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Sum Frequency Generation from Langmuir—Blodgett Multilayer Films on Metal and
Dielectric Substrates

Introduction

Organic multilayer structures have many applications in
biology, chemistry, and physiésLipid multilayers on solid
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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 theHGCstretching 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.

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-

substrates provide a convenient way of studying biomimetic
systemg, while fatty acid multilayers are strong candidates for
incorporation into molecular electronic devices, photovoltaic
devices and nonlinear materidl#\ versatile way of creating
these multilayer structures is by LangmuBlodgett (LB)
depositiortt 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 absorbamgazing
incidence X-ray diffraction (GIXDY, electron diffractior?,
neutron diffractiorf and atomic force microscopy (AFM)The

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

consensus of such studies is that LB films of the cadmium salts substrates, oriented with its alkyl chains away from the substrate

of fatty acids longer than dodecyl consist of highly ordered

into air.

domains of alkyl chains in near perfect trans conformations and  The second-order nonlinear optical technique of sum fre-
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tool for studying adsorption and reaction at interfaces due to
the detailed molecular orientation and conformational informa-
tion that it can providé® SFG is achieved via the spatial and
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Jasper Holman received his M.Sc. (cum laude) from the University of facile determination of the polar orientation of the adsorbate

Groningen in 2001, which included three months at the University of from the spectral phase of the resonances, i.e., positive (peaks)
Liverpool on an Erasmus studentship of the European Community. He or negative (dips}L12

carried out his Ph.D. research in sum frequency spectroscopy at the . .
University of Cambridge from 2001 to 2004, holding an Oppenheimer ~ Two different types of infrared laser sources are employed
Fund studentship. During the spring of 2004, he held a Japan Societyin SFG spectrometers, narrowband and broadbattUsually,
for the Prorl?onon of Sﬁlenqe (QSES) FeQOWSh'p at Hokkaido University. jn narrowband spectrometers, a narrow line width infrared laser
In September 2004, he joined the graduate program at BP. is scanned in frequency across the region of interest under the
bl B. Davi duated from the University of Li | (B.Sc. 1964) excitation of a near-infrared or visible pulse at the wavelength
aul B. Davies graduated from the University of Liverpool (B.Sc. i ; .
and received his Ph.D. from the University of Cambridge in 1968. After of theffundamental (3'064 .nm) or SzcﬁquTgTomc %Jtput (53|2
spending a year as a postdoctoral fellow at Harvard University, he nm) of a nanosecond or picosecond Nd:YAG laser. Conversely,
returned to the chemistry department at Cambridge and has been orin broadband spectrometers, a wide line width infrared source
the academic staff there since 1972. His research interests encompasftypically ~ 200 cnt!) and a narrow-band near-infrared pulse

several aspects of infrared laser spectroscopy, including high-resolutionat the fundamental (800-nm) of a femtosecond Ti:sapphire laser
mid and far infrared spectroscopy of transient species in the gas phase : : .
and the structure of interfacial adsorbates studied using primarily sum are employed and the entire spectrum is collected simultaneously

frequency generation spectroscopy. He has extensive collaborative€Xploiting 'the multiplex adyantag}é.The SFG tephnique has
programs on these topics in Japan, Germany, and the United Statesbeen applied to a substantial number of experimental systems
including biomembrané'$; 8 polymer films®-21 and fatty acid
Takuma Nishida obtained his B.S. degree in 2002 from the Department LB multilayer films22-25 Since LB films have been extensively
of Chemistry, and his M.S. degree in 2004 from the Graduate School investigated and characterized by other techniques over many
of Environmental Earth Science, Hokkaido University, Japan. He is years they constitute model Systems for understanding SFG
now a Ph.D. student. His research interests include the study of S : -
nonlinear vibrational spectroscopy, self-assembled monolayers (SAMs),from multl_layer structures. Re_cent SFG stUd.leS of LB films of
and LangmuirBlodgett (LB) films. the cadml_um salts of fatty _aC|ds have highlighted _dlffert_ences
between films formed on different substrates and investigated

Shen Ye graduated from the Ocean University of China in 1986 and by different laser systems.
received his Ph.D. degree in 1993 from Hokkaido University, Japan.  Using a broadband femtosecond laser system with an excita-

He started his nonlinear optical studies on solid surfaces as a researchjon wavelength of 800-nm, Ye et #:25found that SFG spectra

fellow in the Department of Physics, University of California at ; : it
Berkeley in 1997. He was a PRESTO researcher, Japan Science anérom multilayers of cadmium stearate adsorbed on hydrophilic

