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We present a titanium–silicon oxide film structure that permits polarization modulated infrared reflection
absorption spectroscopy on silicon oxide surfaces. The structure consists of a ∼6 nm sputtered silicon oxide film
on a ∼200 nm sputtered titanium film. Characterization using conventional and scanning transmission electron
microscopy, electron energy loss spectroscopy, X-ray photoelectron spectroscopy and X-ray reflectometry is
presented. We demonstrate the use of this structure to investigate a selectively protein-resistant self-assembled
monolayer (SAM) consisting of silane-anchored, biotin-terminated poly(ethylene glycol) (PEG). PEG-associated
IR bands were observed. Measurements of protein-characteristic band intensities showed that this SAM
adsorbed streptavidin whereas it repelled bovine serum albumin, as had been expected from its structure.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Infrared reflection absorption spectroscopy (IRRAS), also known as
reflection absorption infrared spectroscopy (RAIRS) is a popularmethod
of characterizing self-assembled monolayers and similar systems,
enabling surface coverage, the chemical nature of the monolayer, and
often additional information such as chain tilt angles to be determined
(see for example Buffeteau et al. [1], Zamlynny et al. [2,3], Greenler [4],
Käfer et al. [5], Hoffmann et al. [6], Skoda et al. [7], Zawisza et al. [8]).

Polarization-modulated infrared reflection absorption spectro-
scopy (PM-IRRAS, first introduced by Dowrey and Marcott [9]) is a
powerful method of achieving high signal to noise ratios when
measuring IRRAS spectra of thin film samples on conducting
substrates, since the PM-IRRAS signal contains the effects of adsorbing
species that lie close to the substrate surface, but is not affected by
adsorbing species elsewhere in the optical path. When electromagnetic
radiation is reflected by a conducting surface at grazing incidence, the

amplitude of the s- andp-polarized electric field vectors near the surface
differs greatly, with the s-polarized electric field amplitude being
approximately zero within a distance of the order of magnitude of one
wavelength of the surface, whereas the p-polarized electric field
amplitude is much higher in this region [4,10]. If a conducting substrate
bears a film whose thickness is much less than the wavelength of the
infrared light, the spectrumof thefilmcan thusbeobtainedbyeffectively
subtracting ameasured s-polarized IRRAS spectrum from its p-polarized
counterpart. PM-IRRAS instruments achieve this by rapidly modulating
the polarization and using a lock-in amplifier to extract the signal [9];
IRRAS spectrawith a very high signal to noise ratio can thus be obtained.

Although PM-IRRAS provides high-quality data, it only works on
highly conducting, usually metal, surfaces thus excluding many
substrate surfaces of scientific interest, notably the silicon oxide surfaces
that are commonly used in a wide variety of surface chemistry studies.
The reaction of silicon oxide surfaces with silanemolecules is one of the
most common methods for preparing covalently grafted thin layers of
organic molecules on hard substrates. The use of silicon oxide surfaces
has several advantages for particular applications, such as the relative
cheapness of glass (silicon oxide) substrates, the suitability of glass
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coverslips for transmitted light microscopic measurements in studies of
the interactions between organically functionalized surfaces and
biological cells [11], and the suitability of silicon and silica substrates
for neutron reflectivity measurements [12,13].

In order to perform PM-IRRAS on silicon oxide, a thin film of silicon
oxide should be deposited on a conducting substrate. Provided the
silicon oxide thickness is much less than the infrared wavelengths in
use (about 2.5–25 µm), the spectrum of any organic film deposited on
top of it will be measurable.

Gold is often used as a conducting substrate in PM-IRRAS
experiments, however, thin silicon oxide films directly deposited on
gold are often unstable. Despite this difficulty, thin silicon oxide films
on gold substrates have beenproduced by sol–gelmethods [14,15], and
using plasma-enhanced chemical vapour deposition [8,16]. Addition-
ally, stable thin siliconoxidefilms on gold have beenproducedusing an
electron beam evaporation method, with an intervening thin layer of
titanium between the gold and the silicon oxide [17].

