toward the substrate (Figure 1c). It is noted that a weak
methylene resonance is present in Figure 1c but is absent in
Figure 1b. This indicates the presence of gauche defects in the
per-protonated arachidic acid layer in contact with the d-ODT
covered gold substrate. These may arise from imperfections
introduced into the film during sample preparation or from a
mismatch in alkyl chain conformation between the covalently
bound close packed structure of the d-ODT layer and the LB
deposited arachidic acid film. No such interface exists for the
per-protonated layer topmost in the film and exposed to air and
as such no methylene resonance is observed in the corresponding
spectrum (Figure 1b). It is also noted that a distinct red shift in
resonance frequencies exists when comparing Figures 1c with
1b. The shift corresponds to a change in the local environment
of the resonant groups and is consistent with results in linear
spectroscopy35 and previous SFG studies.23

To substantiate the conclusion reached from the nanosecond
SFG investigation of a multilayer film comprising solely per-
protonated arachidate, namely that the SFG spectrum was due
only to contributions from the topmost and lowermost layers,23

a spectrum was generated via summation of the two single layer
spectra of Figures 1b and 1c. This spectrum is shown in Figure
2a. The broadband femtosecond spectrum of a 10-layer fully
per-protonated multilayer film of Figure 1a is reproduced as
Figure 2b. Comparison of the spectra in Figure 2 reveals that
the spectrum obtained by simple co-addition of the individual
spectra of the topmost and lowermost layers is similar to the
experimentally measured spectrum. It should be noted, however,
that the intensity of 2a is lower than 2b. The reason for this is
not clear but some structural changes may occur in these
anisotropic films which may reduce the SFG intensity. Never-
theless, the result suggests that, in common with the nanosecond
case, no significant contribution to the spectrum from arachidate

Figure 1. The 800-nm excited broadband SFG spectra of: (a) ten layer
per-protonated cadmium arachidate multilayer film, (b) nine layer per-
deuterated cadmium arachidate film with a per-protonated topmost layer
and (c), nine layer per-deuterated cadmium arachidate film with a per-
protonated lowermost layer. All films were deposited on hydrophobic
gold and the spectra recorded in the PPP beam polarization combination.
Broken lines have been aligned with features of spectrum (a). Individual
spectra in this and subsequent figures have been displaced vertically
from each other for clarity.
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layers within the structure exists. This finding may be qualita-
tively understood by considering the film to consist of a series
of cadmium arachidate bilayers, each of which is SFG inactive
due to the presence of a plane of symmetry between the layers.
This hypothesis has been confirmed by comparing the spectra
of two per-protonated layers buried within an otherwise per-
deuterated film. Figures 3a and 3b present the 800-nm excited
femtosecond spectra of single layers of per-protonated arachidate
at layers 5 and 2, respectively, in a 10-layer film on hydrophobic
gold. The phase of the resonances follows that expected for the
opposite orientation of the individual layers within the film.
Investigation of Figure 3 reveals that there is no shift in
wavenumber between the spectra, indicative of the presence of
the layers in a comparable environment and conformational state.
The spectrum obtained via numerical addition of spectra 3a and
3b is presented as spectrum 3c. This spectrum is essentially

featureless, confirming the absence of SFG from the bulk of
single isotope fatty acid films.

It is further instructive to compare the SFG spectra of the
purely per-protonated multilayer spectra acquired on both
spectrometers with the corresponding spectra of lowermost and
topmost layers. While the nanosecond SFG spectrum of the
isotopic multilayer has been shown to be mainly that of the
topmost layer, albeit slightly modified by the lowermost layer,
in contrast the femtosecond SFG spectrum of the isotopic
multilayer appears to be substantially different from that of the
topmost layer. Furthermore, the wavenumbers of the peaks and
dips in the 800-nm excited isotopic multilayer spectra do not
correspond to the wavenumbers of the peaks and dips in the
lowermost and topmost layer spectra, respectively (Figure 1).
Consequently interpreting this isotopic spectrum as being mainly
that of the topmost layer is unjustified, as it can be seen to have
a large contribution from the lowermost layer as shown in Figure
2.