Technology Corporation (JST) from 2000 to 2003. He has been on the 90ld and fused quartz in air were virtually independent of layer
faculty of the Department of Chemistry, Hokkaido University since thickness. This finding was interpreted in terms of SFG activity
1993, and in 2001 became an associate professor in the Catalysissolely of the topmost layer, consistent with the interface
Research Center, Hokkaido University. His research interests include gnecificity of SFG. The SFG active layer was found to be highly
the study of surface electrochemistry, organic thin films including .
SAMs, LB films, polymers, and lipid bilayers, in situ vibrational co_nforr_nanonglly Or_dered a_nd to _have the methyl groups of the
spectroscopy, and nonlinear optics. aliphatic chains oriented into air. Employing a narrowband
nanosecond spectrometer with an excitation wavelength of 532-
David J. Neivandt received his B.Sc. (1994) and Ph.D. (1998) in NM to investigate multilayer cadmium salt fatty acid films on
Chemistry, with a focus in colloid and interface science, from the hydrophobic gold, Holman et &.confirmed the presence of
University of Melbourne. He was subsequently appointed an Oppen- hydrocarbon chains in aall-trans conformation. However, in
R o e e o 2 0T3S0 Wih the conclusion of Ye et al i was found that the
Biological Engineering at the University of Maine. His research interests F_G signal arose from both the tqpmost ar_1d lowermost fat_ty
are in the study of adsorption from polymer and surfactant solutions, acid layers and that the observed signal was in fact a summation
and their mixtures, on industrially relevant surfaces, and the study of of the individual spectra of these two layers, but with the
lipid membrane structure as a function of protein adsorption and topmost layer making the larger contribution. The spectra were
transport processes. found to be further characterized by the presence of a thin film
thickness interference effect that affected the line shape of the
temporal overlap of a fixed frequency visible or near-infrared asymmetric methyl stretching mode, a finding that in itself is
laser beam and a tunable frequency infrared laser beam on arfludlitative confirmation that one of the two layers is separated
interface. A third beam, with a frequency equal to the sum of from the substrate by changing distances as the film thickness
the two incident laser frequencies (the SF beam) is emitted from IS varied by altering the number of layers. This thickness
the interface. Measuring the intensity of the emitted SF light as dependent interference effect was quantified in a subsequent
the infrared frequency is scanned over a vibrational mode or article?® using the theory that describes thickness dependent
modes produces a vibrational spectrum of the interfacial species interference in SFG spectra developed by Lambert &t ial.
The symmetry-based selection rules for SFG make the techniquecontrast, the film thickness interference effect was not observed
inherently interface specific. Additionally, SFG is sensitive to N the SFG spectra of fatty acid multilayer films with a
submonolayer surface coverage and may be applied undermaximum thickness of 12-layers when deposited on hydrophilic
ambient conditions. Due to the unique way in which SFG probes gold or fused quartz substrates recorded on the femtosecond
the interfacial layer it often provides complementary information (800-nm) spectrometer of Ye et &I
to other surface techniques. Both metallic and dielectric  Inthe present work, we show that it is possible to rationalize
substrates have been used in SFG measurements of adsorbatéise differences between spectra recorded from multilayers on
at the solid/air and solid/liquid interfaces. The use of metallic different substrates with two spectrometers operating at different
substrates such as gold and silver results in the effective wavelengths and with different optical geometries, thereby
enhancement of the SFG signal arising from the adsorbate dueproviding a deeper understanding of the phenomenon of SFG
to the large nonresonant susceptibility of these metals. An from multilayer structures. SFG spectra of multilayers composed
important consequence of the SFG signal arising from the metalof cadmium arachidate deposited onto per-deuterated octade-
as well as from the molecular adsorbate is that it allows the 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- frequency range. On a gold substrate, its value is approximately
deuterated cadmium arachidate, i.e., hydrophobic fused quartz,+90° for the counter propagating beam geometry of the
have been recorded in the aliphatic-B stretching region nanosecond spectrometer with an excitation wavelength of 532
(2800-3000 cn1l). Selective per-deuteration/per-protonation nm2829The absolute value of these phases is dependent upon
of specific layers within the cadmium arachidate multilayer the precise geometry, wavelength, and the polarization combina-
structures has been employed to further elucidate the origin of tion employed®-31 The resonant phaskevaries as the infrared

the SFG signal. The experimental results are interpreted in termsfrequency tunes through the resonant frequency of a specific

of a simple and unified theoretical framework. vibrational mode and can be modeled with a phase angde of
= +90° on resonance if this mode is located in a functional
Theory group oriented in a direction away from the interfdéd=or

The successful interpretation of the resonant intensities andPreSent purposes the symmetric)( and asymmetric r()
spectroscopic phases of the multilayer SFG spectra recordedSt€tching modes of the methyl group are assumed to have the
here and previously can be achieved by consideration of the S8Me phase. Thus, the counter-propagating geometry using

similarities and differences in spectral features of four different gsz-nm vLsibIe light Willdlead to construhctive interference
systems: first, the differences that occur between spectraP€tween the resonant and nonresonant phasesdeds & 1

recorded on metal and dielectric substrates; second, differenced” €d 2), giving rise to spectral resonances of positive phase,
in the laser systems and optical beam geometries used; third)-€- Peaks. Conversely, if the resonant functional group is
optical interference effects from thin films deposited onto °riéntéd toward the surface, the spectral features appear with
different substrates; and last, differences between hydrophilic "égative phase i.e., as dips, due to destructive interference.
and hydrophobic surfaces. To achieve a quantitative understand- The opposite of these situations occurs when a co-propagating
ing we begin by consideration of the most fundamental system. geometry is employed. It is known that for the PPP (sum
Specifically, a resonantly active monolayer (or submonolayer), frequency, visible, infrared) beam polarization combination
such as an adsorbed fatty acid film, on a substrate with contributions are made by four susceptibility componeyifs;
significant nonresonant SFG activity such as gold or silver, or 72 y@ and 2. As previously discussed by Hines et #l.,

on a substrate with weak nonresonant SFG activity such as fusedalthough the Fresnel factors correspondingy8, and 52