Zawisza et al. [8] recently performed PM-IRRAS studies of Langmuir–
Blodgett lipid layers on a substrate consisting of a thin (7–40 nm) silicon
oxide film deposited by chemical vapour deposition onto a gold
substrate. In this paper, we present an alternative approach to
performing PM-IRRAS on a silicon oxide surface, in which we exploit
the intrinsic stabilityof the siliconoxide–titanium interfacebysputtering
a thin silicon oxide layerdirectly onto a thick titanium layerwhich acts as
the conducting substrate. We have thoroughly characterized this silicon
oxide thin film using conventional and scanning transmission electron
microscopy, X-ray reflectometry and X-ray photoelectron spectroscopy,
showing it to be a rather uniform film of thickness of order 5 nm, which
closely follows the contours of the titanium surface.

As a proof-of-principle for this method and illustration of its
possible uses, we present a PM-IRRAS investigation of a polymer self-
assembled monolayer [18–20] that is designed to selectively adsorb
and repel different proteins. Both the polymer layer itself, and its
protein adsorption properties are studied spectroscopically. This
functionalized polymer is bound to the silicon oxide surface via a
trimethoxysilane group, confirming that the sputtered silicon oxide
film is chemically accessible to silane reagents, thus confirming its
suitability for many possible surface chemistry studies.

Although the present measurements have been carried out in air,
our substrate could also readily be used to perform PM-IRRAS under
water (see for example Skoda et al. [7]).

2. Materials and methods

2.1. Thin film deposition

Novel substrates consisted of a supporting crystalline silicon wafer
(b100N surface, native oxide layer not removed) onto which titanium
followed by silicon oxide layers were direct current sputtered (Ti target,
99.995% pure, FHR Anlagenbau GmbH, Germany, magnetron power
100 W, argon pressure 3×10−3 mbar and SiO2 target, 99.995% pure,
Kurt J. Lesker Company, U.S.A., magnetron power 100 W, argon pressure
6×10−3 mbar). The vacuum systemwas homebuilt. The vacuumwas not
broken between the sputtering of the two layers. Layer thicknesses were
nominally 200 nm for the titanium layer and 20 nm for the silicon oxide
layer, as estimated from in situquartz crystalmicrobalancemeasurements.
For PM-IRRAS measurements, wafers thus produced were cut into
suitable pieces (Disco DAD-321 saw, Disco Corp., Tokyo, Japan), cleaned
in an ultrasonic bath with 5% surfactant solution (Extran MA02 neutral,
Merck, Darmstadt, Germany), copiously rinsed with ultrapure water,
cleaned in an ultrasonic bath in ethanol and dried in an argon stream.

2.2. Wet chemistry

Selectively protein-resistant monolayers were made from biotin–
NH–CH2–CH2(O–CH2–CH2)n–NHCONH(CH2)3–Si(OEt)3 (silane–PEG–

biotin, (O–CH2–CH2)n section has Mw=2000 Da), which was obtained
by custom synthesis from Rapp Polymere GmbH (Tübingen, Germany)
and stored under argon. Proton nuclear magnetic resonance (1H NMR)
measurements suggested that the sample may be contaminated with
biotin–NH–CH2–CH2(O–CH2–CH2)n–NH–biotin, which is a likely bypro-
duct of synthesis; as these molecules lack surface-anchoring triethox-
ysilane groups, they should be readily rinsed away and should not affect
the properties of the eventual self-assembled monolayer. To form self-
assembled monolayers, dry toluene (10 ml, 99.85%, extra dry, water
b30ppm,AcrosOrganics, Geel, Belgium)was added to aflask containing
the substrate in a glove box under nitrogen (water b0.1 ppm), followed
by silane–PEG–biotin (1–3 mg), before the flask was transferred to a
Schlenk line where triethylamine (a few drops, previously distilled
under an inert atmosphere) was added also under an inert atmosphere.
The flask was sealed and heated briefly to between 80 and 150 °C,
allowed to stand at room temperature for 24 h, and then incubated at
80 °C for 24 h, then rinsed successivelywith ethyl acetate, methanol and
ethanol (all analytical grade) before being dried in a nitrogen streamand
stored under nitrogen (water b0.1 ppm). Solutions for protein adsorp-
tion experiments were made using bovine serum albumin (Sigma
Aldrich, St Louis, U.S.A.), streptavidin (from Streptomyces avidinni,
lyophilized, Serva Electrophoresis, Heidelberg, Germany), and Dulbec-
co's phosphate buffered saline solution (pH 7.45, Gibco/Invitrogen,
Carlsbad, U.S.A., solid tablets made up with ultrapure water (MilliQ
Gradient A1018.2MΩ cm,Millipore, Billerica, USA ). Glassware for these
experimentswascleanedwith surfactant (Hellmanex II, HellmaGmbH&
Co. KG, Müllheim, Germany), rinsed with ultrapure water and then
ethanol and dried in an argon stream.

