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ABSTRACT The structure of oleamide (cis-9-octadecenamide) films on aluminum has been investigated by sum frequency generation
vibrational spectroscopy (SFG) and reflection absorption infrared spectroscopy (RAIRS). Three different film deposition strategies
were investigated: (i) films formed by equilibrium adsorption from oleamide solutions in oil, (ii) Langmuir—Blodgett films cast at 1
and 25 mN m™", (iii) thick spin-cast films. Both L—B and spin-cast films were examined in air and under oil. The adsorbate formed in
the | mN m~' film in air showed little orientational order. For this film, the spectroscopic results and the ellipsometric thickness point
to a relatively conformationally disordered monolayer that is oriented principally in the plane of the interface. Direct adsorption to
the metal interface from oil results in SFG spectra of oleamide that are comparable to those observed for the 1 mN m~' L—B film in
air. In contrast, SFG and RAIRS results for the 25 mN m™' film in air and SFG spectra of the spin-cast film in air both show strong
conformational ordering and orientational alignment normal to the interface. The 25 mN m~' film has an ellipsometric thickness
almost twice that of the I mN m~' L—B film. Taken in combination with the spectroscopic results, this is indicative of a well packed
monolayer in air in which the hydrocarbon chain is in an essentially defect-free extended conformation with the methyl terminus
oriented away from the surface. A similar structure is also deduced for the surface of the spin-cast film in air. Upon immersion of the
25 mN m~' L—B film in oil the SFG spectra show that this film rapidly adopts a relatively disordered structure similar to that seen for
the 1 mN m~! L—B film in air. Immersion of the spin-cast film in oil results in the gradual disordering of the amide film over a period
of several days until the observed spectra become essentially identical to those observed for direct adsorption of oleamide from oil.
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INTRODUCTION
leamide has received considerable attention in

recent years as a biologically and neurologically

active lipid (1—4). However, relatively little atten-
tion has been paid to its function as a slip additive for
polymeric (5, 6) and metallic friction modification (7, 8),
despite the generic use of amides as antiwear additives
reported in the literature (9—11). The use of commercial
grade oleamide is well-established in both the polymer
industry and in metal fabrication, where it is used to prevent
the adhesion of polymer films, and in the drawing of metal
wire and the extrusion of aluminum sections. Little work has
been done from a fundamental perspective, however, con-
cerning the structure that oleamide adopts upon adsorption
to surfaces in general (12—14) and to metal surfaces such
as aluminum in particular. To date, the majority of published
work has focused mainly on dried films cast from volatile
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organic solvents such as methanol or chloroform. Among
the adsorption studies reported, that of Miyashita et al. (13)
and of Zhang et al. (14) focused on the specific interactions
between an oleamide film and a graphite lattice, in which
the van der Waals interactions between the aliphatic chain
and the carbon lattice dominate the adsorption character-
istics leading to a crystalline ordering in the plane of the
interface. In contrast, Yijun Gu et al. (12), utilizing both spin-
cast and multilayer Langmuir—Blodgett (L—B) films on silver,
suggested a perpendicular orientation of the aliphatic chain
with the amide carbonyl group orienting in the plane of the
interface. These adsorption structures represent two ex-
tremes in respect of the polar orientation of the adsorbed
film and give little indication as to the structure likely to be
adopted by oleamide when adsorbing to a metallic surface
from a low concentration in lubricating oil.

Previous studies by Devaprakasam et.al (15), Khatri and
Biswas (16), and by Das et.al (17) have all shown that the
structure adopted by lubrication additives plays a major role
in the antiwear performance in steel on aluminum contact
scenarios. The precise orientation and conformational struc-
ture adopted by lubrication additives upon adsorption, such
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as oleamide is therefore key to understanding their lubricat-
ing action (18, 19). This study therefore seeks to determine
the conformational ordering and polar orientation of an in
situ oleamide film adsorbed on an aluminum surface from
low concentrations of oleamide in oil. This requires the use
of interface techniques that are sensitive to molecularly thick
films. In the present study, two complementary surface
vibrational spectroscopy techniques are used; the non linear
optical technique of sum frequency generation (SFG) spec-
troscopy and reflection absorption infrared spectroscopy
(RAIRS). The RAIRS technique has been successfully used
in the past to study thin hydrocarbon films on metals such
as gold and aluminum under air using p-polarized infrared
light, which produces infrared spectra of functional groups
having their transition dipoles parallel to the surface normal.
Additionally, it provides a qualitative measure of the con-
centration of the molecules at or in proximity to the surface
having this net orientation. RAIRS has proven particularly
useful for determining the tilt angles of aliphatic chains
relative to the surface normal. SFG spectra provide comple-
mentary data to RAIRS. In particular, SFG is interface-specific
and possesses submonolayer sensitivity. It is therefore an
appropriate technique to detect the formation of molecular
films forming from solution under equilibrium conditions,
e.g., oleamide adsorbing from oil, without interference from
the bulk solution overlayer, a use for which RAIRS is inap-
propriate because of the excessive signal obtained from the
bulk superphase.