. . . . XXZ
quartz or calcium fluoride (Caf The SFG intensitylgrg) can  (specifically those with polarization of the infrared laser beam
be envisaged as a combination of a resonant susceptibilityin the z direction, the dominant molecular orientation) have the

contribution §) arising from the molecular layer and a same sign in both geometrieg?, and »@, (the dominant

ZXX

nonresonant susceptibility contributiomﬁﬁ) arising from the substrate contributions) have reversed signs and consequently

substrate, on gold surfaces the counter-propagating geometry produces
reversed spectral features relative to the co-propagating geom-
I U |Xf§) + Xﬁ% 2 1) etry. In addition to geometrical contributions to spectral phases,
the visible/near-infrared excitation wavelength has a significant
which can be expanded to include the resonaijt ¢nd effect due to potential correspondence with interband transitions
nonresonante) phases: of gold2®31Nevertheless, for both spectrometers the orientation
@ s @ e of the functional group with respect to the surface defines the
lsec U lxRikl€” + Ixnrikl€°] phase of the resonant SFG signal and consequently the orienta-
@ i @ y @ o @ e o tion of the resonant group can be deduced from the phase of
={lxrixl€” + lxnrixl €T < {Ixrixl€” + lxNrixl€} the signal. We have confirmed that the different visible
@ @ 2 @ 1@ wavelengths of the two spectrometers does not affect the validity
= xRl ™t Nrikl” + 2wl XNrikIcOSE — 0] (2) 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
laboratory frame and * represents the complex conjugate. \yayelengths of 532 and 800 nm. Both spectra were closely

It is instructive to consider .how the relative magnitudes of similar, with the resonances appearing with negative phase, i.e.,
the terms on the right-hand side of eq 2 are dependent on they,s This result is directly applicable when the resonant and
nature of the substrate. Where the substrate is a dielegftic  nonresonant contributions to the SFG signal are not spatially
>y ~ 0 and eq 2 reduces to the first squared term only. As separated. In cases where different sources of SFG are spatially
a consequence, SFG spectra of a monolayer on fused quartzeparated from each other, the model can be extended by
are invariably peak shaped. Conversely, for a metal substrateincluding a propagation distance term in the phase factor. This
such as gold;(f\,z,)? is dependent on the excitation wavelength development accounts for thickness dependent interference
and typically is comparable in magnitude;gﬁ)?s—ﬂ Contri- effects in SFG spectra and has been described in detail by
butions from all terms of eq 2 must therefore be considered. Lambert et ak” However, it should be noted that on dielectric
The X(NZA term is (typically) almost constant with infrared substrates (with insignificant nonresonant susceptibilities) the
frequency and hence provides a nearly frequency independenSSP beam polarization combination that probes solelyfie
background SFG signal. The third term in eq 2, a cross term of component is typically employed. Following the discussion
the resonant and nonresonant susceptibilities, containing theabove, it is expected, and indeed observed, that resonances of
phase angles, provides a second resonant contribution to theoositive phase (peaks) occur on dielectric substrates irrespective
SFG spectrum. of the beam geometry.

The line shapes of the spectral features appearing in an SFG The model for the SFG intensities, given in egs 1 and 2, can
spectrum are determined by the relationship between the phasde expanded to include a second resonant SFG active layer,
angles 0 and ¢, provided there is a strong nonresonant specifically a layer that is spatially removed normal to the
background. The nonresonant phase aaglan be considered  substrate. This model would be appropriate for example for
to be infrared frequency independent over the measuredrepresenting a multilayer film in which only the topmost and

