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Piperidine Adsorption on Hydrated o-Alumina (0001)
Surface Studied by Vibrational Sum Frequency Generation
Spectroscopy
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The adsorption of piperidine vapor on the hydrated alumina (a-Al2Os, corundum) (0001) surface was
investigated using vibrational broad bandwidth and scanning sum frequency generation (SFG) spectroscopy.
The interfacial vibrational signature in the C—H stretching region of piperidine at the alumina (0001)
surface is shown to be a sensitive spectroscopic probe revealing the adsorption mechanism. The neat
piperidine surface, aqueous piperidine surface, and aqueous piperidium chloride surface were also
investigated in the C—H stretching region by SFG to establish vibrational reference frequencies. After
piperidine adsorption, piperidine vapor was removed and piperidine was found to be chemisorbed onto the
alumina (0001) surface through protonation by surface hydroxyl groups. The O—H stretching region of
the alumina surface before and after piperidine adsorption was also investigated, and the results revealed

the decrease of the surface number density of alumina surface hydroxyl groups.

Introduction

It is well known that the adsorption process of organic
compounds from the gas phase to the solid mineral surface
influences the migration and the fate of organic compounds
in the environment.!? a-Al,O3is commonly used as a model
metal oxide.? 12 In addition to its importance in the area
of catalysis, o-AlyO3 is a common constituent in the
inorganic fraction of soils and in atmospheric particles.
0-AlyO3 (corundum) is found in soil by inheritance from
the parent rocks. It alters readily under surface conditions
and yields other secondary minerals such as kaolinite,
gibbsite, diaspore, zoisite, and sillimanite.'1* o-AlyO3 is
also found in the mineral dust component of tropospheric
aerosols. The amount of mineral dust emitted into the
atmosphere is significant and has been estimated to be
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between 1000 and 3000 Tg per year.'> 20 Furthermore,
o-Aly O3, as well as y-AlyOs3, is one of the main constituents
of rocket fuel exhaust formed by solid rocket motors.?,22
Inrecent years, there has been concern that these alumina
particles may affect the stratospheric ozone layer.23-26
This study focuses on the adsorption of piperidine, a
model volatile organic compound, from the gas-phase to
the adsorbed-phase on the (0001) surface of single-crystal
a-Al;Os. Previously, piperidine has been used as a model
molecule to investigate the mechanism of the photocata-
Iytic degradation of nitrogen-containing compounds in
environmental pollution treatments.?’” There are two
reasons to choose piperidine as the model molecule. First,
piperidine is a secondary amine. Secondary amines are
common organic pollutants due to their extensive use in
the pharmaceutical, pesticide, and rubber industries.?8
Recently, removal of these compounds from the environ-
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ment has been addressed.?*%° Second, nitrogen-containing
compounds are common in many environmental systems.
For example, over 50% of herbicides and pesticides contain
one or more nitrogen atoms in their molecular structures.?!
In this study, the adsorption of piperidine at the
hydrated o-alumina (0001) surface was investigated by
using a surface-selective technique, vibrational sum
frequency generation (SFG) spectroscopy. This spectro-
scopic technique has been extensively used within the
past decade to study fundamental interfacial phe-
nomena.?? 42 A brief overview of the theory*344is outlined
here. Sum frequency generation is a nonlinear optical
process, which under the electric-dipole approximation
only occurs in a non-centrosymmetric environment, such
as at an interface. When a visible photon and an infrared
photon interact at the interface, and if an interfacial
vibrational mode,v, is resonant with the frequency of the
incident infrared photon, wir, an enhanced signal (SFG)
with a frequency at the sum of the two incident photon’s
frequencies will be observed. The SFG intensity, Isrg,

IS G 0 |X(2) 2 0 |X(2) + ZX@) (1)

as shown in eq 1, is proportional to the absolute square
of the macroscopic second-order susceptibility, y®, which

consists of resonant terms (y'*) and a nonresonant term
(x(2>) The resonant susceptibility term (XV ) dominates

the SFG signal in the studies presented here. X(VZ) is shown
in eq 2,

(2) 0 AV (2)
XV CUIR - CUV + irv

where A, is the amplitude of the transition moment, w,
is the frequency of the transition moment, and I', describes
the line-width of the transition. The amplitude, A,, is
nonzero when the Raman and the infrared transitions
are spectroscopically allowed.

The SFG spectrum, which describes the SFG intensity
(Isrg) as a function of the incident infrared frequency, can
be mathematically fit according to eq 1. When performing
the mathematical fit, a constant complex number is used

to represent the nonresonant term (x@)) and the sign of
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the vibration amplitude (A,) is used to denote the phase
of the resonant photons of the surface vibrational mode,
which incorporates orientation and relative vibrational
phases. Equation 2 indicates the Lorentzian line shape in
the SFG spectrum fitting. The commercially available
software, IGOR (version 4.0.5.1), was used in the fitting
procedure after adding additional codes to describe the
coherent nature of the SFG process as shown in eq 1.

Experimental Section

In the Allen Lab, two types of SFG systems are available. One
is a broad bandwidth SFG (BBSFG) system and the other is a
scanning SFG system. The BBSFG system was used to investigate
the C—H stretching region of surface-adsorbed piperidine. The
scanning SFG system was used to investigate the broad hydrogen-
bonding region that reveals the O—H stretching resonance at
the o-alumina surface. A brief description of both SFG systems
is given below.