There are several reasons for the differences between the
isotopic multilayer spectra obtained from the two spectrometers,
Figures 1 and 4. First, due to the co-propagating versus counter-
propagating geometry of the 800-nm excited femtosecond
spectrometer in relation to the 532-nm excited nanosecond
spectrometer, the lowermost layer gives rise to peaks rather than
dips in the spectrum from the former. It has been shown36 that
when the resonant and nonresonant contributions are of ap-
proximately the same magnitude, peak intensities are measurably
larger than dip intensities for the same SFG resonance of a group
oriented in opposite polar directions but in otherwise identical
films. This is because on resonance the SFG intensity is now
proportional to |øNR

(2) + øR
(2)|2 rather than|øR

(2)|2. The former
term, which contains the signed resonant susceptibility,øR

(2),
determines the intensity of the SFG signal above or below the
nonresonant background. The outcome is that the peak intensity
(positive) may be higher above the background than the dip
intensity (negative) will be below it. Hence a larger contribution
from the lowermost layer to the overall spectrum occurs for
the 800-nm excited femtosecond system. Second, the line width
of the resonances observed in the femtosecond spectra are
significantly broader than those of the nanosecond spectra, for
example approximately 20 and 13 cm-1 (fwhm) respectively
for ther+ mode of the topmost layer spectra. The effect of line
width on the isotopic multilayer spectra can be seen in the 532-
nm excited nanosecond spectra of Figure 4. Most notably the
rFR

+ resonance of the lowermost layer and topmost layer spectra
are comparatively broad and occur at significantly different
wavenumbers (due to the difference in local environment of
the resonant groups). Destructive interference of these two
spectra leads to an apparent narrowing of the line width. A
comparable but less dramatic effect is observed for the narrower
r+ resonance of Figure 4.

Finally, thin film interference effects arising from interaction
between SF emission from the resonant topmost layer and the
nonresonant gold substrate must be considered. Such effects
have been previously observed in nanosecond SFG spectra of
multilayer films on hydrophobic gold substrates and are manifest
as a film thickness dependent change in phase of ther-

asymmetric methyl stretching mode with a periodicity of 162
nm.19 This effect is absent in the multilayer femtosecond spectra
recorded in this and other studies.22 This observation is entirely
explicable in terms of the thin film SFG interference model
developed by Lambert et al.27 There are four principal differ-
ences between the two SFG spectrometers, namely pulse length,
laser line width, beam geometry, and wavelength. Only the last

Figure 2. (a) Normalized spectrum obtained by numerical addition of
the two single-layer SFG spectra of Figures 1b and 1c. (b) The
experimental 10-layer per-protonated cadmium arachidate multilayer
film reproduced from Figure 1a.

Figure 3. The 800-nm excited broadband SFG spectra of (a) nine-
layer perdeuterated cadmium arachidate multilayer film with a per-
deuterated layer at layer five, (b) nine-layer perdeuterated cadmium
arachidate multilayer film with a per-protonated layer at layer two, and
(c) the numerical addition of spectra (a) and (b).
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two factors are inherent in the Lambert et al. model, and their
effects may be readily evaluated. A change in the input laser
beam geometry does not affect the periodicity of the interference
effect. On the other hand the interference effect is strongly
dependent upon the wavelength of the incident beams employed.
The femtosecond spectrometer employs 800 nm radiation, in
contrast to the 532 nm wavelength of the nanosecond spec-
trometer. In the former case both the visible and SF beams have
considerably longer wavelengths than the corresponding beams
of the nanosecond spectrometer. The calculated periodicity of
the nanoscale interference effect for the femtosecond spectrom-
eter is consequently significantly longer than that of the
nanosecond spectrometer, specifically, 258 nm versus 162 nm.
This substantially greater periodicity will result in a much
smaller phase change as the thickness varies. Indeed an
interference effect was indiscernible in ther- resonance for
femtosecond spectra of up to twelve layers, the maximum
thickness examined.