2.3. Thin film characterization

2.3.1. Electron microscopy
A transmission electron microscopy (TEM) specimenwas prepared

using the conventional cross-section method. Unidirectional ion
milling from the substrate to the film was performed using a low-
angle ion milling and polishing system at 4 keV (Model 1010, E.A.
Fischione Instruments Inc., Export, U.S.A.). Final polishing was
performed at 0.5 keV. During the ion-milling process, the specimen
was cooled with liquid nitrogen.

Conventional TEM was performed using a JEOL JEM 4000 FX (JEOL
Ltd., Tokyo, Japan) operated at 400 kV.

Analytical TEM studies were carried out in a VG HB501UX
dedicated scanning transmission electron microscope operated in
ultra-high vacuum at an accelerating voltage of 100 kV. The beam
current was 0.12 nA for a beam diameter of 0.7 nm (full width at half
maximum (FWHM)). This microscope has a cold field emission source
and is equipped with an energy-dispersive X-ray spectrometer (Noran
System SIX, Thermo Fischer Scientific, Waltham, U.S.A.) and an
electron energy-loss spectrometer (EELS) (Gatan UHV Enfina system,
Gatan Inc., Pleasanton, U.S.A.). The energy resolution of the whole
systemwas approximately 0.6 eV as determined by the FWHM of the
zero-loss peak at a dispersion of 0.1 eV/channel.

2.3.2. X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy was carried out using non-

monochromated Mg Kα (1256.6 eV) X-rays from a Dual-Anode X-ray
Source (Physical Electronics Inc., Chanhassen, U.S.A). Photoelectrons
were detected using a hemispherical energy analyzer (Phoibos 150 from
Specs GmbH, Berlin, Germany). All measurements were performed in
normal emission geometry, at a vacuum of ∼5×10−10 mbar.

Peaks to be quantified were fitted, after subtraction of a Shirley
background,with the followingGaussian–Lorentzianproduct formula:

GL x; F; E;mð Þ =
exp −4 ln 2 1−mð Þ x−Eð Þ2

F2

� �

1 + 4m x−Eð Þ2
F2

ð1Þ
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where x is the binding energy, E is the peak position in binding
energy, F the peak width and m, which controls the relative
weight of Gaussian and Lorentzian character, was fixed at 0.1
throughout.

2.3.3. X-ray reflectivity
The X-ray reflectivity measurements were performed using

a two-circle X-ray reflectometer (XRD 3003 TT, Seifert Analyti-
cal X-ray, Ahrensburg, Germany) with a copper anode and an NaI
scintillation counter. A Ni/C multilayer mirror and a germa-
nium channel-cut crystal give a monochromatic and parallel
beam with λ=1.54 Å (Cu Kα1). The chosen slits resulted in an
angular resolution of ∼0.01°. A dynamic range of more than seven
orders of magnitude can be covered with automatic beam
attenuators.

2.4. Simulations

Simulations of the PM-IRRAS signal from different substrates
were made using Hansen's notation of the Fresnel matrix formalism,
implemented in Igor Pro (Wavemetrics Inc., Lake Oswaego, U.S.A.)
[21]. Using this method, the polarization-dependent reflectivity of
multilayer systems and the signal from different layers could be
determined. Tabulated values were used for the optical constants of
silicon oxide [22] and titanium [23].

Fig. 1. Dark field TEM image of cross-sectional Si–Ti–SiOx specimen. Scale bar represents
20 nm.