The BBSFG system consists of two 1 kHz repetition rate
regenerative amplifiers (Spectra-Physics Spitfire, femtosecond
and picosecond versions), both of which are seeded by a sub-50
fs 792 nm (the wavelength is tuned for system optimization)
pulse from a Ti:Sapphire oscillator (Spectra-Physics, Tsunami)
and pumped by a 527 nm beam from an all-solid-state Nd:YLF
laser (Spectra-Physics, Evolution 30). The two regenerative
amplifiers provide 85-fs pulses at 800 nm (22 nm bandwidth)
and 2 ps pulses at 800 nm (17 cm ™! bandwidth). The femtosecond
broad bandwidth pulses are then used to generate broad
bandwidth infrared (~600 cm~! bandwidth) light via an optical
parametric amplifier (Spectra-Physics, OPA-800CF). To narrow
the output bandwidth of the 2 ps 800 nm beam to improve the
spectral resolution of the BBSFG system, the compressor of the
regenerative amplifier (picosecond version) was modified. A beam
mask is positioned in the compressor to partly block the spatially
dispersed beam from the compressor grating and only allows a
small spectral portion of the dispersed beam to be compressed.
This modification spectrally narrows the output beam bandwidth
of the formerly 2 ps 800 nm beam from 17 to 5 cm~1. The SFG
experiment was then performed in reflection geometry using the
narrow bandwidth (5 ecm~1) 800 nm beam (~140 uJ) and the
broad bandwidth infrared beam (~10 uJ). The broadband infrared
and narrowband 800 nm pulses, which were incident on the
sample at 66° and 58° from the surface normal, respectively,
were overlapped at the sample surface spatially and temporally
to produce a vibrationally resonant SFG spectrum. The SFG
photons were emitted at 59.3° from the surface normal and were
detected using a monochromator—CCD detection system (Acton
Research, SpectraPro SP-500 monochromator; Roper Scientific,
1340 pixel x 400 pixel array, LN400EB back-illuminated CCD)
with a 1200 g mm~! grating blazed at 750 nm. The polarization
combination for these studies was ssp (in the order of SFG, 800
nm, and infrared). The nonresonant SFG spectrum from a GaAs
(Lambda Precision Optics, Inc) crystal surface was obtained both
with and without a polystyrene film covering the OPA infrared
output port. The resulting SFG spectra were used for normaliza-
tion purpose and as a reference to calibrate the peak positions
of the BBSFG spectra. The calibration accuracy is better than
1 ecm~1. All of the BBSFG spectra presented in this paper were
calibrated and normalized before performing curve-fitting.

When performing BBSFG measurements on the air—solid
interface, the a-alumina window was placed on a leveled sample
stage and the height of the top alumina surface was adjusted to
be at the overlap point of the incident 800 nm and infrared beams.
When performing BBSFG measurements on the air—liquid
interface, the liquid solution was placed in a Petri dish and the
liquid level was adjusted to be at the overlap point of the incident
800 nm and infrared beams. The reflected 800 nm beams from
the surfaces (the top surface of the solid, the bottom surface of
the solid, the liquid surface or from the dish) were blocked by
spatial filters placed after the sample. The scattered 800 nm
beam was further filtered out by two SPF-750 filters and two
notch filters placed in front of the monochromator entrance slit.
The spectra presented here are the average of at least two
replicate spectra. The spectra were acquired at the ambient
condition of 23 °C and a relative humidity (RH) of 38% and 0%
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with a 5 min CCD acquisition time. The BBSFG investigation
under 38% RH was performed by placing the alumina into a
sealed bottle with saturated piperidine vapor for 5 min (vapor
pressure of piperidine = 28.3 Torr at 25 °C*®) and then placing
the alumina crystal back onto the sample stage to investigate
the air—solid interface. The BBSFG investigation under 0% RH
was performed with a home-built SFG cell. The cell was equipped
with a BaFy window as the optical input port and a BK7 window
as the optical output port. There is one gas inlet at the bottom
of the cell and one gas outlet at the top of the cell. The freshly
annealed alumina single crystal was kept under ambient
conditions (47% RH) for more than 30 min to allow the surface
to become hydrated (i.e., hydroxylated), and then the crystal
was placed into the cell. The cell was purged with HyO-free air
(generated by a Balston FTIR purge gas generator, model 75—
62) for 1 h to remove physisorbed water from the alumina surface
and afterward continuous purging was maintained throughout
the experiment. A small amount (0.25 mL) of piperidine liquid
was introduced into the inlet gas tubing, and the purging gas
carried piperidine vapor into the cell to interact with the alumina
surface. After 1 h of purging, the BBSFG spectrum from the
alumina surface was recorded in situ.

The scanning SFG system was used to acquire the O—H
stretching region of the spectra from the surface of the alumina.
This system utilizes a visible beam at 532 nm and an infrared
beam tunable from 2500 to 4000 cm~! with a bandwidth of ~4—8
cm~! depending on the spectral region. The 532 nm beam is
generated by doubling the frequency (second harmonic) of the
1064 nm pump source from an EKSPLA PL 2143A/SS Nd:YAG
laser (29 ps pulse duration and 10 Hz repetition rate). The infrared
beam is generated from a KTP—KTA-based optical parametric
generator/amplifier (OPG/OPA) system (LaserVision). The input
532 nm intensity is focused using a plano-convex lens (CVI Laser,
500 mm focal length) and is placed ~490 mm before the sample
surface to provide an ~1 mm beam diameter and 400 uJ per
pulse of 532 nm light on the sample surface. The infrared is
focused at the sample surface using a BaF; lens (200 mm focal
length), where it has <0.5 mm beam diameter, and is ~400 uJ
per pulse. The input angles are ~45° and ~53° from the surface
normal for the 532 nm and infrared beams, respectively. The
detection angle is set to 45.6° from the surface normal for sum
frequency detection. Several spatial, Schott glass, and notch
filters are used to block the 532 nm beam from entering the
detection system. A 512 pixel x 512 pixel array, 12.3 mm x 12.3
mm active area, 24 um square pixel size, back illuminated CCD
(DV412, Andor Technology) is used to detect the sum frequency
signal. The CCD is thermo-electrically cooled and the CCD
temperature was set at —45 °C during the experiments. A home-
written program in Labview and C+ languages was used for
data acquisition. The scanning SFG spectra presented in this
paper were acquired using a 10 s exposure time for each data
point, and spectra were acquired in 20 min (from 2700 to 4000
cm 1), The spectra presented here are the average of at least two
replicate spectra. The polarization combination used for the
scanning SFG experiments presented here are s, s, and p for the
SFG, 532 nm, and infrared beams, respectively. The nonresonant
response from the GaAs surface was used for normalization. The
scanning SFG spectra were acquired at the ambient condition
of 21 °C and 35% RH.