The relative complexity of the multilayer SFG spectra
deposited on hydrophobic gold (Figures 1 and 4) contrast with
the femtosecond spectra from multilayers deposited on (un-
coated) hydrophilic gold substrates reported by Ye and co-
workers.22 This finding is attributed to the fact that in the latter
case (uncoated gold) only the methyl groups of the topmost
layer are SFG active; all other methyl groups, including those
in the lowermost layer in contact with the gold substrate, are
located in bilayer environments, which are intrinsically cen-
trosymmetric and for which SFG is symmetry forbidden. That
is, multilayer films on hydrophilic gold in air have an odd
number of layers with solely the topmost layer in a noncen-

trosymmetric environment oriented with its hydrophobic tail into
air. Conversely, multilayer films on hydrophobic substrates in
air consist of an even number of layers with the hydrophobic
tail of the lowermost layer orientated toward the substrate in a
noncentrosymmetric environment and the hydrophobic tail of
the topmost layer oriented into air, also a noncentrosymmetric
environment. Consequently, the observed SFG spectrum from
a multilayer film on a hydrophobic substrate arises from a
convolution of resonant SFG signals from two interfacial layers,
rather than from a single interface as for films on hydrophilic
substrates. Schematic representations of the different multilayer
structures formed on d-ODT modified gold and d-arachidic acid
modified fused quartz substrates are shown in Figure 5.

As anticipated by eq 8, the SFG signal arising from a
multilayer system comprising two SFG active layers deposited
on a gold substrate is contributed to by four terms. The
contributions of the first two terms have been experimentally
determined by measuring individual spectra of the topmost and
lowermost layers on the substrate. Figures 1 and 2 demonstrate
that a simple summation of these two spectra generally
reproduces the shape of the measured isotopic SFG spectrum
and hence infer that the third and fourth terms of eq 8 make
negligible contributions. This finding may be understood through
a simulation based on eq 8 employing typical spectral parameters
obtained from fitting the SFG spectra of the individual layers
on a gold substrate. The two dotted lines in Figure 6 correspond
to the simulated SFG spectra for the topmost and lowermost
layers of a 10-layer system on a hydrophobic gold substrate.
As discussed above, the observation of reversed phases is a result
of the opposite orientations of the two layers, while the red shift
of the resonance peaks for the lowermost layer is a consequence
of the difference in chemical environment. The methylene
resonances resulting from gauche defects in the experimental
spectra were not modeled for the sake of clarity. The relative
magnitude of|øNR

(2) |2 in these spectra is approximately 0.25 a.u.,
of the same order of magnitude as|øR

(2)|2. As a result, the peak
intensities (positive) are higher above the background than the
dip intensities (negative) are below it, as rationalized earlier.

The blue line in Figure 6 represents the simulated spectrum
obtained via application of eq 8 and employing the fitting
parameters discussed above. The red line in Figure 6 represents

Figure 4. The 532-nm excited nanosecond SFG spectra of (a) ten-
layer per-protonated cadmium arachidate multilayer film, (b) nine-layer
per-deuterated cadmium arachidate film with a per-protonated topmost
layer, and (c) nine-layer per-deuterated cadmium arachidate film with
a per-protonated lowermost layer. All films were deposited on
hydrophobic gold and the spectra recorded in the PPP beam polarization
combination. Broken lines have been aligned with features of spectrum
(a).

Figure 5. Schematic representation of cadmium arachidate fatty acid
multilayer films deposited on deuterated SAM-modified gold and
deuterated fatty acid covered fused quartz substrates indicating the two
SFG active layers and the location of the SFG active functional groups
at the relevant interfaces.
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the numerical summation of the two individual spectra given
by the two dotted lines. Although minor differences in relative
intensity exist between the blue and red simulated spectra, the
two profiles are remarkably similar. It is concluded that the third
and fourth terms of eq 8 make only a minor contribution and
consequently that a simple summation of the two individual
spectra of the topmost and lowermost layers may be used as an
acceptable approximation for isotopic layers on the hydrophobic
gold surface.