The main structural data provided by SFG relevant to the
present study is (i) the absolute orientation of functional
groups of molecules adsorbed on metal surfaces and (ii) the
conformational order in the surface film. The majority of the
work reported so far is on oleamide films under air, both
spin-cast and L—B deposited. These have quite different
thicknesses and structures from each other and as stated
earlier can be considered to represent the extremes of order/
disorder that might be expected to arise in a hydrocarbon-
based film on a metal surface. To understand the structure
of films under oil measured by SFG we first examined films
with a well characterized structure (low and high compres-
sion L—B films) under air using both SFG and RAIRS. These
spectra were then taken as a benchmark for the structure
of the film observed under oil in the SFG spectra. Specifically
we have compared the SFG spectra of low compression (1
mN m~") and high compression (25 mN m™') L—B and spin-
cast films recorded in air, where their structure has been well
characterized by SFG, RAIRS, and ellipsometry, with their
structure under oil. The spectra under oil were in turn
compared with oleamide films formed by equilibrium ad-
sorption from oil. Finally, the temporal stability of the
preformed films under oil were studied over periods of
several days using SFG. This has led to the conclusion, based
on the SFG results, that the structure of these films after
several days in contact with oil are closely similar to the films
formed by equilibrium adsorption from a solution of olea-
mide in oil.

www.acsami.org

VOL. 1 « NO. 8¢ 1672-1681 * 2009

354
304 4
25

20

High compression sample

15+

-
Pressure mNm

10 4

5 .
] Low compression sample

-5 T T T ’ T T T T T T J
50 100 150 200 250 300

Area cm *
FIGURE 1. Surface pressure/area isotherm for oleamide cast from

chloroform onto a water subphase. The pressures at which the 1 and
25 mN m~' L—B films were drawn are indicated.

EXPERIMENTAL SECTION

Aluminum substrates were prepared on silicon wafers by
thermal evaporation and a random selection of the substrates
imaged by scanning electron microscopy in order to estimate
the thickness of the metal film. Average film thicknesses of 200
nm were found. Samples for SFG examination were 1 cm? in
size in order to fit into the liquid cell of the SFG experiment.
Spin-cast films were produced by spin coating at 2000 rpm for
10 min (Laurell Technologies WS-400B-6NPP/lite spin coater).
HPLC grade methanol was used as the solvent for spin-cast
films. The L—B films were prepared on 75 mm x 15 mm
aluminum coated silicon samples, which presented a sufficiently
large surface area to obtain RAIRS spectra. Samples were
immersed in a subphase of Millipore 18.2 MQ cm™" water in
an L—B trough (Nima 61 1) prior to casting of oleamide from an
HPLC grade chloroform solution onto the water surface. The
chloroform was allowed to evaporate until a stable surface
pressure was achieved (minimum 45 min). A surface pres-
sure isotherm was recorded prior to deposition; a representative
isotherm is shown in Figure 1. The oleamide film was then
compressed and held at a constant surface pressure of either 1
or 25 mN m~! and the aluminum sample withdrawn through
the film-air interface at a rate of 5 mm min~". The resulting films
were then dried under a nitrogen stream for 10 min. Ellipso-
metric thicknesses were recorded at an incident angle of 70°
using a single-frequency (632.8 nm) ellipsometer; 12 points per
sample were recorded and averaged for the final result.

Oleamide (99 %) (structure shown below) from Aldrich and
per-deuterated hexadecane from QMX laboratories were used
as received. All glassware, o-rings, and stainless steel compo-
nents were cleaned following standard procedures (20, 21) and
rinsed 20 times with 18.2 MQ cm™! Milli-Q water and dried
under a nitrogen stream before use. Aluminum samples were
rinsed in hplc grade methanol upon removal from the evapora-
tor chamber and then rinsed in ultrapure (Millipore 18.2 MQ
cm™!) water before storage in sealed glass vials under ultrapure
water until used.

NH2
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RAIRS spectra of the films in air were recorded on a Perkin-
Elmer Spectrum 100 FTIR spectrometer equipped with a liquid
nitrogen cooled mercury cadmium telluride (MCT) detector
covering the range 400—4000 cm™'. 512 scans at a resolution
of 4 cm™" were coadded to achieve the final spectrum. All
spectra were recorded at least 3 times on an individual sample
and a minimum of 3 samples were used at each surface
pressure. The RAIRS spectra of films under oil were found to
vary considerably and are therefore not included here. This was
due to the varying thickness of deuterated oil on the sample
surface, and the presence of a significant C—D overtone band
in the N—H stretching region and a single strong peak in the
C—H stretching region that dominated any spectra.