The Raman experimental setup consists of a 532 nm CW laser
(Spectra-Physics, Millennia II), a 5 mm focusing Raman Probe
(InPhotonics, RP 532-05-15-FC.), a 500 mm monochromator
(Acton Research, SpectraPro SP-500) using a 600 g mm~! grating
and a back-illuminated CCD (Roper Scientific, LN400EB, 1340
pixel x 400 pixel array and deep depletion). Raman spectra were
collected using a fiber optic, which was coupled to the entrance
slit of the monochromator through a fiber optic imaging coupler
(Acton Research, FC-446-030). SpectraSense software (Acton
Research version 4.1.9) was used for data collection and display.
The power of the 532 nm beam for sample illumination was 90
mW. Before data collection, the Raman system was calibrated
by using the 435.83 nm line of a fluorescence lamp and was
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verified by comparison to the Raman spectrum of naphthalene.
The Raman spectral resolution and acquisition temperature were
0.8 cm~! and ~23 °C. The sample was placed in a glass vial. The
sample glass vial was placed in a home-built sample holder, which
holds both the sample vial and the Raman probe. The alignment
of the Raman probe in the sample holder can affect the detected
Raman intensity to some extent. The intensity variation can be
normalized by taking a Raman spectrum of a reference sample
(i.e., neat piperidine in this study) when comparison of the Raman
intensity between different samples is necessary.

A Thermo Nicolet FTIR spectrometer (Avatar 370, Thermo
Electron Corporation) was employed in the FTIR spectroscopy
experiments. The spectrometer is equipped with a DTGS KBr
detector and purged with hydrocarbon-HyO-COgq-free air. Spectra
were collected with a spectral resolution of 4 cm~! and 128 scans
at a temperature of ~ 24 °C. A demountable IR cell equipped
with a pair of CaFs windows was utilized. The second derivative
method was used to obtain the positions of the overlapped peaks
in the FTIR spectrum as a resolution enhancement technique.

The XPS measurements were performed with a Kratos Axis
Ultra photoelectron spectrometer. Experiments were conducted
at room temperature with a base pressure in the 4.4 x 1071 Torr
range. The monochromatic Al Ko X-ray source was operated at
130 W (1.3 kV, 10 mA). Survey spectra were acquired at a pass
energy of 80 eV with 100 ms dwell time to determine the surface
contamination.

The pH measurements of aqueous solutions were performed
with a pH meter from Oakton Instruments (pH Testr 3+ Double
Junction) at the ambient temperature of 22 °C. The pH meter
was calibrated with Fisher Scientific buffer solutions. Values
are averages of three readings.

Surface tensions were measured at the ambient temperature
of 22 °C using a surface tensiometer (DeltaPi, Kibron Inc.,
Finland), which employs the Wilhelmy method. Values are
averages of five readings.

The o-AlyO3 single-crystal (c-cut, (0001) plane) parallel
windows (1 in. in diameter and 1/4 in. thick) were purchased
from Marketech International (Port Townsend, WA) with a purity
0f99.995%. The crystal was highly polished with a surface quality
of 20-10 (it has been found in this study that crystals without
a highly polished surface can more efficiently generate white
light by high-intensity 532 nm input). The crystal was investi-
gated by XPS after being received from the supplier to make
certain that there was no inorganic contamination (especially
silica) at the alumina surface. The XPS spectrum is shown in
Figure 1A. Before the SFG experiments, the alumina crystal
was annealed in a muffle oven (Fisher Scientific, Isotemp Muffle
Furnace) at 900 °C for more than 12 h in order to remove possible
organic contamination. After the crystal was cooled to room
temperature, the crystal was kept under ambient conditions for
more than 30 min to allow its equilibrium with the water vapor
in the air. Then, the SFG experiments were performed on the
alumina surface before and after the piperidine adsorption.

Ithasbeen reported that using laboratory glassware to handle
alumina may cause silica contamination at the alumina
surface.*6~49 This has been observed in this study when soaking
alumina in water in glass containers, as shown in the XPS
spectrum in Figure 1B. The data shown in this study were
obtained from the silica-free alumina surface. It has been found
in this study that the silica contamination can affect the SFG
spectrum of the alumina surface, especially in the O—H stretch
region, i.e., causing changes in the aluminol OH peak intensity.

Analytical grade piperidine (99%) obtained from Aldrich and
Nanopure water of 18.2 MQ-cm resistivity were used to make
aqueous piperidine solutions. ACS grade HCl (37%) was pur-
chased from Fisher Scientific. The commercial chemicals were
used as received. Piperidium chloride was synthesized by reacting
piperidine with HCI solution and the needle-like white poly-
crystalline product was air-dried. Glassware was thoroughly
cleaned with an ammonium persulfate sulfuric acid solution.
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Figure 1. Characteristic XPS survey of the a-alumina (0001)
surface. (A) Clean alumina surface and (B) silica-contaminated
alumina surface.