Fig. 2.HAADF-STEMand EELS characterization of Si–Ti–SiOx substrate. a)HAADF-STEM image of a cross-sectional TEMspecimen. Scale bar represents 20 nm. c) d) e) EELS spectra recorded
in the energy range of Si–L2,3, C–K, Ti–L2,3 and O–K edges from the regions indicated in image (a). b) Background-subtracted Si–L2,3 edge acquired at a position similar to that of (d).
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2.5. Polarization-modulated infrared spectroscopy (PM-IRRAS)

PM-IRRAS measurements were performed on a Bruker Vertex 70
infrared spectrometer with a PMA 50 unit (Bruker Optik GmbH,
Ettlingen, Germany). The half-wave retardation was set to 1500 cm−1.
Spectra were measured with a resolution of 4 cm−1, the angle of
incidence was 70° and 256 scans were co-added. Before each measure-
ment, the spectrometer and the sample chamber were rinsed with dry,
carbondioxide-free air for 300 s. ThePM-IRRAS setuphas beendescribed
[7]. The polarization of the incident beam is changed periodically
between s- and p-polarization by thepolarizationmodulation (PM) unit;
this leads to a fastmodulationof the signal. Thedifference between the s-
and p-polarized signals is measured using a lock-in amplifier, and is
normalized using the average signal, measured using a low-pass filter.
The IR-signal is convolved with a double cosine function due to the
polarization modulation. This function can be expanded in a sum of
Bessel functions: usually only the zeroth and second order Bessel
functions contribute to the reflectivity signal (Eq. (2)) and have to be
corrected for duringdata processing. This is done as described elsewhere
[7]. The resulting measured reflectivity, R, is given by [24,25]

R = C
J2 u0ð Þ Rp−Rs

� �

Rp + Rs
� �

+ J0 u0ð Þ Rp−Rs
� � ð2Þ

where Rp and Rs are the reflectivities of the surface to s- and p-
polarized light, φ0 is the amplitude of the oscillating phase shift
introduced by the PM, C is an instrumental constant, and Jn signifies a
Bessel function of order n.

Fig. 3. XPS spectrum of the Si–Ti–SiOx substrate. Graphs show intensity in counts per second versus binding energy (B.E.) in eV. Detailed scans of the a) Ti 2p, b) Si 2p and c) O 1s
regions: solid lines showmeasured spectra, near-horizontal dashed lines show fitted Shirley backgrounds and other dashed lines show fits to the measured spectra using Gaussian–
Lorentzian functions as described in the text. The small peaks approximately 10 eV to the right of the main peaks in the Si 2p and O 1s regions can be ignored as they are almost
certainly due to the presence of Mg Kα3 radiation in the exciting X-rays. d) Overview of the entire spectrum. The C 1s peakmay arise from contamination and/or adsorbed CO2, as may
the subsidiary O 1s peak at 531.6 eV. The Mo 3d peak is due to the sample holder.

Fig. 4. X-ray reflectivity of the Si–Ti–SiOx substrate, measured using Cu Kα radiation. The
interference fringes demonstrate the formation of well-defined interfaces and reveal
the thicknesses of the SiOx and Ti layers. The narrow fringes (enlarged in the inset)
correspond to a Ti thickness of 212 nm, whereas the broad fringes yield an SiOx

thickness of 6.4 nm.
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3. Results and discussion

3.1. Characterization of Si–Ti–SiOx substrates

The structure of the novel Si–Ti–SiOx substrates is illustrated by a
dark field (DF) transmission electron microscopy (TEM) image of the
cross section in Fig. 1. The titanium film lies on top of the siliconwafer
and its native oxide layer. In this DF image, the polycrystalline nature
of the titanium film is clearly visible. The silicon oxide film on top of
the titanium film is visible, and appears to be of roughly uniform
thickness (of the order of 5 nm) and to smoothly follow the titanium
surface. Since the titanium film is polycrystalline, its surface is not
entirely flat, but is rather punctuated by crystallites that rise out of the
surface, as in the centre of Fig. 1. (Images of other areas suggest that
these features may be more common than shown in Fig. 1.)