SFG (22) spectra were recorded on a nanosecond spectrom-
eter (10 ns pulse duration at a repetition rate of 11.5 Hz), details
of which can be found elsewhere (23, 24), in both PPP and SSP
polarization combinations (sum frequency, visible, infrared) in
a counter propagating beam geometry. The samples under oil
were examined in a stainless steel cell with an integral calcium
fluoride prism. Samples were mounted on a vacuum chuck held
on a three axis micrometer-controlled mount. Samples were
immersed in oil or oil—oleamide for 30 min prior to advancing
the sample under micrometer control to less than 1 gm from
the prism surface. The sample was then retained at the prism
surface under non flowing conditions for the duration of the
spectral acquisition. The input beams of the IR and visible lasers
were set at angles of 60 and 65° respectively to the surface
normal at the metal—oil or metal—air interface. Separation of
the SFG output from reflected 532 nm radiation was achieved
through a 532 nm holographic notch filter and a combination
of edge and band-pass filters. Sixty shots per point were
coadded on a digital storage oscilloscope (Le Croy) at 2.1 Giga
samples per second and the spectra were scanned at intervals
of 2 cm™! between 2800 and 3400 cm™'. Multiple spectra were
then coadded until the signal-to-noise ratio was deemed ac-
ceptable. No SFG spectra were detected in the N—H stretching
region, and therefore results are only presented for the 2800—
3000 cm™! range. Individual spectra were coadded for up to 6 h
and normalized to an aluminum reference surface recorded
either in air or under oil as appropriate before analysis. Repeat
spectra of at least three samples were recorded to ensure the
reproducibility of the results.

For a metal surface, only polarization combinations that
contain P polarized IR give rise to significant SFG intensity due
to the metal surface selection rule and the high reflectivity of
metal surfaces in the IR region. Therefore, for aluminum
surfaces, only the SSP and the PPP polarization combinations
are relevant. In the SSP polarization combination, only modes
that have transition dipole moments with a component per-
pendicular to the surface appear in the observed SFG spectra,
as only a single component of the nonlinear susceptibility x®,,,
is probed in this combination (where the subscript refers to the
orientational alignment of the sum frequency signal, visible
pump, and IR pump beams, respectively). As the IR component
resides solely in the z axis, only transition dipoles with a
component in this orientation will be probed. On the other
hand, spectra in the PPP combination contain contributions
from several susceptibility components, specifically x?,.,, x® s,
%@ and x@,,.. IR-active vibrations in both the z and the x axes
are therefore capable of giving rise to an SFG signal in the PPP
beam polarization, i.e., this polarization probes vibrational
resonances with transition dipole moments oriented both paral-
lel and perpendicular to the surface.

As sum frequency generation is forbidden in systems that
possess a center of inversion symmetry SFG spectra arise solely
from the interface where bulk phase inversion symmetry is
broken, i.e., there is no spectral contribution from the overlying
bulk medium. Additionally, no SFG signal can arise from a
surface film that is entirely randomized or from a specific
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vibrational mode that is locally centrosymmetric, such as the
CH, moiety in an all trans aliphatic hydrocarbon chain. A
complete theoretical description of the theory of SFG and the
various polarization combinations and surface selection rules
may be found elsewhere (25).

The modeling of the SFG spectra used a Levenberg—Marquardt
least-squares algorithm (26) to fit the resonances to a Lorentzian
line profile of the second order susceptibilities. The modeling
allows the frequency, strength, and widths of the vibrational
resonances to be determined as well as the strength and phase
of the nonresonance susceptibilities. The intensity of the re-
corded signal, Isz, depends on both resonance, x¥, and non-
resonance, &, susceptibilities

I o< 1y + xal?

This equation can then be expanded into polar coordinates

I o< ||X§a2)|eié + |X1(\1211\|@i6|2
o[y 17 4 lral® + 21l xien] cosle—0]

where 0 and ¢ are the phases of the resonance and nonreso-
nance terms, respectively. The yz® term itself is given by

B

@ _
xR (w, — wg — i)

where B is the strength of the resonance, I'"! the relaxation time
of the vibrationally excited state, w g the wavenumber of the IR
laser beam, and w, the wavenumber of a SF active vibration.
This equation rearranges to

2| = B B
R (, — o — 1) (0, — oz + i)
B
@, — 0+ I’

which has the form of a Lorentzian line shape

= HW?
(w, — a)IR)2 + w
and hence
HW?
2| =

@, — 0+ W

with B= WVH, T = W. Substituting in the Lorentzian param-
eters for the magnitude and phase of the second-order suscep-
tibility yields
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The least-squares fitting routine uses this equation to simulate
the observed spectrum, changing the parameters H, W, w,,
|%4|2, and e to minimize the error between the simulation and
the experiment. The fitting program models up to 6 resonances,
for 5 of which (the principle C—H modes) the phase is generally
constrained to a single variable value on grounds of symmetry,
the phase of the sixth resonance can be either fixed or freely
variable. The phase and strength of the nonresonance back-
ground is independent of the phase of the resonance modes
and may be either fixed or variable, depending on the substrate
concerned.

