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Two sample cells designed specifically for sum-frequency-generation �SFG� measurements at the
solid/liquid interface were developed: one thin-layer analysis cell allowing measurement of films on
reflective metallic surfaces through a micrometer layer of solution and one spectroelectrochemical
cell allowing investigation of processes at the indium tin oxide/solution interface. Both sample cells
are described in detail and data illustrating the capabilities of each are shown. To further improve
measurements at solid/liquid interfaces, the broadband SFG system was modified to include a
reference beam which can be measured simultaneously with the sample signal, permitting
background correction of SFG spectra in real time. Sensitivity tests of this system yielded a
signal-to-noise ratio of 100 at a surface coverage of 0.2 molecules /nm2. Details on data analysis
routines, pulse shaping methods of the visible beam, as well as the design of a purging chamber and
sample stage setup are presented. These descriptions will be useful to those planning to set up a SFG
spectrometer or seeking to optimize their own SFG systems for measurements of solid/liquid
interfaces. © 2010 American Institute of Physics. �doi:10.1063/1.3443096�

I. INTRODUCTION

The investigation of molecular behavior at solid inter-
faces in situ is of significant interest in the field of surface
science, particularly in such issues as the development of
biocompatible materials and material coatings, as well as a
furthering of the knowledge of basic surface chemistry and
physics.1–4 Recently, the technique of sum-frequency-
generation �SFG� spectroscopy has emerged as a tool par-
ticularly well suited to this task due to its surface sensitivity,
molecular-level detection, and ability to function under stan-
dard conditions.5–7 SFG spectroscopy has been previously
applied to the investigation of various materials at the gas/
solid interface,8 the gas/liquid interface,9–11 and the liquid/
liquid interface.12,13 However, applications of this technique
to solid/liquid interfaces have been fewer in number14 due at
least in part to the difficulties associated with the more com-
plex sample stage geometry required.

The first approaches to overcoming these difficulties
consisted of probing the solid/liquid interface in setup where
the solid itself was a flat window of optically transparent
material.15–19 This approach has yielded valuable information
about the adsorption of polyelectrolyte solutions,15 the be-
havior of water at the �-quartz interface at various pH
values,16 the conformation of liquid poly�ethylene glycol� in
contact with solid polymers,17 and the adsorption of amino
acids at hydrophobic and hydrophilic interfaces.18 However,
as the focus of these studies was on the outcome of the
experiments rather than the measurement method, the de-
scriptions of the sample cells used were somewhat limited.

Recent measurements made by York et al. at the
polystyrene/air interface demonstrated that signal strength in
SFG spectra was enhanced when the incoming beams were
directed through a prism instead of a flat window. This en-
hancement in the SFG signal is usually found by having one
of the incident beams near the total internal reflection �TIR�
condition.20 However, it was also shown that the SFG inten-
sity is strongly influenced by the dispersion of the absorptive
medium and that care must be taken in the quantitative
analysis of the SFG experimental data.21 Nevertheless, the
former geometry had been previously used by Becraft and
Richmond22 in their SFG investigations of water orientation
at the CaF2 /H2O interface, as well as by Hayes et al.23 in
their second-harmonic-generation studies of metal cations at
the fused quartz/H2O interface.

However, all of the methods used in the above-
mentioned studies require that the solid surface be both vis-
ible �VIS� and IR transparent. Furthermore, when investigat-
ing thin films, it is necessary that the molecules of interest be
immobilizable on this transparent surface, which is not the
situation in many interesting phenomena at the solid/liquid
interface. Stein et al.24 worked to overcome this limitation by
probing through the backside of a fused silica window coated
with a 20 nm layer of gold and covered with self-assembled
monolayers �SAMs� of alkanethiols or ethylene glycols. Us-
ing this setup, they were able to successfully quantify the
percentage of water retained in these films. However, previ-
ous works characterizing the synthesis of very thin metal
films have shown that achieving a fully closed film of such
thickness is no trivial task,25,26 and that surface roughness
stemming from incomplete film formation can complicate
the interpretation of the obtained SFG spectra.25 Further-
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more, using thin metal films increases the risk of total film
ablation if the intensity of the incoming beams is not care-
fully monitored and controlled. In this work we present a
thin-layer analysis �TLA� cell which solves the problems of
being limited to transparent substrates or very thin metal
films, offering the ability to probe the solid/liquid interface
on any opaque and suitably reflective substrate.