(b) Spectra on Fused Quartz.We now turn our attention to
the SFG spectra of cadmium arachidate multilayer films on
dielectric surfaces, specifically fused quartz, recorded with the
800 nm femtosecond laser system. The nonresonant susceptibil-
ity of fused quartz is insignificant in comparison to that of metals
such as gold. As such, the amplification of the SFG signal via
the cross term of eq 2 is nearly absent. Due to the lower E-fields
produced by nanosecond laser spectrometers and their conse-
quent lower sensitivity, pico- or femtosecond spectrometers are
therefore typically required for the investigation of such systems.
In the absence of a nonresonant susceptibility contribution to
the SFG spectrum of species on dielectric substrates, an
additional consequence is that the phase difference between the
resonant and nonresonant terms of eq 2 disappears and hence
molecular orientation information derived from the phase of the
resonant line shape may not be obtained. However, on dielectric
substrates, such as fused quartz, multiple beam polarization
combinations may be effectively employed to probe specific
components of the resonant susceptibility tensor (for example
the SSP beam polarization combination which probes solely the
øyyz

(2) component) and hence quantify adsorbate tilt angles. Such
a methodology is not feasible on gold, for which a single beam
polarization combination, PPP, is most commonly employed.

Figure 7 presents SSP beam polarization combination SFG
spectra of three different cadmium arachidate multilayer films
deposited on hydrophobic fused quartz substrates. The native
hydrophilic surface of the substrates was first made hydrophobic
via LB deposition of a single layer of per-deuterated cadmium
arachidate in a manner analogous to the d-ODT treatment of
gold to produce hydrophobic gold substrates. Figure 7a is the

spectrum obtained from a 10-layer per-protonated film deposited
on hydrophobic fused quartz. The spectrum is considerably
simpler than the corresponding spectrum on hydrophobic gold,
Figure 1a. Specifically, the spectrum of Figure 7a contains solely
resonances attributable to methyl modes. No methylene reso-
nances, such as thed+ resonance of Figure 1a, are observed.
The superficial conclusion from examination of Figure 7a would
be that the SFG active layer (or layers) of the multilayer film
is highly ordered and in a predominantly all-trans conformation.
However, as discussed below, this conclusion may not be
definitively reached without examination of the component
spectra. Further, it is noted that, in contrast to the derivative
shaped line profiles of Figure 1a, the resonances of Figure 7a
occur, as expected, as spectral peaks (that is with a phase of
∼90°). An additional reason for the apparent simplicity of Figure
7a relative to Figure 1a is that it has been recorded in the SSP,
rather than the PPP beam polarization combination. As such
only a single resonant susceptibility component (øyyz

(2) ) has been
sampled.

Figure 6. Simulated SFG spectra, shown by dotted lines, of the topmost
and lowermost layers of a 10-layer film on a hydrophobic gold substrate.
The red line corresponds to the numerical summation of the two
individually fitted spectra. The blue line represents the simulated
spectrum obtained via application of eq 8 employing the parameters
derived from the fitting of the topmost and lowermost layer spectra
(dotted lines).

Figure 7. The 800-nm excited broadband SFG spectra of: (a) ten-
layer per-protonated cadmium arachidate multilayer film, (b) nine-layer
per-deuterated cadmium arachidate film with a per-protonated topmost
layer, and (c) nine-layer per-deuterated cadmium arachidate film with
a per-protonated lowermost layer. All films were deposited on
hydrophobic fused quartz and the spectra recorded in the SSP beam
polarization combination. Open squares represent experimental points
and the red solid lines are fits to the spectra (Figure 7(b) and 7(c))
obtained as described in the Experimental Section.
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Figure 7b shows the spectrum from a multilayer film
comprising the lower nine cadmium arachidate layers per-
deuterated and the topmost layer (in contact with air) per-
protonated. Although superficially similar, there are differences
between the spectra of Figures 7a and 7b. Specifically, the line
widths of the resonances of the fully per-protonated film, 7a,
are smaller than those of the film consisting of a single per-
protonated topmost layer, 7b, 11 cm-1 versus 14 cm-1 (fwhm).
In addition, while the spectrum of the fully per-protonated 10-
layer film shows a distinct and well resolved methyl asymmetric
stretching mode (r-) resonance, it is not resolved in the spectrum
of Figure 7b and occurs as a shoulder on the high wavenumber
side of the Fermi resonance of the methyl symmetric stretch,
r+