Since an SFG-active vibrational mode must be both IR-active
and Raman-active, an IR spectrum and a Raman spectrum of
the chemicals of interest were obtained and analyzed before
performing the SFG spectrum curve-fit. By performing curve-
fits on the IR and Raman spectra, the number of peaks, peak
position, and bandwidth of both Raman and IR active modes can
be obtained. These peak parameters are used as references when
setting the initial guess and the confinement parameters in the
SFG curve-fitting process, as well as determining the possible
numbers of the peaks that can exist in the SFG spectrum.

Results and Discussion

To fully understand piperidine adsorption on the
alumina surface, prior elucidation of the hydroxylated
alumina surface is crucial. Figure 2 shows the air—solid
interfacial scanning SFG spectrum obtained from the
alumina (0001) surface under ambient conditions with
35% RH. The scanning SFG spectrum reveals a broad
spectral profile and a sharp free OH peak (dangling OH)
within the O—H stretching region of 3000—3800 cm ™. In
the free OH region, both the free OH stretching of ad-
sorbed water molecules and the free aluminol OH stretch-
ing can contribute to the SFG response. The free OH
stretch of the dangling water OH at the air—water
interfaceis at ~3700 cm™1.4250-52 The aluminol OH stretch
with the oxygen coordinated by three aluminum atoms
has been previously observed at ~3710 cm™! via infrared
spectroscopy.?®~>¢ The broad band observed from 3000 to
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Figure 2. Scanning SFG spectra of the air—solid interface of
hydrated o-alumina (0001) surface (open circles) and the air—
liquid interface of neat water (solid circles).

3600 cm ! is assigned to molecularly adsorbed water and
hydrogen-bonded surface hydroxyl (AlO—H- - -). This is
consistent with previous assignments for alumina surface
hydroxyls”53-57 and water at the air—water interface.*250-52
The difference between the air—alumina spectrum and
the air—water spectrum in the broad O—H stretching
region of 3000—3600 cm ™! as shown in Figure 2 indicates
that the hydrogen-bonding network at the alumina surface
is different from that of the air—water interface. It is also
noted that thereis a baseline increase in the SFG spectrum
ofthe air—alumina interface from 3700 to 4000 cm ™. This
baseline increase is consistent with previous FTIR studies
of the alumina (0001) surface.?’

The a-Al;Oj3 single crystal surface has been extensively
studied in recent years.6~8111257.58 A brief discussion is
therefore presented here because of its relevance to this
research. Previous studies on single-crystal o-Al;Os
surfaces can be classified into two types: ultrahigh vacuum
(UHV), and in the presence of water vapor (typically under
ambient conditions). The surface structures of the alumina
(0001) surface under the two conditions are completely
different. Under UHV conditions, theoretical prediction®®
and experimental investigation!® have revealed that the
(0001) surface is relaxed and terminated with an alumi-
num layer. The relaxation is believed to consist of a large,
nearly bond-length-conserving displacement of the surface
atoms from their bulk positions.5® This eventually results
in an energetically favorable Al-terminated layer. Com-
pared with the relatively simple surface structure under
UHV conditions, the structure of the alumina (0001)
surface under ambient conditions is far more complicated
due to exposure to ambient water vapor. The interaction
of alumina at the (0001) surface with gas-phase water
results in significant modifications of the alumina sur-
face structure. Recent ab initio studies have indicated
that HsO can be dissociatively adsorbed on the alumina
surface, resulting in an O-terminated outermost layer.”
The H,0 dissociation produces two distinct types of surface

(54) Ballinger, T. H.; Yates, J. T., Jr. Langmuir 1991, 7, 3041—
3045.

(55) Mawhinney, D. B.; Rossin, J. A.; Gerhart, K.; Yates, J. T., Jr.
Langmuir 2000, 16, 2237—2241.

(56) Ivey, M. M.; Layman, K. A.; Avoyan, A.; Allen, H. C.; Hemminger,
J. C. J. Phys. Chem. B 2003, 107, 6391—6400.

(57) Al-Abadleh, H. A.; Grassian, V. H. Langmuir 2003, 19, 341—
347.

(58) Liu, P.; Kendelewicz, T.; Brown, G. E., Jr.; Nelson, E. J.;
Chambers, S. A. Surf. Sci. 1998, 417, 53—65.

(59) Godin, T. J.; LaFemina, J. P. Phys. Rev. B1994,49, 7691—7696.
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Figure 3. BBSFG spectrum of the air—solid interface of

hydrated o-alumina (0001) surface after piperidine adsorption.
The alumina crystal was exposed to piperidine vapor for 5 min.

hydroxyl groups: O.qH and OsH. The O,4:H originates
from surface water molecules, and the O;H originates from
the surface oxygen of the alumina. The two types of surface
hydroxyl groups have different infrared frequencies found
at ~3780 cm ! for O,4.H and 3450 cm ! for O H due to the
differing A1—O coordination. The 3780 cm™! value is in
good agreement with the assignment for the terminal OH
on a 4-fold-coordinated Al. The O H is typically assigned
to a broad peak which overlaps with the molecularly
adsorbed H2O bands ranging from 3400 to 3600 cm™'. The
broad surface hydroxyl O;H feature is then complicated
by the hydrogen-bonding network resonances. This in-
terpretation is consistent with studies on the desorption
of molecular HyO from the hydroxylated single-crystal
o-Al;O3 (0001) surface using laser-induced thermal de-
sorption (LITD) and temperature-programmed desorption
(TPD) techniques.'2 The large temperature range for H,O
desorption observed suggested a variety of hydroxyl
surface sites with different binding energies. The existence
of molecularly adsorbed HyO in addition to the surface
hydroxyl at the oa-alumina (0001) surface was also
confirmed in a recent study of crystal truncation rod X-ray
diffraction performed under ambient conditions.® Their
result suggested that there was a physisorbed (hydrogen-
bonded) water layer on top of the surface hydroxyl layer.
In an FTIR study performed on the (0001) a-alumina
surface under different humidity conditions, it was found
that at humidities higher than 10% molecularly adsorbed
Hy0 exists at the alumina surface, which can form a
structured overlayer when the humidity is between 10%
and 70%.%7 Additionally, this study revealed that a quasi-
liquid layer was formed when humidity was higher than
70%.