RESULTS AND DISCUSSION
Spectra of the clean aluminum surface were recorded in

both PPP and SSP polarizations in air and under deuterated
oil (not shown). No observable resonances were apparent
in either set of spectra.

The SFG results presented here are for the C—H stretching
region (27, 28) between 2800 and 3000 cm™'. No SFG
resonances in the N—H stretching region between 3100 and
3400 cm™ ! were observed, presumably because of the weak
Raman intensity of these modes. The principle C—H modes
of interest are the methylene group symmetric stretch (d+)
at 2849 cm™!, the methyl symmetric stretch (r+) at 2870
cm™!, the methylene asymmetric stretch (d—) at 2920 cm™!
and the methyl asymmetric stretch (r—) at 2953 cm™'. The
Fermi resonances of the methylene (d+gr) and the methyl
symmetric stretching modes (r+gg) are also present in the
SFG spectra and, in contrast to linear infrared, where they
are often present only as weak shoulders, may appear as
moderately intense bands between 2890 and 2910 cm™'
and around 2932 cm™! respectively. The C—H olefin stretch-
ing band arising from the double bond in the middle of the
hydrocarbon chain appears at 3012 cm™' in the linear
infrared spectra, presented later, but is not evident in the
SFG results. Also present in the transmission and RAIRS
spectra are several bands that can be assigned to the amide
headgroup of the oleamide molecule. These comprise the
N—H asymmetric and symmetric stretching bands, clearly
evident at ca. 3393 and 3358 cm ™' and 3182 cm™!, respec-
tively. In addition, intense bands, only partly resolved, at
1646 and 1631 cm™! are assigned to the C=0 stretch (amide
) and N—H bend (amide 1I), respectively.

(a) Oleamide L—B Films. Figures 2 and 3 show the
SFG spectra of L—B films, formed at pressures of 1 and 25
mN m™!, deposited on aluminum and recorded in air in both
PPP and SSP polarization combinations. The SSP spectrum
in Figure 2 top trace shows no evidence of any resonant SFG
signals, whereas the PPP spectrum from the same sample
shows moderate intensity methylene resonances at 2850
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FIGURE 2. SSP (top) and PPP (bottom) SFG spectra of an L—B
oleamide film deposited on aluminum at a surface pressure of 1 mN
m~'. Spectra recorded in air. Dotted lines show the position of the

methyl (r) and methylene (d) resonances as defined in the text.
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FIGURE 3. SSP (top) and PPP (bottom) SFG spectra of 25 mN m™!
L—B film recorded in air.

and 2924 cm™! and very weak methyl resonances at 2875
and 2963 cm™'. SFG spectra on metals are generally much
weaker in SSP than PPP polarization and the absence of SSP
spectra may be due in part to the lower signal:noise ratios
achievable with this polarization combination. Nevertheless,
the low intensity of the methyl resonances coupled with the
much stronger methylene resonances in the PPP spectrum
indicates a film in which the hydrocarbon chains have a
comparatively low conformational order and an inferred
orientation in the plane of the metal/oleamide interface. The
ellipsometric thickness of 0.9 nm =+ 0.2 nm determined for
the I mN m™' L—B film is compatible with an approximately
monolayer thick film.

In contrast, the spectra shown in Figure 3 from the higher
pressure L—B film contain resonances in both polarization
combinations. In the SSP spectrum there are two intense
resonances, from the methyl symmetric stretch at 2878
cm™! and the methyl symmetric stretch Fermi resonance at
2940 cm™'. The presence of positive signals relative to the
non resonant signal of the aluminum gives an absolute polar
orientation for the methyl groups in the adsorbed molecule,
namely they are oriented away from the surface. No signifi-
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cant methylene mode intensity is observable in the SSP
spectrum. The corresponding resonances would be expected
to lie at 2850 and 2920 cm™'. In the PPP spectrum, the
methyl symmetric modes are again present; however, there
is also a significant contribution to the spectrum from the
methylene symmetric mode at 2850 cm™! and the methyl-
ene asymmetric mode at 2920 cm™'. The methyl asym-
metric mode, which usually lies near 2960 cm™!, is not
significantly apparent in the PPP spectrum. Nevertheless, the
small feature at 2965 cm™! may be attributed to this mode
but its intensity is too low for spectral modeling to confirm
this. No methyl asymmetric mode intensity is apparent in
the SSP spectrum.