FR. Further, it is noted that there is a weakd+ methylene
symmetric stretch present in Figure 7b at∼2850 cm-1 that is
absent in the spectrum of Figure 7a. The appearance of this
resonance is indicative of a small degree of conformational
disorder in the per-protonated layer and is likely due to slightly
imperfect film formation for this particular sample. The spectrum
in Figure 7c is that recorded from a 10-layer cadmium arachidate
film comprising a per-protonated lowermost layer in contact
with the hydrophobic fused quartz substrate with the remaining
nine upper layers per-deuterated. Comparison of the spectrum
in Figure 7c with those in 7a and 7b reveals that the resonances
of the single per-protonated lowermost layer film (Figure 7c)
are red shifted by approximately 5 cm-1, a fact explicable in
terms of the different chemical environment of the alkyl chains
in the lowermost and topmost layers, see above. In contrast with
Figures 7a and 7b, the only evidence for the asymmetric methyl
stretching resonance in Figure 7c is the weak shoulder on the
Fermi resonance feature. It is noted that unlike the corresponding
spectrum on a hydrophobic gold substrate (Figure 1c), no
methylene symmetric stretching mode is observed in Figure 7c.
This observation is attributed to the fact that, unlike in the
hydrophobic gold system where the lowermost cadmium arachi-
date layer is in contact with an alkanethiol with a different
surface density and tilt angle, in the fused quartz system the
substrate is made hydrophobic via deposition of a layer of
cadmium arachidate. As such, no mismatch in surface density
and tilt angle (normal to the interface) between the hydrophobic
substrate and the lowermost layer exists.

The topmost and lowermost spectra shown in Figures 7b and
7c, respectively, may be employed to calculate a predicted
spectrum of a fully per-protonated multilayer film via eq 6. To
facilitate the use of eq 6, each resonance of the spectra of Figures
7b and 7c must first be fitted to eq 7, as outlined in the Theory
section. The parameters resulting from this procedure are given
in Table 1. The predicted fully per-protonated multilayer film
spectrum calculated via this methodology is presented in Figure
8, overlaid on the experimental fully per-protonated multilayer
film spectrum of Figure 7a. Clearly the predicted spectrum
correlates well with the experimental data and captures many
of the salient features, although some minor differences, for
example the relative intensity of ther- resonance, do exist.
Importantly, the wavenumber of ther+ resonance is correctly
reproduced, as is its decreased line width in comparison to the
individual layer spectra. Similarly, the wavenumber and line
width of therFR

+ resonance are accurately predicted. Finally, a
well-resolvedr- resonance is generated, in comparison to the
individual layer spectra, in which it is either present as a shoulder
on therFR

+ mode, or absent. The observation of narrowerr+

and rFR
+ resonances and a well resolvedr- resonance stems

from the fact that the isotopic multilayer spectrum arises from
interference between the individual topmost and lowermost

spectra (as per eq 6), which are offset from each other in
frequency (Figures 7b and 7c).

To demonstrate conclusively that the SFG spectrum of an
isotopic multilayer film adsorbed on a dielectric substrate arises
solely from interference between SFG from the lowermost and
topmost layers, a multilayer film was created with per-protonated
lowermost and topmost layers separated by eight per-deuterated
cadmium arachidate layers. Figure 9 presents the SFG spectrum
(open squares) recorded from this film. In accordance with
prediction the spectrum is virtually identical to that of the

Figure 8. The 800-nm excited broadband SFG spectrum of a 10-layer
per-protonated cadmium arachidate multilayer film on hydrophobic
fused quartz reproduced from Figure 7a, open squares. Simulated SFG
spectrum calculated via eq 6, employing fitting parameters for the
spectra of Figures 7b and 7c, as presented in Table 1, solid line. The
intensity of the simulated SFG spectrum was normalized to the peak
intensity of the CH3 symmetric stretching mode.