On the basis of the SFG results, as shown in Figure 2,
in addition to previous studies by others,%"57 the hydrated
a-Al; O3 (0001) surface at 35% RH can be described as a
hydrogen-bonding network formed by molecularly ad-
sorbed water in addition to surface hydroxyl groups
hydrogen-bonded to the adsorbed water. The piperidine
vapor used in the adsorption experiments is expected to
interact with this hydrogen-bonded water layer and/or
directly with the surface hydroxyl groups of alumina. The
studies are presented below.

Figure 3 shows the BBSFG spectrum of the air—Al;O3
interface after the Al,O3 was exposed to piperidine vapor
for 5 min. At least two SFG peaks are observed in the
C—H stretching region after alumina was exposed to the
piperidine vapor. Clearly, piperidine molecules are ad-

Ma et al.

sorbed onto the Al,O3 surface, as indicated by the observed
peak frequencies that correspond to piperidine vibrational
frequencies. (Spectral fits and assignments are presented
in the following sections.)

The observed peak frequencies shown in Figure 3 are
slightly different from previously published piperidine
frequencies.?0%3 A frequency shift of the CH; peaks is
what one would expect to observe if piperidine is interact-
ing with the alumina surface hydroxyl groups and/or the
surface-adsorbed water. The interaction between piperi-
dine and the alumina surface can be elucidated by
comparison to spectroscopic signature frequencies of other
carefully chosen systems, and therefore, additional studies
were conducted.

Three adsorption mechanism scenarios are shown in
Figure 4 based on the hydrated surface structure of
o-alumina as discussed above. Scenario I is a hydrogen-
bonding model in which piperidine is adsorbed to either
the water layer or the surface hydroxyl groups through
formation of a hydrogen bond. Recent ab initio calculations
indicated that amines can only act as hydrogen-bonding
acceptors by donating the N electron lone pair when
interacting with HyO.%* Therefore, in this model scenario,
the amine group of piperidine only acts as a hydrogen-
bonding acceptor. The methylene groups are not expected
to strongly interact with the surface.

Scenario II is a protonation model in which piperidine
is protonated by a surface water molecule or surface
hydroxyl. Recall that piperidine is a strong organic base
with a pK, of 11.07;%%66 therefore, it is reasonable to expect
water to protonate piperidine. On the other hand, the
reported isoelectric point (IEP) of a-Al,03 18 9,47 suggesting
that the alumina surface hydroxyl group is an unlikely
protonating agent. However, the IEP literature value was
obtained from measurements on a-Al,O3; powders. More
recent studies have shown that, at the single-crystal
o-Al;05(0001) surface, the IEP value is ~5,476768 implying
that the surface hydroxyl groups of the single-crystal
a-Al,03(0001) surface can be more acidic than H,O. From
Scenario I, two protonation options are included and both
are possible candidates.

Scenario III is a quasi-liquid layer model in which
piperidine forms a liquidlike layer at the alumina surface.
In this model, the piperidine predominately interacts with
other piperidine molecules. Previous studies indicated that
piperidine has a weak tendency to form a piperidine dimer
through an intermolecular hydrogen-bonding interac-
tion.%® Though the dimerization tendency is weak, the
dimer species was included to provide a complete picture
of the quasi-liquid layer model. Other possible scenarios
might include the formation of an A1—N bond; however,
this is considered an unlikely model candidate in this study
since there are no unoccupied Al coordination sites
available.
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1984, 88, 1762—1766.
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Figure4. Schematic ofthe three possible adsorption scenarios of piperidine at the hydrated a-alumina (0001) surface: (I) hydrogen-

bonding, (II) protonation, and (III) liquidlike.

To evaluate the viability of the three scenarios shown
in Figure 4, we have used one of the piperidine vibrational
modes in the C—H stretching region as a spectroscopic
probe. (The N—H stretch vibrations are not used as a probe
since these peaks overlap with the O—H stretch region.
In addition, the N—H of piperidine also takes part in
hydrogen bonding which broadens the peaks.) Recall that
the vibrational frequency provides information on the
strength of the chemical bond which is influenced by the
chemical environment. If we can identify frequency shifts
of the piperidine C—H stretching vibrations upon forma-
tion of hydrogen bonds or protonation, it is possible to
distinguish between hydrogen-bonded piperidine, pro-
tonated piperidine, and liquidlike piperidine. The follow-
ing three spectra were used to establish a reference
system: the BBSFG spectra as shown in Figure 5 of the
air—neat piperidine interface (Figure 5A), the air—aqueous
piperidine interface (Figure 5B), and the air—aqueous
piperidium chloride interface (Figure 5C). The three
spectra establish reference vibrational frequencies for
liquidlike piperidine, H-bonded piperidine by surface OH
and/or surface water, and protonated piperidine by surface
OH and/or surface water. Clearly, these spectra are quite
different from each other. As expected, spectral features
of piperidine are sensitive to chemical environment.