wherei, j, andk represent the tensor componentg/&fin the
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lowermost layers were resonantly SFG active. The observedthe third and fourth terms on the right-hand side of eq 8 are
SFG signal may then be described by expanding eq 1, much smaller than those of the first and second terms.
lsre 0 |X§§’)) + X|(§3ver + Xﬁ% 2 Experimental Section
_ 2 2 2 2 2 2) v Monolayers of cadmium arachidate were prepared at the
- (XgoF)’ + X'(O‘a"er + XF\“)?) X (Xsol)’ + X'(O‘a"ef + Xﬁ\‘g‘) ©) 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.XMm Milli-Q water,
(pH ~ 6.6). Surface pressures were measured using Wilhelmy
plates of Whatman Chrl paper. Following chloroform evapora-
tion, films were compressed to a surface pressure of 30 mN/m
Xl(g\)merXt(g% 4 Xl(cz)\averx(Nzl); 4 Xﬁéxgg 4 Xﬁ%%l(gaver (4) and allowed to equilibrate for 30 min. LB layers were deposited
by sequential dipping either onto a silicon wafer coated with a
which rearranges to hydrophobic gold layer or onto the bottom of a hemicylindrical
fused quartz prism (IR grade, = 25 mm,| = 25 mm), by
vertical and horizontal dipping, respectivéhfilms incorporat-
ing combinations of per-deuterated and per-protonated fatty acid
Tiore 1 = 17 (5) layers were formed by the procedure outlined above with the
exception that the spread film was changed from per-protonated
Equation 5 provides a general mathematical description of SFG 0 per-deuterated fatty acid, or vice-versa, at the requisite time.
arising from two different resonant SFG active layers and a Complet_e_ removal of the OIC_i film from the s_ubphase/aw_mterface
nonresonant SFG active substrate. It is now useful to revisit Was verified by the recording of a flat-A isotherm prior to
the two limiting cases, which were considered earlier for a single the spreading of the new layer. Transfer ratios were, within error,
resonant layer on a substrate with weak or strong nonresonant!Nity for all deposited layers.
signal, with regards to eq 5. First, SFG from a system in which ~ The hydrophobic gold substrates employed were formed by
the substrate makes a very weak nonresonant contribution toself-assembly of per-deuterated octadecanethiol (d-ODT) films
SFG such as when fused quartzy caF mica, are emp|oyed_ from methanolic (HPLC grade) solutions onto 150 nm thick
Second, the case in which a relatively strong nonresonantgold layers thermally evaporated onto chromium primed pol-
background arises from the substrate (SUCh as when go|d oriShed silicon wafers. Solubilization of d-ODT in methanol was
silver is employed) which is comparable to that of the resonant achieved by sonication of a needle tip quantity at@for 30
signals?8-31 In the first case, witty® > 5@ ~ 0, eq 5 reduces ~ Min- The gold coated silicon wafers were subsequently im-
to, 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
whereaaxﬁf,f)lz and |y ? are real%g;)) andy{>),., are complex  Milli-Q water. All chemicals were used as received and obtained
quantities that may be determined by fitting the experimental from Aldrich with the exception of the per-deuterated arachidic
SFG data to a set of generic susceptibilities for individual modes acid, which was obtained from CDN Isotopes, and the d-ODT,

wherey() andy{2),. are the resonant susceptibilities of the two

layers. Expanding eq 3 gives

— 2),2 2 2 2),2 2 2)* 2 2)*
= 18 + ke + 10 G&1 + 2 8 aioner + 1o 2 Gk +

lower op Alower

s 0 1220 + 2RI+ toer + 2GR+ 22) 2o +

lower top

lsee O X3 + lioned” + 2iop Hiower + Xomer o (6)

top! lower! top Xlower IowerXtop

(o) given by which was supplied by Dr. R. K. Thomas, University of Oxford.
SFG spectra were recorded in the-B stretching region
@ _ Aq (2800-3000 cnth). The nanosecond spectrometer has been
AR = z— () described elsewhefé.In brief, a frequency doubled Nd:YAG

TR~ @yq+ 1T 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
wherew, q, Aq, andl'q are the frequency, strength, and damping  eyperiment. The remainder is used to pump a dye laser,
factor respectively of thgth viprational m.ode ana is the generating red light, which is subsequently shifted into the
infrared laser frequency. As indicated in eq 6, the SFG  infrared by stimulated Raman scattering (third Stokes shift) from
intensity of the system is contributed to by the summation of 5 ¢ containing 36 atm of hydrogen. The broadband femto-
two individual spectra |¢>)[? and |y /2 as well as by the  second laser spectromeiis built from a Ti:sapphire femto-
cross terms given by the third and fourth terms in the equation. second oscillator/regenerative amplifier laser system (Hurricane,

For the second case, where a metal substrate such as gold ogpectra Physics, 80 fsec, 1 mJ, 800 nm, 1 kHz). About 80% of
silver is employed}y?)| is comparable tgy 32231 Assuming  the laser output was used to pump an optical parametric
that Xﬁ% is a constant in the SFG spectral region of interest amplifier (OPA) system (TOPAS, Light Conversion Inc.) to

then, generate a broadband tunable IR beam (200%mThe
remainder of the broadband visible output at 800 nm was
lee OW® 4,24, L @2, 2, @ L narrowed to a line width of 10 cm by passing it through a
76 H [2iop T ZRRI" " [tiower * 2l (chmp)é';wer @2 Spectral Shaper (TlII, Tokyo). The visible and infrared beams
Xiower Xiop — | XNRI (8) were overlapped on the substrate with incident angles &f 65

and 50 respectively, and powers ofid using a co-propagating
Procedures similar to those described for eq 6 are necessary ttoeam geometry. The SFG signal was dispersed through a
analyze the resulting SFG spectra. As will be discussed in the monochromator (MS350 1i, Solar-TIl) and collected with a CCD
Results and Discussion section, however, contributions from camera (DU426-BV, Andor Technology). When fused quartz
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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 sy3tks.
noted that the line shapes of the resonances of Figure la
resemble first derivative in profile rather than consisting of peaks
(phaset+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 fil#%.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-