In addition to the TLA cell, we introduce a new spectro-
electrochemical �SPEC� cell specially designed to perform in
situ SFG measurements in a potentiostatically controlled
electrochemical environment. Numerous interesting pro-
cesses occurring at the solid/liquid interface involve charging
effects. Nevertheless, to date there has been much less work
done using both SFG and electrochemistry at these
interfaces.27 The majority of studies have been mostly con-
cerned with charged noble metals electrodes �Ag, Au, and Pt�
and their effects on CO �Refs. 28–31� and cyanide/
thiocyanate ion adsorption,32–36 on water orientation,37–41 or
on the conformation and self-assembly of alkanethiols
monolayers.42–44 These studies have mainly relied on SPEC
cells based on earlier designs developed for IR
spectroscopy,45 where a thin layer of electrolyte �1–5 �m�
is trapped between an electrode and an IR-transparent mate-
rial, usually a disk- or prismatic-shaped CaF2 window. How-
ever, these devices can either introduce an additional angular
parameter in the calculation of the SFG beam output angle or
reduce signal-to-noise ratio �SNR� in many spectral regions.
Moreover, such cells do not allow measurements adjacent to
a bulk aqueous environment and under varying flow condi-
tions. Recently, new cell designs circumventing these limita-
tions have appeared, although details on their construction
were limited.46,47 Our SPEC cell is based on the deposition
of a VIS- and IR-transparent indium tin oxide �ITO� conduc-
tive layer directly on the basal face of a hemicylindrical-
shaped CaF2 prism. The use of an ITO layer makes it pos-
sible to probe charging effects such as ion condensation or
water orientation in electric fields, while the prism shape
alleviates any angular constrains or signal attenuation prob-
lems.

The sample cells and instrumental details included in
this work represent, to the best of our knowledge, the first
such thorough descriptions for SFG at the solid/liquid inter-
face, and the schematics and applications described herein
will provide a reference for those wishing to either begin or
optimize their own in situ SFG measurements.

II. EXPERIMENTAL SETUP

A. SFG spectrometer

The generation of nonlinear signals from interfacial mol-
ecules requires high intensity laser light sources. Therefore,
picosecond and femtosecond laser setups are most often used
in SFG spectroscopy.48 Picosecond-based systems usually
have a large scanning range ��1000 cm−1� with a spectral
acquisition time on the order of tens of minutes. A
picosecond-based laser system is tuned within a certain fre-
quency range and an SFG signal is recorded by integrating
the intensity at each frequency. Broadband SFG spectrom-
eters based on femtosecond tunable laser systems are con-

ceptually different. In these, the broad SFG signal is imaged
through a spectrometer. This setup allows the detection of
SFG signals in a narrower spectral range ��70–200 cm−1�
with temporal resolution usually on the order of seconds. The
sample cells presented in Sec. II F can be used for both pi-
cosecond and femtosecond SFG spectrometers. Dynamic
processes on time scales from seconds to minutes are acces-
sible to both type of systems. However, kinetic measure-
ments obtained by picosecond systems are restricted to one
fixed frequency,49 while femtosecond systems can record a
spectral range.

Our femtosecond SFG spectrometer setup is based on a
broad bandwidth scheme.50 It consists of a femtosecond re-
generative amplifier �RGA� �Spitfire Pro 35F XP, Spectra-
Physics; sub-35 fs, 1 kHz� seeded by a mode-locked Ti:sap-
phire oscillator �Tsunami 3941-MS, Spectra-Physics; sub-30
fs, 80 MHz� with a tunable wavelength centered at 800 nm.
The regenerative amplifier and seed laser are pumped by
frequency-doubled Q-switched neodymium-doped yttrium
lithium fluoride �Nd:YLF� �Empower 30, Spectra-Physics;
30 W, 1 kHz, 527 nm� and Nd:YVO4 �Millenia Pro 5s,
Spectra-Physics; 5 W, 532 nm� solid-state lasers, respec-
tively. The RGA generates 120 fs duration pulses centered at
800 nm with a repetition rate of 1 kHz and an average power
of 4 W. The amplified output beam is then split up and the
larger fraction �80%� is used to pump an automated optical
parametric amplifier �OPA� �TOPAS-C, Light Conversion�
coupled to a noncollinear difference-frequency generator
�NDFG� �Light Conversion�. This generates broadband
�FWHM�70–200 cm−1� IR pulses which can be tuned
from 2.6 to 12 �m. The signal and idler beams are spatially
separated and spectrally filtered by a Ge plate �Crystec�. The
remaining fraction of the output beam �20%� is fed into an
air-spaced Fabry–Pérot etalon �SLS Optics; spacing d
=12.5 �m, free spectral range FSR=398.29 cm−1, effec-
tive finesse Feff=57.48 at 790 nm� which gives narrowband
�FWHM�1 nm�, asymmetric picosecond VIS pulses �see
Sec. II A 1�. A broadband reference �REF� beam is generated
simultaneously by sum frequency mixing of small portions
of the IR ��1%� and VIS ��1%� beams in one of the fol-
lowing nonlinear crystals: 0.6 mm thick LiIO3 �2.7–5 �m,
�=21.4°, and �=0°�, 0.2 mm thick AgGaS2 �5–6 �m, �
=71°, and �=45°�, or AgGaS2 �6–10 �m, �=54.4°, and
�=45°� �TOPAG Lasertechnik�. The beam path length prior
to the LiIO3 crystal is the same as the beam path length to
the sample stage. This allows for the recording of the exact
spectral profile of the incident IR beam on the sample stage
which can then be used for the data analysis as described in
Sec. II D. Linearly polarized IR, REF, and VIS beams are
independently directed and focused on the sample surface
with incident angles �relative to the surface normal� of 60°,
68°, and 70°, respectively �Fig. 1�.