To compare the CH; vibrational frequencies of piperidine
in the reference spectra shown in Figure 5A—C to that of
the SFG spectrum of piperidine adsorbed onto the alumina
surface shown in Figure 3, curving-fitting was performed
in order to obtain accurate peak positions free of overlap-
ping neighbor peaks. The SFG peak fitting is completed
utilizing fitting parameters from Raman and IR spectra.
The Raman and IR spectra of neat piperidine and their
fits are shown in Figure 6. The second-derivative method
provided the initial guesses for peak positions and number
of peaksin the Raman and FTIR fittings of neat piperidine.
The seven peaks used to fit both the Raman and IR spectra
and the fitted peak positions, as well as the peak positions
obtained by the second-derivative technique, are listed in
Tables 1 and 2. The fitted IR peaks and the second-
derivative peaks of neat piperidine are consistent with
each other. The spectral assignments for the neat pi-
peridine peaks are based on previous studies.®0-63

A piperidine molecule has two a-methylene groups, two
f-methylene groups, and one y-methylene group. Piperi-
dine can also exist as two conformers, equatorial and
axial.”” The Raman 2854 cm™! peak (2851 cm™! for IR)
and 2933 cm ™! peak (2932 cm™! for IR) are assigned to the
CH_, symmetric stretch (CH2-SS) and asymmetric stretch
(CH3-AS) ofthe y-methylene and 5-methylene groups. The
four Raman peaks at 2732 (2730 for IR), 2803 (2799 for
IR), 2893 (2897 for IR) and 2916 (2918 for IR) cm™! are
assigned to the a-methylene groups in-phase and out-of-
phase couplings. Previous studies showed that when one

(70) Scott, D. W. J. Chem. Thermodyn. 1971, 3, 649—656.
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Figure 5. BBSFG spectra of (A) the air—neat piperidine
interface, (B) the air—aqueous piperidine interface with a 1:500
mole ratio between piperidine and H2O, and (C) the air—aqueous
piperidium chloride interface with a 1:100 mole ratio between
piperidium chloride and H3O. P, piperidine; PCl, piperidium
chloride.

o-methylene group is deuterated, the coupling effect will
disappear and the two peaks at 2732 and 2803 cm ™! will
become one peak at around 2760 cm 1.5 The Raman 2947
cm™! peak (2943 ecm™! for IR) observed here was not
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Figure 6. Raman and FTIR spectra of neat piperidine: solid circles, experimental; solid line, Lorentzian fit; blue line, overall fit;
dot—dash, the second derivative spectrum; red line, probe peak.

Table 1. Fitting Results and Assignments of the Raman Spectra of Neat Piperidine, Aqueous Piperidine Solutions, and
Aqueous Piperidium Chloride Solutions®

CH2-SS (em™)

CH2-AS (em™)

neat piperidine 2732 2803 2854
piperidine: HO (1:10) 2732 2802 2853
piperidine:H»O (1:100) 2752 2862
piperidium chloride:H20 (1:10) 2775 2874
piperidium chloride:H20 (1:100) 2777 2875

@(1:10) and (1:100) are mole ratios.

2893 2916 2933 2947

2891 2903 2931 2944 2957
2911 2945 2960
2905 2926 2935 2961 2973 3002
2907 2927 2936 2964 2976 3005

Table 2. Fitting and Second-Derivative Results and Assignments of the FTIR Spectra of Neat Piperidine, Aqueous
Piperidine Solutions, and Aqueous Piperidium Chloride Solutions®

CH2-SS (em™1)

CH3-AS (cm™)

neat piperidine 2730 2799
neat piperidine (2d) 2733 2805
piperidine:Hz0 (1:10) (2°d) 2740 2805
piperidium chloride:H20O (1:10) (274) 2774

a (2nd) means second derivative; (1:10) is the mole ratio.

reported in previous studies. As shown in Figure 6, this
peakis clearly resolved by the second-derivative technique
and is tentatively assigned to the CH»-AS of the equatorial
conformer.%® The CH,-SS peaks of the two conformers
cannot be resolved in this study, and therefore, the 2854
cm™! peak is assigned to two conformers since both of the
conformers have been shown to exist in liquid.®

The neat piperidine fitting parameters as discussed
above were used as references for fitting the Raman
spectra of the aqueous piperidine and aqueous piperidium
chloride solutions. Due to the strong HyO absorption
interferences, the peak positions in the IR spectra of the
aqueous piperidine and aqueous piperidium chloride
solutions were obtained only from the second derivative
spectra.

The Raman spectra of the aqueous systems are shown
in Figure 7A—D, and the peak frequencies from the Raman
fits and the FTIR second derivative spectra are listed in
Tables 1 and 2.

As revealed in Figure 7A—D, protonation and the
presence of water can dramatically change the piperidine
spectrum. For example, the CH,-SS (2803 cm™!) peak
intensity diminishes at the higher H,O concentration (mole
ratio = 1:100) (Figure 7B), and upon protonation (Figure
7C—D). The peak frequency of the CH2-SS (2854 cm™1) is
shifted to higher frequency (blue-shifted) due to the
addition of water and protonation, as revealed by the
dashed line in Figure 7. Protonation causes the greatest
blue-shift. The peaks at 2957 and 2960 cm ™! (Figure 7TA—
B) in the aqueous piperidine solutions and the peaks at
2973 and 2976 cm™! (Figure 7C—D) in the aqueous

2851
2851
2858
2873

2897 2918 2932 2943

2894 2917 2933 2943

2887 2907 2935 2943 2953
2902 2920 2937 2959 2968

piperidium solutions are newly observed peaks compared
to the neat piperidine spectrum and are assigned to the
CH3-AS of hydrogen-bonded piperidine and the CH2-AS
of protonated piperidine.

On the basis of the Raman and FTIR results, the CHo-
SS peak at ~2854 cm™!, as denoted by the red lines in
Figure 6, was selected as the spectroscopic probe in this
study since it resides in a relatively clean spectral region
and its frequency is sensitive to the chemical environment
variations such as the addition of water and protonation.