. —t —— protonated layer is topmost in the film and in contact with air
2800 285 2900 2950 3000 while in Figure 1c the per-protonated layer is lowermost and
Wavenumber/cm’ in contact with the hydrophobic gold substrate. In accordance
Figure 1. The 800-nm excited broadband SFG spectra of: (a) ten layer With predictions of arachidate chain orientation based on the
per-protonated cadmium arachidate multilayer film, (b) nine layer per- deposition cycle, the resonances appear with dips (negative
deuterated cadmium arachidate film with a per-protonated topmost layer phase) for methyl chain terminating groups oriented into air
and (c), nine layer per-deuterated cadmium arachidate film with a per- (Figure 1b) and with peaks (positive phase) for methyl groups

protonated lowermost layer. Al films were deposited on hydrophobic g iantad toward the substrate (Figure 1c). It is noted that a weak
gold and the spectra recorded in the PPP beam polarization combination. ; . - . .
methylene resonance is present in Figure 1c but is absent in

Broken lines have been aligned with features of spectrum (a). Individual _. oL -
spectra in this and subsequent figures have been displaced verticallyFigure 1b. This 'nd'C§t§S th? presence of gaUCh? defects in the
from each other for clarity. per-protonated arachidic acid layer in contact with the d-ODT

covered gold substrate. These may arise from imperfections

substrates were employed, the sample was irradiated throughintroduced into the film during sample preparation or from a
the hemicylindrical side of the prism, and in this configuration mismatch in alkyl chain conformation between the covalently
the visible and SFG beams were totally internally reflected, bound close packed structure of the d-ODT layer and the LB
leading to higher electric fields and consequently a larger SFG deposited arachidic acid film. No such interface exists for the
signal. On gold, the signal was intrinsically enhanced due to per-protonated layer topmost in the film and exposed to air and
the high nonresonant susceptibility of the metal. Spectra were as such no methylene resonance is observed in the corresponding
recorded in the PPP laser beam polarization combination for spectrum (Figure 1b). It is also noted that a distinct red shift in
multilayers adsorbed on gold substrates and in the SSP laseresonance frequencies exists when comparing Figures 1c with
beam polarization for multilayers adsorbed on a fused quartz 1b. The shift corresponds to a change in the local environment
prism. Integration times of 60 and 180 s were necessary on theof the resonant groups and is consistent with results in linear
gold and fused quartz substrates, respectively to achieve goodspectroscopd? and previous SFG studiés.
signal-to-noise ratios. The spectra were fitted with Lorentzian T substantiate the conclusion reached from the nanosecond
line profiles using a LevenbergMarquardt least-squares fitting  SFG investigation of a multilayer film comprising solely per-
routine3* protonated arachidate, namely that the SFG spectrum was due
only to contributions from the topmost and lowermost layérs,
a spectrum was generated via summation of the two single layer

(a) Spectra on Gold.Figure 1 presents broadband 800-nm spectra of Figures 1b and 1c. This spectrum is shown in Figure
excited femtosecond SFG spectra of three different cadmium 2a. The broadband femtosecond spectrum of a 10-layer fully
arachidate multilayer films deposited on d-ODT modified gold per-protonated multilayer film of Figure 1a is reproduced as
substrates. Figure l1a is the spectrum of a 10-layer per-protonatedrigure 2b. Comparison of the spectra in Figure 2 reveals that
film and contains resonances that are attributable to the terminalthe spectrum obtained by simple co-addition of the individual
methyl groupsr) and the methylene groupd)(of the aliphatic spectra of the topmost and lowermost layers is similar to the
chains of the arachidate anion. Specifically, the resonances mayexperimentally measured spectrum. It should be noted, however,
be assigned as follows: methyl symmetric stretchat 2883 that the intensity of 2a is lower than 2b. The reason for this is
cmt, Fermi resonance of the methyl symmetric stretclir not clear but some structural changes may occur in these
at 2945 cm?, methyl asymmetric stretch; at 2975 cm?, and anisotropic films which may reduce the SFG intensity. Never-
methylene symmetric stretct” 2857 cntl. The presence of  theless, the result suggests that, in common with the nanosecond
the d™ resonance in the spectrum indicates the existence of case, no significant contribution to the spectrum from arachidate

SFG Intensity/arb

Results and Discussion
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d+ r+ r_+ r- featureless, confirming the absence of SFG from the bulk of
l 1 l l 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
i . ' L . R . a large contribution from the lowermost layer as shown in Figure
2800 2850 2900 2950 3000 2.