A high-angle annular dark field (HAADF) scanning transmission
electron microscopy (STEM) image of the surface is shown in Fig. 2a.
Electron energy-loss spectroscopy (EELS) measurements were per-
formed in the various regions, i.e. the titanium substrate, the silicon
oxide film and the glue used for the TEM sample preparation. The
different spectra for the titanium substrate, the silicon oxide film and
for the glue are shown in the energy region between 90 and 600 eV in
Fig. 2c,d,e, and confirm the chemical identity of the deposited films.
The Si–L2,3 electron energy-loss near-edge structure of the SiOx film
corrected for the background is shown in Fig. 2b. This spectrum
contains two initial sharp peaks that are followed by a sharp and a
broad peak and have been attributed to electron excitation into
molecular orbitals associated with a silicon atom that is tetrahedrally
coordinated [26,27].

Our intentionwas to investigate a silicon oxide, and not a titanium
or titanium oxide surface; it is thus essential that the titanium layer
should be completely or almost completely covered by the silicon
oxide layer over the whole of the substrate. This is shown to be the
case by the X-ray photoelectron spectrum (XPS) of the surface (Fig. 3),
which shows peaks in the Si 2p and 2s and O 1s and 2s regions, but no
discernable peak in the Ti 2p region. The sampled area was of the
order of square millimeters. The relative values of the areas under the
Si 2p and O 1s peaks (Fig. 3b, c), combined with tabulated sensitivity
factors [28], give an atomic silicon to oxygen ratio of 1:5 + 0:3

−0:0 . The fact
that no titanium peak can be observed suggests that the silicon oxide
film thickness is at least a few times the electron attenuation length in
silicon oxide, which has been measured to be of the order of 2–3 nm
[29], but may vary strongly with film density and microstructure; this
is consistent with the film thickness observed by TEM.

To measure the exact thickness of the Ti and SiOx films on the Si
substrate we performed X-ray reflectivity measurements (see Fig. 4).
The data show distinct Kiessig oscillations which arise from the
interference of X-rays reflected from the different interfaces and can
be used to calculate the thickness d according to d=2π /Δq, where

Δq is the periodicity of the oscillations in reciprocal space
(q=4πλ−1sinθ, where λ is the wavelength and θ the incidence angle).

The narrow fringes shown in the inset to Fig. 4 originate from the
212 nm thick Ti layer, whereas the broad fringes correspond to the
6.4 nm thick SiOx layer on top. Both thicknesses confirm the (local)
values found by TEM measurements on a macroscopic length scale.
Moreover, the data shown in Fig. 4 indicate well-defined interfaces
with moderate roughness for this particular sample. Because other
samples showed increased roughness, we did not analyze the data in
more detail.

3.2. Simulations of PM-IRRAS on Si–Ti–SiOx substrates

To enable optimization of the signal and to determine the influence
of the thickness of the silicon oxide layer on the signal strength,
simulations of the PM-IRRAS signal were performed as described in
‘Materials andmethods’. We used amodel consisting of a semi-infinite
titanium layer, a silicon oxide layer whose thickness was varied
between 5 nm and 50 nm, and an organic layer with a thickness of
15 nm, which generated the specific infrared absorption signal. For
simplicity, smooth interfaces were assumed.

As shown in Fig. 5, the simulated signal from the organic layer is
strongly angle-dependent, with an optimum (highest signal to noise
ratio) angle of incidence around 74° from the surface normal.
Importantly, the simulated signal is only slightly attenuated by the
presence of the silicon oxide film, especially at the lowest film
thicknesses. For a 5 nm thick silicon oxide film, which corresponds
approximately to the Si–Ti–SiO2 substrates used in this study, the signal
is almost the same as that from an organic film on bare titanium,
confirming that these substrates should indeed enable PM-IRRAS
measurements of a similarquality to thoseperformed onametal surface.

Fig. 5. Simulation of the PM-IRRAS signal from an organic thin film (15 nm thick) which
is separated from a semi-infinite titanium substrate by a silicon oxide film of thickness:
no silicon oxide ( ), 5 nm ( ), 20 nm ( ), 50 nm ( ).

Fig. 6. PM-IRRAS spectrum of non-functionalized Si–Ti–SiOx substrate. Inset shows
spectrum before, and main figure after removal of the Bessel function envelope.