Using the parameters obtained from the Raman and
IR fits, the three reference spectra in Figure 5A—C were
fitted. These fits are shown in Figure 8A—C. The fitted
peak frequencies are listed in Table 3. At the air—neat
piperidine interface (Figure 8A), where piperidine does
not form a hydrogen bond with H;O, the CH2-SS probe
peaklies in the low-frequency region of the observed shifts,
at 2854 cm™!. At the air—aqueous piperidine interface
(Figure 8B), where piperidine interacts with HoO and
forms a hydrogen bond by donating the nitrogen lone
electron pair, the CH,-SS is blue-shifted to ~2862 cm™1.
The blue-shift magnitude depends on the amount of water
in the piperidine, as shown in Table 3. The higher the
H>0 concentration, the larger the blue-shift. At the air—
aqueous piperidium chloride interface (Figure 8C), the
CH,-SS peak frequency is further blue-shifted to 2874
cm~ !, Considering that piperidine can be protonated by
H,0, as indicated by the basic pH values of aqueous
piperidine solutions in Table 3, the BBSFG spectrum of
the air—aqueous piperidine interface (Figure 8B) is
expected to have spectral contributions from both hydro-
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Figure 7. Raman spectra of (A) aqueous piperidine with a
1:10 mole ratio between piperidine and H20O, (B) aqueous
piperidine with a 1:100 mole ratio between piperidine and HyO,
(C) aqueous piperidium chloride with a 1:10 mole ratio between
piperidium chloride and H;O, and (D) aqueous piperidium
chloride with a 1:100 mole ratio between piperidium chloride
and HO: solid circles, experimental; solid line, Lorentzian fit;
blue line, overall fit; red line, probe peak; P, piperidine; PCI,
piperidium chloride. The dashed line shows the variation of
the probe peak positions in different solutions.

gen-bonded piperidine and protonated piperidine. How-
ever, the presence of the CHy-SS at ~2820 cm™! in the
BBSFG spectrum of the air—aqueous piperidine interface
(Figure 8B), which is not present in the BBSFG spectrum
of the air—aqueous piperidium chloride interface (Figure
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Figure 8. Spectral comparison of the BBSFG spectra of (A)
the air—neat piperidine interface, (B) the air—aqueous pi-
peridine interface with a 1:500 mole ratio between piperidine
and H;O, (C) the air—aqueous piperidium chloride interface
with a 1:100 mole ratio between piperidium chloride and H5O,
and (D) the air—alumina interface after piperidine adsorption
under 38% RH: solid circles, experimental; solid line, Lorentzian
fit; blue line, overall fit; red line, probe peak; green line, peak
with negative phase in the SFG fitting; P, piperidine; PCl,
piperidium chloride. The dashed line shows the variation of
the probe peak positions at different surfaces; x5, x10, and
x50 denote peak magnification.

8C), indicates the dominating presence of hydrogen-
bonded piperidine (lack of protonated piperidine) at the
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Table 3. Fitting Results and Assignments of the BBSFG Spectra from the Air—Liquid Interfaces of Neat Piperidine,
Aqueous Piperidine Solutions, and Aqueous Piperidium Chloride Solutions and the Air—Alumina Interface after the
Piperidine Adsorption under 38% RH and 0% RH*

CH2-SS (em™1)

CHy-AS (em™1)

neat piperidine

piperidine:H20 (1:10) (pH = 12.86) 2820
piperidine:H20 (1:100) (pH = 12.31) 2821
piperidine:H>O (1:500) (pH = 11.87) 2822
piperidine:H2O (1:1000) (pH = 11.62) 2823

piperidium chloride:H20 (1:100) (pH = 2.93)
AlyOs—piperidine (38% RH)
AlyOs—piperidine (0% RH)

@ (1:10), (1:100), (1:500), and (1:1000) are mole ratios.

80
e<—(neat water)
70 A
E <——(1:1000)
= <—(1:500
£ 604 ( )
c
°
2
2 501 § <—(1:100)
g
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Concentration (M)

Figure 9. Surface tensions at 22 °C of neat water, neat
piperidine, and aqueous piperidine solutions. (1:10), (1:100),
(1:500), and (1:1000) are mole ratios between piperidine and
H,0.

air—aqueous piperidine interface. This is consistent with
the a-CH,-SS peak at ~2800 cm ™! observed in the Raman
spectrum of a 1:10 piperidine/H,O aqueous solution
(Figure 7A), which did not show up in the Raman spectra
of the aqueous piperidium chloride solutions (Figure 7C
and D). Surface tension measurements also support that
piperidine is the surface-adsorbed species at the aqueous
piperidine surface. As shown in Figure 9, the addition of
piperidine (surface tension of neat piperidine is 29.1 mN/
m) into water can significantly decrease the surface
tension, indicating that piperidine is surface-active. How-
ever, the measured surface tension of aqueous piperidium
chloride (1: 100 piperidium chloride/H50) is 70.3 mN/m,
which is very close to the surface tension of pure water
(72.5 mN/m). This clearly indicates that piperidium is not
as surface-active. Therefore, the surface-adsorbed species
of the aqueous piperidine solution is piperidine rather
than piperidium.