A broadband SFG beam is produced when the narrow-
band VIS and broadband IR beams are spatially and tempo-
rally overlapped at the sample surface within a spot of
�200 �m in diameter. Figure 2 shows the beam profile of
the VIS pulse at the sample. The elliptical shape is due to the
incoming angle. The temporal overlap is accomplished
through the use of motorized delay lines. The incidence
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angle of the REF beam is carefully adjusted so that on re-
flection it propagates collinearly with the SFG beam. Maxi-
mum energies of �30 �J /pulse for the IR beam and
�40 �J /pulse for the VIS beam can be obtained immedi-
ately before the sample. Usually, the energy of the incoming
beams is adjusted by pinholes to prevent bubble formation or
sample ablation. The intensity of the reflected REF beam is
matched to that of the SFG beam using a variable neutral
density filter prior to the sample. The outgoing SFG and REF
beams are collimated by lenses, filtered through a short-pass
filter �3rd Millenium 770SP, Laser Components�, and dis-
persed in an imaging spectrograph �Shamrock SR-301i-B,
Andor Technology; focal length f =303 mm, 1200
grooves/mm grating blazed at 500 nm� equipped with both a
photomultiplier �R9110, Hamamatsu� and an air-cooled,
back-illuminated high-resolution charge-coupled device
�CCD� camera �iDus DU420A-BR-DD, Andor Technology;
254�1024 pixels�. SFG spectra with reasonable SNR are
typically obtained on a time scale of microseconds to sec-
onds. For alignment purposes, spectra can be recorded within
one or two pulses, allowing real-time intensity optimization
and frequency adjustment. Spectra are usually taken with a
ppp polarization combination for the SFG, VIS, and IR
beams, respectively. Other polarization combinations �ssp,
sps, and pss� are also accessible by rotation of the IR and
VIS beams through the use of half-wave plates and/or a peri-
scope.

1. Pulse shaping

The spectral resolution of the SFG signal depends on the
temporal pulse width of the VIS beam. To illustrate these
dependencies, Fig. 3 shows a calculation of the time profile
of the VIS beam �dashed line� and the resulting time profile
of three typical molecular vibrations �solid line�. The time
profile of the molecular vibrations exceeds several picosec-
onds; therefore the duration of the VIS pulse needs to be on
the same order to resolve these vibrations into an SFG spec-
trum in the frequency domain. This pulse duration can be
achieved by directing the VIS beam through a Fabry–Pérot
etalon to obtain a prolonged asymmetric time profile. For the
calculation of the corresponding VIS time profile after the
pulse shaper, the specifications of the etalon described in the
Sec. II A were used. The cavity lifetime � is determined by

� =
1

�FSR
. �1�

To obtain an approximation of the transmitted intensity,
the incoming Gaussian-shaped beam was convoluted with an
exponential decay function having a time constant given by
the cavity lifetime � �Ref. 51�

IVIS,out�t� � IVIS,in�t� � e−t���t� , �2�

where IVIS,in and IVIS,out are the time-dependent intensities of
the VIS beam before and after the etalon, respectively. Since
there is no intensity in the cavity before the pulse reaches the
etalon, Eq. �2� was weighted with the Heaviside function
��t�. To calculate the time profile representing the polariza-
tion fields in the frequency domain three Lorentzian oscilla-
tors 	i with equal intensities and widths of 20 cm−1 at 2880,
2925, and 2945 cm−1 were used �solid line in Fig. 3�. Fi-
nally, the sum of these three oscillators was Fourier trans-
formed �FT� into the time domain and the intensity is given
by

I�t� = �F−1�	i�
i��� . �3�

B. Purging chamber

In order to prevent IR beam absorption by ambient gas-
eous H2O and CO2, the SFG spectrometer setup is supple-
mented with a home-built purging chamber �Fig. 4�. This
air-proof chamber covers the optical path of the IR beam

FIG. 1. �Color� Top view image of the optical layout of the broadband SFG
system after the OPA. The labels denote �1� Fabry–Pérot etalon, �2� NDFG,
�3� nonlinear crystal for the reference line, �4� vertical breadboard, and �5�
sample stage. The IR, REF, SFG, and VIS beams are represented by white,
purple, green, and red solid lines, respectively.