The dominance of the methyl modes in comparison to
the methylene modes in the PPP spectrum and the complete
absence of the methylene modes in the SSP spectrum is
strong evidence for a well-packed film in which the hydro-
carbon chains are oriented along or close to the surface
normal. In this situation, there are relatively few gauche
defects in the chains and most of the methylene groups are
in a locally centrosymmetric environment and therefore SFG
inactive. A contribution to the observed methylene reso-
nance intensity in the PPP spectrum may also be due to the
presence of the olefin double bond in the oleamide hydro-
carbon chain. The two CH, groups adjacent to the unsatur-
ated bond are in a locally noncentrosymmetric environment
and can potentially contribute to the methylene SFG signal.
As mentioned above, the methyl termination is oriented
away from the surface. Support for the proposed structure
comes from the ellipsometric film thickness measurement
which has a value of 1.7 nm £ 0.2 nm consistent with a
monolayer film in an extended conformation, i.e., with the
film molecules principally oriented normal to the interface.

To gain further insight into the structure adopted by the
L—B films, RAIRS spectra of the 1 and 25 mN m~' L—B films
cast on aluminum were compared to a transmission spec-
trum of bulk oleamide. This spectrum was used as a refer-
ence bulk film and shows relative peak intensities consistent
with spectra reported in the literature from oleamide in KBr
discs, i.e., it is the spectrum from an essentially isotropic
orientational distribution. Because of the metal selection
rule, RAIRS spectra obtained from a metal surface are
sensitive only to modes that have a component of the
transition dipole moment in the vertical (z) axis (29—31). A
comparison of the RAIRS spectra with the transmission
spectrum of oleamide with an isotropic distribution therefore
allows the degree of orientation of the adsorbed monolayer
to be estimated. To compare the L—B spectra with the
transmission reference spectrum the latter has been normal-
ized to the methylene asymmetric stretching mode of the
L—B spectrum with which it is being compared. Comparison
of the C—H region of the 1 and 25 mN m™! films shows that
neither of the RAIRS spectra of the two films exactly matches
the relative peak intensities recorded for the bulk oleamide
transmission spectrum. Qualitatively the 1 mN m™" film
more closely resembles the transmission spectrum and
displays a markedly stronger RAIRS spectrum in absolute
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FIGURE 4. Overlay of the 1 mN m ™' L—B film RAIRS spectrum (black)

and the bulk transmission spectrum (red) normalized to the anti-

symmetric methylene mode of the 1 mN m™' film. (a) C—H stretch-

ing region 3600—2600 cm ™. (b) Amide stretching region 1800—1100
cm™!
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terms than the 25 mN m™' film, leading to the general
conclusion that both L—B films are less randomly oriented
than the transmission spectrum and that the 1 mN m™' film
is more randomly oriented than the 25 mN m™" film.

The transmission spectrum and the 1 mN m~' RAIRS
spectrum in the C—H and the N—H stretching regions are
shown in Figure 4a. Both the methyl and methylene C—H
modes are clearly resolved along with the asymmetric and
symmetric N—H modes of the amide headgroup which lie
at 3393, 3358, and 3182 cm™!, respectively. The intense
bands at 1646 and 1631 cm™' shown in Figure 4b are
assigned to the C=0 (amide I) stretch and N—H bend (amide
[I) mentioned earlier. Comparing the 1 mN m~' film RAIRS
spectrum with the normalized transmission spectrum, two
N—H peaks are clearly evident in the RAIRS spectrum but
are diminished in intensity in comparison to the CH, asym-
metric mode. The C=0O amide I band is markedly weaker
in the RAIRS spectrum in comparison to the transmission
spectrum. The amide Il band however shows little reduction
in intensity between the two spectra. This indicates stronger
ordering of the amide C=0 bond in the plane of the interface
compared with the bulk film. Furthermore, as a significant
component of the intensity of the in-plane bending mode
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antisymmetric methylene mode of the 25 mN m™' film. (a) C—H
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1800—1100 cm™ .

of the N—H group remains there is little orientational order-
ing of the amide N—H group in the plane of the interface
relative to the ordering implied by the transmission spec-
trum. The C—H bands are broadly similar in intensity
between the transmission spectrum and the RAIRS spectrum
with the exception of the methylene symmetric band at
2849 cm™! which shows a marked decrease in intensity,
indicating that the dipole moment of the methylene sym-
metric stretch must be orienting preferentially in the plane
of the interface in the 1 mN m™"' L—B film.