The BBSFG spectrum ofthe air—alumina interface after
alumina was exposed to the piperidine vapor is shown in
Figures 3 and 8D. The spectrum in Figure 8D shows the
fit. The peak frequencies are listed in Table 3. The CHo-
SS spectroscopic probe peak is observed at 2875 cm™!.
This frequency is almost the same as that of the air—
aqueous piperidium chloride interface (frequency at 2874
cm™1) but higher than that of the air—aqueous piperidine
interface (frequency at ~2862 ¢cm™!) and the air—neat
piperidine interface (frequency at 2854 cm™1!). Further-
more, the spectral appearances of the two spectra shown
in Figure 8C and D are quite similar to each other. This
result strongly suggests that adsorbed piperidine at the
alumina surface is protonated. Furthermore, the reaction
of HCl vapor with the adsorbed piperidine at the alumina

2854 2891 2915 2937 2948
2860 2919 2941 2953
2861 2913 2942 2955
2862 2916 2942 2959
2862 2922 2942 2964
2874 2910 2940 2959
2875 2910 2940 2959
2874 2907 2946 2956
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Figure 10. BBSFG spectrum of the air—alumina interface
after piperidine adsorption under 0% RH: solid circles,
experimental; solid line, Lorentzian fit; blue line, overall fit;
red line, probe peak; P, piperidine. x10 denotes peak magni-
fication.

surface was performed. The BBSFG frequency of the probe
peak position showed no change after HCI exposure.
Therefore, the protonated model, Scenario IT in Figure 4
should be the adsorption mechanism of piperidine onto
the a-Al;O35 (0001) surface.

Scenario II illustrates two different types of surface-
adsorbed piperidine species. One type is piperidine
protonated by surface-physisorbed water (physisorption)
and the other is piperidine directly protonated by surface
hydroxyl groups (chemisorption). Though both types of
protonation are possible, the pH values of aqueous
piperidine solutions as listed in Table 3 indicate that
piperidine rather than piperidium is predominant in the
aqueous environment. For example, an estimate based
on the Henderson—Hasselbalch equation, log[piperidine]/
[piperidium * 1 = pH — pK,, reveals that there is only
about 20% piperidium even in the most-dilute piperidine
solution with a (1:1000) mole ratio between piperidine
and H;0 (pK, of piperidine = 11.07%55¢), Therefore, if there
is a substantial amount of piperidine protonated by H.O
at the alumina surface, there will be a substantial amount
of piperidine (not protonated) coexisting at the alumina
surface. However, this is not the case since Figure 8D
only shows the existence of piperidium at the alumina
surface. This means that the majority of the surface-
adsorbed species should be piperidine protonated by the
alumina surface hydroxyl groups. To further confirm that
piperidine can be protonated by the alumina surface
hydroxyl groups, the adsorption mechanism was inves-
tigated under 0% RH. To perform the experiment under
0% RH, the freshly annealed alumina crystal was first
cooled and then kept in lab air (47% RH) for more than
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Figure 12. The scanning SFG spectra ofthe air—solid interface
of hydrated o-alumina (0001) surface before (open circles) and

after the piperidine adsorption (solid triangles). The alumina
crystal was exposed to piperidine vapor for 5 min.

30 min to allow the surface to become hydrated (hydrox-
ylated). As discussed previously, hydrated alumina under
ambient conditions is covered by a surface hydroxyl layer
and physisorbed water layers. The physisorbed water was
removed by placing the alumina crystal into a home-built
SFG cell and continuously purging with HyO-free air for
1 h. The scanning SFG study in the OH stretch region
showed that 1 h of purging with HyO-free air was enough
to decrease the SFG intensity in the 3000—3600 cm™!
region to the baseline level, indicating the removal of the
surface-physisorbed water. Then, piperidine vapor was
introduced into the SFG cell to interact with alumina
surface hydroxyl groups. The cell was continuously purged
by HsO-free air for 1 h, and then the BBSFG spectrum
was recorded in situ. Further purging the SFG cell or
introducing additional piperidine vapor into the cell
resulted in no spectral variation of the observed BBSFG
spectrum shown in Figure 10. Fitting results are listed in
Table 3 and indicated the formation of piperidium
(piperidine protonated by surface hydroxyl groups only)
on the alumina surface. In summary, Figure 11 illustrates
the model scenario and the comparison between the
alumina surface and the reference systems. Conclusively,
piperidine is chemisorbed onto the alumina (0001) surface
through protonation by surface hydroxyl groups.
Figure 12 shows the scanning SFG spectra of the
alumina surface before and after piperidine adsorption.
In addition to the piperidine peaks in the C—H region,
two features are observed in the OH region. After the

piperidine adsorption, the free OH peak at 3700 cm™! is
observed and remains nearly unchanged, except for the
slight broadening of its bandwidth. In addition, the
hydrogen-bonding network of adsorbed water and the
hydrogen-bonded hydroxyls in the 3000—3600 cm ! region
are affected by adsorption of piperidine, as revealed by
the SFG intensity decrease in this spectral region. The
broad OH stretching peak of the SFG spectrum in the
3000—3600 cm™! region contains two major component
peaks located at ~3200 and ~3450 cm™!. On the basis of
the spectral assignments from water cluster studies,”* =73
the 3200 em™! component is due to the single-donor OH
stretch of the hydrogen-bonded surface waters and the
3450 cm™! component is assigned to the double-donor OH
stretch of the hydrogen-bonded surface waters. In addition,
the 3450 cm ™! component also has contribution from the
hydrogen-bonded alumina surface hydroxyls.”?3~57 Fitting
results confirmed that the intensity of the two component
peaks decreased after the piperidine adsorption. Since
piperidine protonation requires the removal of protons
from surface hydroxyls, this will result in the decrease of
the hydroxyl group surface number density and conse-
quently cause the SFG intensity decrease of the 3450 cm ™!
component peak.

Conclusion

The interfacial vibrational signature in the C—H
stretching region of piperidine at the hydrated o-Al,O3
(0001) surface is a sensitive spectroscopic probe revealing
the adsorption mechanism of piperidine to the alumina
surface. Results indicate that piperidine is protonated by
surface hydroxyl groups upon adsorption onto the alumina
surface. The O—H stretching region of the alumina surface
before and after piperidine adsorption was also investi-
gated, and results revealed the decrease of the surface
number density of alumina surface hydroxyl groups.
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