Wavenumber/ cm’ There are several reasons for the differences between the
Figure 2. (a) Normalized spectrum obtained by numerical addition of isotopic multilayer spectra obtained from the two spectrometers,
the two single-layer SFG spectra of Figures 1b and 1c. (b) The Figures 1 and 4. First, due to the co-propagating versus counter-
gﬁigmri’:jtj‘éeldo}'r%ﬁrF?el:'rgrgg’”ated cadmium arachidate multilayer 5.o5agating geometry of the 800-nm excited femtosecond
P g ; spectrometer in relation to the 532-nm excited nanosecond
r+ r+ r- spectrometer, the lowermost layer gives rise to peaks rather than
dips in the spectrum from the former. It has been shwimat
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|y2 + 2|2 rather than|y?|2. The former
term, which contains the signed resonant susceptibw@,
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 ch(fwhm) respectively
for ther*t mode of the topmost layer spectra. The effect of line
] ) _width on the isotopic multilayer spectra can be seen in the 532-
Figure 3. The 800-nm excited broadband SFG spectra of (a) nine- nm excited nanosecond spectra of Figure 4. Most notably the

layer perdeuterated cadmium arachidate multilayer film with a per- +
deuterated layer at layer five, (b) nine-layer perdeuterated cadmium rer” resonance of the lowermost layer and topmost layer spectra

arachidate multilayer film with a per-protonated layer at layer two, and @€ comparatively broad and occur at significantly different
(c) the numerical addition of spectra (a) and (b). wavenumbers (due to the difference in local environment of

the resonant groups). Destructive interference of these two
layers within the structure exists. This finding may be qualita- Spectra leads to an apparent narrowing of the line width. A
tively understood by considering the film to consist of a series comparable but less dramatic effect is observed for the narrower
of cadmium arachidate bilayers, each of which is SFG inactive I'" resonance of Figure 4.
due to the presence of a plane of symmetry between the layers. Finally, thin film interference effects arising from interaction
This hypothesis has been confirmed by comparing the spectrabetween SF emission from the resonant topmost layer and the
of two per-protonated layers buried within an otherwise per- nonresonant gold substrate must be considered. Such effects
deuterated film. Figures 3a and 3b present the 800-nm excitedhave been previously observed in nanosecond SFG spectra of
femtosecond spectra of single layers of per-protonated arachidatenultilayer films on hydrophobic gold substrates and are manifest
at layers 5 and 2, respectively, in a 10-layer film on hydrophobic as a film thickness dependent change in phase ofrthe
gold. The phase of the resonances follows that expected for theasymmetric methyl stretching mode with a periodicity of 162
opposite orientation of the individual layers within the film. nm2° This effect is absent in the multilayer femtosecond spectra
Investigation of Figure 3 reveals that there is no shift in recorded in this and other studi®sThis observation is entirely
wavenumber between the spectra, indicative of the presence ofexplicable in terms of the thin film SFG interference model
the layers in a comparable environment and conformational state developed by Lambert et &.There are four principal differ-
The spectrum obtained via numerical addition of spectra 3a andences between the two SFG spectrometers, namely pulse length,
3b is presented as spectrum 3c. This spectrum is essentiallylaser line width, beam geometry, and wavelength. Only the last
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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.

trosymmetric environment oriented with its hydrophobic tail into
air. Conversely, multilayer films on hydrophobic substrates in
P air consist of an even number of layers with the hydrophobic
Wavenumber/cm tail of the lowermost layer orientated toward the substrate in a
Figure 4. The 532-nm excited nanosecond SFG spectra of (a) ten- noncentrosymmetric environment and the hydrophobic tail of
layer per-protonated cadmium arachidate multilayer film, (b) nine-layer the topmost layer oriented into air, also a noncentrosymmetric

per-deuterated cadmium arachidate film with a per-protonated topmost . i C tlv. the ob d SEG t f
layer, and (c) nine-layer per-deuterated cadmium arachidate film with environment. Lonsequently, the observe Spectrum from

a per-protonated lowermost layer. All films were deposited on & Multilayer film on a hydrophobic substrate arises from a
hydrophobic gold and the spectra recorded in the PPP beam polarizationconvolution of resonant SFG signals from two interfacial layers,
combination. Broken lines have been aligned with features of spectrum rather than from a single interface as for films on hydrophilic
(a). substrates. Schematic representations of the different multilayer
two factors are inherent in the Lambert et al. model, and their Structures formed on d-ODT modified gold and d-arachidic acid