For the 25 mN m™" film comparison of the transmission
and the RAIRS spectra in the regions of the C—H and N—H
bands, panels a and b in Figure 5 show significant differ-
ences between them in both peak positions and intensities.
In the C—H region the broadband in the RAIRS spectrum
centered at 2858 cm™! is assigned to a combination of the
methyl symmetric stretch and a residual methylene sym-
metric stretch. This was confirmed by deconvoluting and
fitting this feature into the two component peaks (not
shown). The intensity of the symmetric methylene band is
greatly reduced in the RAIRS spectrum in comparison to the
transmission spectrum. This suggests that the transition
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dipole moment (of this mode), and hence the plane of the
CH, groups, is oriented more parallel to the surface than they
are in the transmission spectrum. On the other hand, the
asymmetric methylene band, whereas slightly blue-shifted,
is still strongly evident in the RAIRS spectrum. The methyl
symmetric stretch is enhanced in the RAIRS spectrum
compared to the transmission spectrum, while the methyl
asymmetric stretch, is slightly reduced in relative intensity
in the RAIRS spectrum (confirmed by deconvoluting the
methylene and methyl asymmetric stretches). The implica-
tion of the change in methyl mode intensities is that the
methyl groups in the 25 mN m™! film have a greater degree
of orientation of their dipole moments along the surface
normal than in the 1 mN m™! film. The regions containing
the N—H stretching bands and the amide 1 and Il bands
(Figure 5b) are obscured in the RAIRS spectrum by strong
water absorptions that remained after the film was dried.
The N—H asymmetric stretch can just be discerned super-
imposed on the water O—H stretching band. There is also a
much weaker shoulder from the symmetric N—H stretch.
The amide 1 and II bands can also be identified but are
superimposed on the water bending mode and are ex-
tremely weak. The overall conclusion therefore is that for
the 25 mN m™' film, the methylene C—H bonds are pre-
dominantly oriented parallel to the surface while the termi-
nal methyl group is oriented with a significant component
perpendicular to the surface.

Confirmation of a difference in the orientational ordering
between the two L—B films themselves can be obtained from
a comparison of the absolute spectral intensities of the 25
and 1 mN m~!' films, shown in Figure 6. This reveals that
despite the difficulty in carrying out a quantitative analysis
of the bands in the 25 mN m™" film because of water
adsorption, the 25 mN m™' film spectrum is markedly
weaker than the 1 mN m™" film spectrum. The relatively
weak intensity of both the C—H and the amide features in
the 25 mN m™! film suggests that the transition dipoles of
the relevant vibrations are aligned more parallel to the
surface than in the 1 mN m™' film spectrum. However,
it has not been possible to quantify the extent of these
differences.

In summary, both the SFG and the RAIRS spectra
indicate that in air the oleamide chains in the 1 mN m™!
film exhibit only a low degree of conformational order and
are lying predominantly in the plane of the interface,
whereas in the 25 mN m™! film the chains exhibit a high
degree of conformational order and are oriented es-
sentially perpendicular to the surface. These results are
as expected for L—B films cast from the gaseous and liquid
condensed phases, respectively.

(b) Adsorbed Oleamide Films under Oil. Figure
7 shows the SFG SSP and PPP spectra of oleamide adsorbed
on aluminum from a 0.1% by weight solution in per-
deuterated hexadecane. All the aluminum samples were
immersed in the oleamide in oil solution for at least 40 min
prior to commencing spectral acquisition. No significant
differences were observed in the spectra recorded following
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FIGURE 7. SSP (top) and PPP (bottom) SFG spectra of oleamide
adsorbed on aluminum from a 0.1% solution in per deuterated
hexane. Blue dashed line is the fit to the 1 mN m™' film from
Figure 1.

longer immersion times of up to 24 h. The SSP spectrum is
extremely weak but a tentative assignment of the features
can be given as: the methylene symmetric stretch at 2850
cm™!, the methyl symmetric stretch at 2880 cm™!, and the
methyl symmetric stretch Fermi resonance at 2940 cm™".
The observed resonances are, however, too weak to obtain

reliable relative intensities from the spectral modeling, and
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FIGURE 8. SSP (top 3 spectra) and PPP (bottom 3 spectra) SFG spectra
of the 1 mN m™' film, respectively, as a function of time immersed
in per-deuterated oil: (1) as-prepared, (2) 24 h immersion, (3) 48 h
immersion.

they are therefore not analyzed in detail. In contrast, the
strong PPP spectrum contains well-defined peaks at 2850,
2872, and 2925 cm™! and a weak shoulder at 2915 cm™!,
all of which can be reliably modeled according to the
resonance assignments given previously.