Fig. 7. Background-subtracted PM-IRRAS spectrum of Si–Ti–SiOx that has been
functionalized with silane–PEG–biotin.
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3.3. PM-IRRAS measurements on Si–Ti–SiOx substrates

A typical PM-IRRAS spectrum of a clean, non-functionalized Si–Ti–
SiOx substrate surface is shown in the inset to Fig 6. There are strong
absorption bands from the silicon oxide film in the range 1000 to
1250 cm−1; this region of the spectrum after removal of the Bessel
function envelope is shown in the main part of Fig. 6. Bands at
1225 cm−1 and 1178 cm−1 (broader band, visible as a shoulder) can be
distinguished, and both may be attributed to longitudinal optical (LO)
νLO (Si–O–Si) stretching modes. The two bands are associated with
differing Si–O bond angles and thus with the details of the local
coordination of silicon atoms by oxygen atoms. The relative strength
of these two bands is known to depend in general on the overall
silicon to oxygen ratio — the band at 1178 cm−1 has been associated
with SiO, with the band at 1225 cm−1 being associated with SiO2 — as
well as on the details of the local film structure [30].

As a proof of principle for the practical use of the Si–Ti–SiOx

substrate in PM-IRRAS, we now describe a series of measurements
designed to investigate the protein adsorption properties of a
selectively protein-resistant self-assembled monolayer of biotin–
NH–CH2–CH2(O–CH2–CH2)n–NHCONH(CH2)3–Si(OEt)3 (silane–PEG–
biotin), which was designed to enable the production of a surface
that strongly binds streptavidin, although remaining resistant to other
protein molecules. The resistance to protein adsorption of surfaces
functionalized with poly(ethylene glycol) is well known, and silane-
functionalized poly(ethylene glycol) molecules have previously been
used to render silicon oxide surfaces protein resistant [31–34]; our
silane–PEG–biotin molecule is similar to the silane–PEG–methoxy of
Blümmel et al. [31]. The binding of biotin to the protein streptavidin is
one of the strongest non-covalent interactions known, with an
association equilibrium constant of order 1013 M−1, and is also highly
specific [35]. Since each streptavidin molecule has four biotin binding

sites, streptavidin could be used as a linker for example to bind a
chosen biotinylated protein molecule to the substrate surface. Silane-
anchored, biotin-terminated PEG has been previously used to produce
a surface that repels most proteins but can be functionalized with
streptavidin [36–40]; to the best of our knowledge, the present study
is the first time that this has been carried out using a one-step process
involving the formation of a covalent bond to a silicon oxide substrate.

A typical PM-IRRAS spectrum of an Si–Ti–SiOx substrate surface
that has been functionalized with silane–PEG–biotin is shown in Fig. 7.
Because of the interference with the silicon oxide absorption bands,
the strong C–O–C stretching mode could not be monitored. Never-
theless, other significant vibrational modes of PEG are visible: the
ethylene glycol wagging mode (1350 cm−1) and the ethylene glycol
scissoring mode (1463 cm−1) [41].

Fig. 8 shows the PM-IRRAS spectra of blank and silane–PEG–biotin-
functionalized Si–Ti–SiOx substrates that have been exposed to
aqueous solutions of bovine serum albumin (BSA) and streptavidin
respectively. It can be seen from the presence of strong amide I
(1664 cm−1) and amide II (1540 cm−1) peaks that BSA has adsorbed in
significant quantities to the blank substrate, as expected for a silicon
oxide surface [42]. In contrast, there is no discernable BSA on the
silane–PEG–biotin-coated surface. When similar surfaces are exposed
to aqueous streptavidin solutions, however, significant amounts of
streptavidin are seen to adsorb to the silane–PEG–biotin surface.
These results thus demonstrate that the silane–PEG–biotin-functio-
nalized surface has its intended properties of binding streptavidin, but
resisting the adsorption of other proteins.

4. Conclusion

We have demonstrated that successively sputtered thin films of
titanium and silicon oxide provide a valuable substrate for PM-IRRAS
measurements of self-assembled monolayers on silicon oxide sur-
faces, and have used such measurements to characterize the protein
adsorption properties of a silane-anchored selectively protein-
resistant self-assembled monolayer.
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Incubation time 50 min (all spectra). Spectra of bare substrates have been subtracted.
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