effects may be readily evaluated. A change in the input laser modified fused quartz substrates are shown in Figure 5.
beam geometry does not affect the periodicity of the interference  AS anticipated by eq 8, the SFG signal arising from a
effect. On the other hand the interference effect is strongly Multilayer system comprising two SFG active layers deposited
dependent upon the wavelength of the incident beams employed®n @ gold substrate is contributed to by four terms. The
The femtosecond spectrometer employs 800 nm radiation, in ontributions of the first two terms have been experimentally
contrast to the 532 nm wavelength of the nanosecond Spec_determmed by measuring individual spectra of the topmost and
trometer. In the former case both the visible and SF beams havdowermost layers on the substrate. Figures 1 and 2 demonstrate
considerably longer wavelengths than the corresponding beamghat @ simple summation of these two spectra generally
of the nanosecond spectrometer. The calculated periodicity of éProduces the shape of the measured isotopic SFG spectrum
the nanoscale interference effect for the femtosecond spectrom-2nd hence infer that the third and fourth terms of eq 8 make
eter is consequently significantly longer than that of the negllg|ble_ contributions. This fmdmg may t_Je understood through
nanosecond spectrometer, specifically, 258 nm versus 162 nm & Simulation based on eq 8 employing typical spectral parameters
This substantially greater periodicity will result in a much obtained from fitting the SFG spectra of the individual layers
smaller phase change as the thickness varies. Indeed arPn @ gold substrate. The two dotted lines in Figure 6 correspond
interference effect was indiscernible in the resonance for ~ t0 the simulated SFG spectra for the topmost and lowermost
femtosecond spectra of up to twelve layers, the maximum layers of a 10-layer system on a hydrophobic gold substrate.
thickness examined. As discussed above, the observation of reversed phases is a result
The relative complexity of the multilayer SFG spectra of the opposite orientations of the two layers, while the red shift
deposited on hydrophobic gold (Figures 1 and 4) contrast with Of the resonance peaks for the lowermost layer is a consequence
the femtosecond spectra from multilayers deposited on (un- Of the difference in chemical environment. The methylene
coated) hydrophilic gold substrates reported by Ye and co- fésonances resulting from gauche defects in t_he experlme_ntal
workers?2 This finding is attributed to the fact that in the latter SPectra were not modeled for the sake of clarity. The relative
case (uncoated gold) only the methyl groups of the topmost magnitude of 3|2 in these spectra is approximately 0.25 a.u.,
layer are SFG active; all other methyl groups, including those of the same order of magnitude a§)|2. As a result, the peak
in the lowermost layer in contact with the gold substrate, are intensities (positive) are higher above the background than the
located in bilayer environments, which are intrinsically cen- dip intensities (negative) are below it, as rationalized earlier.
trosymmetric and for which SFG is symmetry forbidden. That  The blue line in Figure 6 represents the simulated spectrum
is, multilayer films on hydrophilic gold in air have an odd obtained via application of eq 8 and employing the fitting
number of layers with solely the topmost layer in a noncen- parameters discussed above. The red line in Figure 6 represents
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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).
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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 e : : : |
gold surface.

(b) Spectra on Fused QuartzWe now turn our attention to 2800 2850 2900 2950 3000
the SFG spectra of cadmium arachidate multilayer films on Wavenumber / cm™!
dielectric surfaces, specifically fused quartz, recorded with the figyre 7. The 800-nm excited broadband SFG spectra of: (a) ten-
800 nm femtosecond laser system. The nonresonant susceptibiltayer per-protonated cadmium arachidate multilayer film, (b) nine-layer
ity of fused quartz is insignificant in comparison to that of metals per-deuterated cadmium arachidate film with a per-protonated topmost
such as gold. As such, the amplification of the SFG signal via layer, andt(c) r;inde-llayer Pef-?eﬁtefateglfiﬁmium afacgidate _iilr(r; with

i i a per-protonate: owermost layer. IIms were aeposited on

the cross term of eq 2 is nearly absent. Due to the lower E-fields hygropﬁobic fused quartz and th):e spectra recorded in thpe SSP beam

produced by nanosecond laser spectrometers and their Consep?olarization combination. Open squares represent experimental points

quent lower sensitivity, pico- or femtosecond Spectrometers are ang the red solid lines are fits to the spectra (Figure 7(b) and 7(c))
therefore typically required for the investigation of such systems. optained as described in the Experimental Section.
In the absence of a nonresonant susceptibility contribution to
the SFG spectrum of species on dielectric substrates, anspectrum obtained from a 10-layer per-protonated film deposited
additional consequence is that the phase difference between then hydrophobic fused quartz. The spectrum is considerably
resonant and nonresonant terms of eq 2 disappears and hencsimpler than the corresponding spectrum on hydrophobic gold,
molecular orientation information derived from the phase of the Figure 1a. Specifically, the spectrum of Figure 7a contains solely
resonant line shape may not be obtained. However, on dielectricresonances attributable to methyl modes. No methylene reso-
substrates, such as fused quartz, multiple beam polarizationnances, such as th" resonance of Figure 1a, are observed.
combinations may be effectively employed to probe specific The superficial conclusion from examination of Figure 7a would
components of the resonant susceptibility tensor (for example be that the SFG active layer (or layers) of the multilayer film
the SSP beam polarization combination which probes solely theis highly ordered and in a predominantly all-trans conformation.
X§2y)zcomponent) and hence quantify adsorbate tilt angles. SuchHowever, as discussed below, this conclusion may not be
a methodology is not feasible on gold, for which a single beam definitively reached without examination of the component
polarization combination, PPP, is most commonly employed. spectra. Further, it is noted that, in contrast to the derivative
Figure 7 presents SSP beam polarization combination SFGshaped line profiles of Figure 1a, the resonances of Figure 7a
spectra of three different cadmium arachidate multilayer films occur, as expected, as spectral peaks (that is with a phase of
deposited on hydrophobic fused quartz substrates. The native~90°). An additional reason for the apparent simplicity of Figure
hydrophilic surface of the substrates was first made hydrophobic 7a relative to Figure 1a is that it has been recorded in the SSP,
via LB deposition of a single layer of per-deuterated cadmium rather than the PPP beam polarization combination. As such
arachidate in a manner analogous to the d-ODT treatment ofonly a single resonant susceptibility componegﬁ)zo has been
gold to produce hydrophobic gold substrates. Figure 7a is the sampled.