A comparison of the spectra obtained upon adsorption
from oil with the spectra of the 1 and 25 MmN m™"' L—B films
in air shows that, qualitatively, the spectra of the film formed
by adsorption from oil is rather more similar to the 1 mN
m~! film spectra than the 25 mN m™' film spectra. Specifi-
cally, the significant reduction or absence of an SSP spec-
trum is apparent in the spectrum adsorbed from oil and in
the 1 mN m™' L—B spectrum in air, implying that there is
little orientational order normal to the surface. Additionally,
in both the corresponding PPP spectra, the methylene
modes are the dominant features, in marked contrast to the
25 mN m™!' film spectrum which is characterized by strong
methyl resonances. Hence it is reasonable to conclude that
the most likely structure for the film adsorbed from oil is that
of a relatively disordered monolayer with the oleamide
chains lying principally in the plane of the interface.

(c) Addition of Qil to L—B Oleamide Films. Figure
8 shows the effect of the addition of oil to both the 1 and 25
mN m~! films of oleamide as a function of time. Spectrum
1 was recorded after 40 min and spectrum 2 and 3 1 and 2
days later, respectively. For the 1 mN m™" film, there are
no detectable resonances in any of the spectra as noted for
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FIGURE 9. SSP (top 3 spectra) and PPP (bottom 3 spectra) SFG spectra
of the 25 mN m ™' film respectively as a function of time immersed
in per-deuterated oil: (1) as-prepared, (2) 24 h immersion, (3) 48 h
immersion.

the 1 mN m™' film in air (Figure 2). The PPP spectra show a
slight change in the relative intensities of the observed
resonances compared to the same film under air. Specifi-
cally, the 2850 and 2875 cm™' methylene and methyl
symmetric resonances in air are significantly stronger under
oil relative to the 2910 and 2925 cm™' resonances, and the
2875 cm™! resonance is shifted to 2865 cm™!, whereas the
2955 cm™! methyl asymmetric resonance is entirely absent
under oil. Spectra 2 and 3 change very little as a function of
time compared with spectrum 1, with the exception of a
minor weakening of the intensity of the methyl symmetric
and the methyl symmetric Fermi resonance modes. This
observation is taken to indicate that the oleamide film
resides in a moderately disordered state oriented predomi-
nantly in the plane of the interface, i.e., little structural
reordering of the 1 mN m™" film occurs on immersion in oil.

For the 25 mN m™' film (Figure 9) the spectral changes
are far more pronounced upon immersion in oil in compari-
son to the spectra observed in air. The SSP spectra under
oil show no discernible resonant modes, which is in sharp
contrast to the two well-defined methyl resonances observed
for the same film in air in the SSP polarization. In the PPP
polarization all three spectra are significantly weaker under
oil than in air and are dominated by strong methylene
resonances, in contrast to the methyl resonances that were
the prominent features of the spectrum in air. Although the
methyl symmetric resonance is apparent in the PPP spectra
under oil no significant methyl asymmetric mode is evident
for spectrum 1; however, extremely weak methyl asym-
metric resonances may be present in spectra 2 and 3 that
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FIGURE 10. AFM amplitude and height images of the spin-cast
oleamide film in air.

are essentially identical to each other and exhibit only a
slight decrease in the relative intensity of the symmetric
methyl mode at 2850 cm™' relative to spectrum 1.

The spectra recorded for the 1 and the 25 mN m™! films
after immersion in oil for 1 day are essentially identical to
each other and show only minor differences when compared
to the spectra recorded for the film adsorbed directly from
oil (in contrast to the very marked differences between the
films recorded in air). It is reasonable to conclude that both
L—B films rapidly adopt an equilibrium state similar to that
observed upon adsorption from oil within the time frame
of the first spectral acquisition (ca. 4—6 h) and that addition-
ally the structure adopted upon immersion in oil appears
independent of the initial ordering and surface density of
the oleamide monolayer films,

(d) Thick (Spin Cast) Films in Air and under
Oil. In contrast to the thin L-B films a macroscopically thick,
i.e., visible film was also examined. This comprised a spin-
cast film with methanol as the casting solvent. This method
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FIGURE 11. SSP and PPP SFG spectra of spin-cast films in air (top 2
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produced a film showing a distinct layered structure in the
AFM image (Figure 10). The estimated thickness of this film
is ca. 0.5—1 um. The SFG PPP and SSP spectra of the spin-
cast film, recorded in air and after immersion in oil, are
shown in Figure 11. The PPP spectrum in air shows strong
methy! resonances at 2878 (symmetric) and 2940 cm™!
(symmetric FR) with a possible methyl asymmetric reso-
nance at 2968 cm™! and only weak methylene resonances
apparent at 2850, 2890, and 2920 cm™!, whereas the SSP
spectrum in air shows only the methyl 2878 and 2940 cm™!
symmetric resonances indicating a very highly ordered and
mostly gauche defect free film, similar to that observed for
the 25 mN m™" film in air.