Figure 9. The 800-nm excited broadband SFG spectrum of an eight-
layer per-deuterated cadmium arachidate multilayer film with per-
protonated topmost and lowermost layers, open squares. Simulated SFG
spectrum (solid line) obtained by application of eq 6 to two theoretical
SFG spectra for the topmost and lowermost cadmium arachidate layers
(broken lines). The theoretical spectra were generated such that the
resonances in both layers were identical in magnitude but opposite in
phase and with resonance frequencies shifted by 5 cm-1.

TABLE 1: Parameters Acquired by Fitting the Spectra in
Figures 7b and 7c to Equation 7

topmost layer lowermost layer

ων

(cm-1)
Γ

(cm-1)
A ων

(cm-1)
Γ

(cm-1)
A

r+ resonance 2881 6.00 0.67 2876 7.00 0.76
rFR

+ resonance 2942 7.30 0.52 2937 8.00 0.60
r- resonance 2973 6.00 -0.10 2963 8.00 -0.10
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experimental isotopic multilayer (Figure 7a). The solid line of
Figure 9 represents a simulated spectrum calculated via eq 6
from two theoretical SFG spectra for the topmost and lowermost
cadmium arachidate layers (broken lines). The theoretical spectra
were generated such that the resonances in both layers were
identical in magnitude but opposite in phase and with resonance
frequencies shifted by 5 cm-1. The quality of the fit demon-
strates the utility of eq 6 in predicting the SFG spectra of
multilayer films on dielectric substrates.

Conclusion

SFG spectra of cadmium arachidate multilayer films deposited
on hydrophobic gold and fused quartz substrates have been
measured and analyzed. It has been shown that in both cases
the SFG signal arises solely from the topmost and lowermost
layers. However, the relative contributions of these layers to
the spectra are dependent upon the laser beam geometry and
the nature of the substrate. The fact that the measured SFG
spectrum is a convolution of the individual spectra of the
lowermost and topmost layers is clearly evident on hydrophobic
gold substrates. However, it is far less evident and subtler in
the apparently much simpler spectra on fused quartz substrates.
It has been demonstrated that the observed substrate-related
spectral differences can be explained, and successfully modeled,
in terms of the relative nonresonant strengths of fused quartz
and gold. Further, two forms of spectral interference have been
shown to occur in the spectra of thin films: first, that between
the two resonantly active layers of the film, which depends on
the spectral overlap of the two films and their spatial displace-
ment; and second, in the case of gold substrates, an interference
arising from the gold substrate and the spatially displaced
resonant topmost SFG active layer of the film.

The current work has laid the foundations for understanding
how the optical properties of the substrate, in particular its non
resonant susceptibility, can combine with the resonant suscep-
tibility of two SFG active molecular layers to influence the
appearance of the SFG spectrum. In the work described in this
article, the methyl groups, which are SFG active in the organic
molecular layers have opposite polar orientation because they
are the topmost and lowermost layers of an even-numbered film
as depicted in Figure 5. It is interesting to speculate here on
how the analytical method presented in the theory section may
be developed to describe the SFG spectra arising from two or
more SFG active layers in a multilayer film in which these layers
have the same, rather than opposite, polar orientation. Experi-
mentally, such a film can be formed by per-protonating every
other layer in a per-deuterated film. Such experiments are
currently under way.

Given the breadth of the potential applications and the rapid
expansion of SFG spectroscopy to thin films consisting of
polymers, surfactants, and fatty acid (LB) multilayers, the
outcome of the present study shows that it is essential that
researchers in the field recognize the potential complexity and
origins of the recorded spectra. By recognizing the importance
of the substrate and of experimental parameters such as the film
thickness, beam geometry, and excitation wavelength, it is
possible to unambiguously interpret the SFG spectra of thin films
composed of multilayers in which there may be several sources
of sum frequency generation.
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