Feature Article J. Phys. Chem. B, Vol. 109, No. 40, 20088731

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 chversus 14 cm! (fwhm).

In addition, while the spectrum of the fully per-protonated 10-
layer film shows a distinct and well resolved methyl asymmetric
stretching moder(") 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*er. Further, it is noted that there is a wedk methylene
symmetric stretch present in Figure 7b~a2850 cnt! 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 slightl
per-p Y y ghtly per-protonated cadmium arachidate multilayer film on hydrophobic

?mpgrfect f"”.“ formation for this particular sample. The spectr_um fused quartz reproduced from Figure 7a, open squares. Simulated SFG
in Figure 7c is that recorded from a 10-layer cadmium arachidate spectrum calculated via eq 6, employing fitting parameters for the

film comprising a per-protonated lowermost layer in contact spectra of Figures 7b and 7c, as presented in Table 1, solid line. The
with the hydrophobic fused quartz substrate with the remaining intensity of the simulated SFG spectrum was normalized to the peak
nine upper layers per-deuterated. Comparison of the spectrumintensity of the CH symmetric stretching mode.

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 ctp 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 _. ) )
- A . - .. Figure 9. The 800-nm excited broadband SFG spectrum of an eight-
cadmium arachidate. As such, no mismaich in surface der‘S'tylayer per-deuterated cadmium arachidate multilayer film with per-

and tilt angle (normal to the interface) between the hydrophobic protonated topmost and lowermost layers, open squares. Simulated SFG
substrate and the lowermost layer exists. spectrum (solid line) obtained by application of eq 6 to two theoretical
The topmost and lowermost spectra shown in Figures 7b and SFG spectra for the topmost and lowermost cadmium arachidate layers

7c, respectively, may be employed to calculate a predicted (broken lines). The theoretical spectra were generated such that the
! : resonances in both layers were identical in magnitude but opposite in

spgptrum of a fully per-protonated multilayer film via eq 6..To phase and with resonance frequencies shifted by §.cm
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 TABLE 1. Parameters Acquired by Fitting the Spectra in
section. The parameters resulting from this procedure are givenFigures 7b and 7c to Equation 7
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Figure 8. The 800-nm excited broadband SFG spectrum of a 10-layer
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in Table 1. The predicted fully per-protonated multilayer film topmost layer lowermost layer
spectrum calculated via this methodology is presented in Figure W, T A o, T A
8, overlaid on the experimental fully per-protonated multilayer (cmy)  (cm™Y (cm™?) (cmY

film spectrum of Figure 7a. Clearly the predicted spectrum "o oo o 2881 6.00 067 2876 7.00 0.76
correlates well with the experimental data and captures many r_.+ resonance 2942  7.30 052 2937 8.00 0.60

of the salient features, although some minor differences, for r-resonance 2973  6.00 —0.10 2963 8.00 —0.10
example the relative intensity of the resonance, do exist.

Importantly, the wavenumber of thee resonance is correctly  spectra (as per eq 6), which are offset from each other in
reproduced, as is its decreased line width in comparison to thefrequency (Figures 7b and 7c).

individual layer spectra. Similarly, the wavenumber and line  To demonstrate conclusively that the SFG spectrum of an
width of thergr" resonance are accurately predicted. Finally, a isotopic multilayer film adsorbed on a dielectric substrate arises
well-resolvedr~ resonance is generated, in comparison to the solely from interference between SFG from the lowermost and
individual layer spectra, in which it is either present as a shoulder topmost layers, a multilayer film was created with per-protonated
on therggr™ mode, or absent. The observation of narrower lowermost and topmost layers separated by eight per-deuterated
andrer™ resonances and a well resolved resonance stems  cadmium arachidate layers. Figure 9 presents the SFG spectrum
from the fact that the isotopic multilayer spectrum arises from (open squares) recorded from this film. In accordance with
interference between the individual topmost and lowermost prediction the spectrum is virtually identical to that of the
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experimental isotopic multilayer (Figure 7a). The solid line of (JSPS) to J.H. and P.B.D. to enable them to carry out
Figure 9 represents a simulated spectrum calculated via eq 6experimental work at Hokkaido University. Per-deuterated
from two theoretical SFG spectra for the topmost and lowermost arachidic acid was kindly provided by the Port Sunlight
cadmium arachidate layers (broken lines). The theoretical spectraLaboratory of Unilever Research and Development. S.Y.
were generated such that the resonances in both layers wergratefully acknowledges support from PRESTO, the Japan
identical in magnitude but opposite in phase and with resonanceScience and Technology Corporation (JST), the Akiyama
frequencies shifted by 5 crh. The quality of the fit demon- Foundation, and the Nippon Sheet Glass Foundation for
strates the utility of eq 6 in predicting the SFG spectra of Materials Science and Engineering.

multilayer films on dielectric substrates.
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