The SSP spectrum recorded immediately after immersion
shows strong methyl resonances at 2978 and 2940 cm™!
and methylene resonances at 2850 and 2920 cm™". In broad
terms, the SSP spectrum immediately after immersion in oil
points to a strong conformational ordering of the amide
molecules with a significant degree of polar orientation of
the methyl group pointing into the oil phase, which is
markedly different to that observed for the 25 mN m~' L—B
film, despite the similar degree of orientation displayed
between the two films in air. The PPP spectrum recorded
after the SSP spectrum, i.e., ca. 6 h after immersion in oil,
however, exhibits a marked broadening of the observed
spectral features such that the methyl and methylene reso-
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nances cannot be reliably resolved. Modeling of the PPP
spectrum shows intensity attributable to both methylene and
methyl vibrational resonances indicating a significant de-
crease in conformational order of the oleamide film on
immersion in oil. Several sharp features are apparent in the
PPP spectrum that could indicate that methylene groups are
present in more than one, i.e., different, conformational
environments. It is likely that the initial ordering seen in the
SSP spectra is therefore a function of the excess oleamide
on the sample surface and the consequent saturation of the
overlying oil phase and that the increased conformational
disorder seen in the PPP spectrum is due to the additional
time that the sample has been immersed in oil prior to the
recording of this spectrum. The presence of a strong SSP
signal for the spin-cast film demonstrates that the absence
of an SSP spectrum in the 25 mN m™" film is unlikely to be
accounted for by the differing Fresnel factors of the oil—film
interface in comparison to the air—film interface, as the
Fresnel factors for a ca. 1 um thick oleamide film under oil
are similar to those of the 1 um thick hexadecane super-
phase used in the experimental cell.

Further spectra recorded at intervals of 1 day are shown
in Figure 12. In order to aid comparison spectrum 1 repro-
duces the spectra recorded immediately after immersion in
oil as already discussed. The SSP spectrum of the film after
immersion under oil for 24 h (spectrum 2) shows 3 broad
and poorly defined resonances at around 2860, 2940, and
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2960 cm™!. After 48 h, no spectral features can be resolved
(spectrum 3). The PPP spectrum under oil recorded after
immersion for 24 h (spectrum 2) shows at least five spectral
resonances, two weak resonances at 2850 and 2875 cm™!
attributed to the methylene and methyl symmetric stretch-
ing modes, respectively, and three further resonances at
2910, 2930, and 2960 cm™! that correspond to the previ-
ously assigned methylene modes. After a further 24 h
immersion in oil, the PPP spectrum is effectively identical
to that seen in the previous figures for the 1 and 25 mN m™!
L—B films recorded under oil.

From these results, it is clear that the surface of the spin-
cast oleamide film retains a high degree of conformational
ordering and orientational alignment in the z axis im-
mediately after immersion in oil. As time elapses, however,
a gradual disordering occurs, as indicated by the broad
features recorded in spectrum 2 in both the PPP and SSP
polarizations. The spectra recorded for day 1 and 2 are not
reproducible in detail, as they vary according to the time the
sample has spent immersed in oil. By the third day, the
spectra are highly reproducible and identical to the spectra
recorded for the 1 and 25 mN m™! films recorded under oil.
It is reasonable to conclude therefore that the film is now in
equilibrium with amide in solution.

CONCLUSION
Both SFG spectra and RAIRS confirm that the structure

of the 25 mN m™" film in air is typical of that seen for high
compression L—B depositions, namely the backbone of the
molecule is predominantly perpendicular to the surface and
with a high degree of conformational ordering of the hydro-
carbon chain. On the other hand the structure adopted by
the 1 mN m™' oleamide L—B film in air is principally
disordered with evidence of limited preferential orientation
in the plane of the interface. The film of oleamide adsorbed
on aluminum from oil appears to possess only moderate
conformational ordering of the hydrocarbon chains, with the
molecules lying predominantly in the plane of the interface.
The low compression 1 mN m~"' L—B film in air most closely
resembles that of the film adsorbed from oil in both orienta-
tion and conformational ordering and, as for the adsorbed
film, appears to orient with a significant component in the
plane of the interface. For both the high compression L—B
and the spin-cast films under oil, the SFG spectra indicate
that there are a considerable number of gauche defects
present in the oleamide film after immersion in oil that are
absent in the same films in air. The SFG spectra clearly show
that the preadsorbed films with the exception of the I mN
m~' L—B film undergo a structural rearrangement on im-
mersion in oil, with both the 25 mN m™~!' L—B and spin-cast
films becoming markedly more conformationally disor-
dered. For all the films, the final equilibrium spectra under
oil are remarkably similar to each other and it is concluded
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that the equilibrium surface structure of oleamide under oil
on an aluminum surface comprises a moderately disordered
film lying predominantly along the plane of the interface and
with the terminal methyl group polar orientation pointing
away from the metal surface.
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