FIG. 2. Beam profile of the VIS pulse at the sample stage. The scale shown
is in micrometer units. This image was acquired using a microscope
mounted above the sample stage.
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FIG. 3. �Color� Time profile of VIS pulse �dashed line� and molecular
vibrations of typical CH stretches �solid line�.
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from the NDFG module to the spectrograph. The enclosure is
made entirely of acrylic glass and is divided in two sections:
a four-compartment channel �volume V�0.14 m3� that
stretches between the NDFG and the sample stage, and a
main chamber �V�0.30 m3� that completely surrounds the
sample stage. The channel and the chamber have built-in thin
optical BaF2 and BK7 windows �Laser Components�
mounted in Teflon holders to allow entrance of OPA �signal
and idler� and VIS beams, respectively. The main chamber is
supplemented by a small side chamber with a lockable ver-
tical panel permitting sample transfer without disrupting the
air purge. Both channel and chamber are air-dried ��1%
RH� by a FTIR purging gas generator �75–45–12VDC,
Parker-Balston; 14 l/min� coupled to two additional coalesc-
ing prefilters to remove air particulates and hydrocarbon resi-
dues. The humidity and temperature in the chamber are
monitored by a thermohygrometer �Hytelog-USB, Hygros-
ens� mounted on the top panel. When the chamber is not
purged, the optical components in the channel can be ac-
cessed through removable covers, while those in the chamber
can be reached by removal of the front panel. The channel
and chamber can be separated from each other by a vertical
lockable flapping door, keeping one compartment purged
while the other is open. When the purging chamber is in
operation, the mirrors important for beam alignment in the
channel and the chamber can be reached externally by small
Neoprene® gloves. The entire sample holder area �including
the transfer chamber� can be accessed via two pairs of am-
bidextrous, fully rotatable Neoprene® gloves fixed directly to
the front panel. All other components necessary to adjust IR
and REF beam intensity �e.g., Ge plate, reference crystal, and
variable density filter� are motorized and remotely con-
trolled. Two independent side panels, one on the channel and
one on the chamber, provide the necessary entry ports for
liquid tubes as well as for various electrical cables.

C. Sample stage

The sample stage is comprised of a set of input lenses
and mirrors �Laser Components�, a multiaxial sample holder,
and a set of output mirrors �Fig. 5�. All these components are
constrained to the same plane of incidence by being fixed

directly on an aluminum breadboard �M4560, Thorlabs� po-
sitioned vertically on the optical table. Each input beam path
consists of a lower mirror/intermediate lens/upper mirror se-
ries mounted independently on its own flexible rail system.
CaF2 �or BaF2� lenses are used for the IR and REF beams,
and BK7 lens for the VIS beam �Laser Components�, respec-
tively. The sample holder is made of a three-axis �xyz� roll-
ing block with manual micrometric drives �RB13M/M, Thor-
labs; 13 mm travel� coupled to a one-axis ��� manual
goniometer �GO90, Owis; �15° rotation�. The rotation axis
of the goniometer is coincident with the sample surface. A
pair of magnetically coupled kinematic plates is then used to
dock the measuring cells. A bottom base plate is fastened
directly on top of the goniometer, while the top mounting
plate is fixed to the base of the measuring cell. This system
permits a quick exchange of measuring cells while the posi-
tion and orientation of the probing plane are preserved. The
output beam path is made of a series of three mirrors. The
first mirror is larger and acts as a collector for the REF, SFG,
and VIS beams. It is mounted on an independent rail system
that enables the operator to follow the displacement of the
beams induced by the goniometer tilting. The two last mir-
rors guide the REF and SFG beams to the entrance slit of the
spectrograph.

D. Data analysis

The second-order nonlinear polarization P�2� is given by

P�2� = 0	�2�:EIREVIS, �4�

where 0 is the vacuum permittivity �8.854
�10−12 C /V m�, 	�2� is the second-order nonlinear suscep-
tibility, a third rank tensor, and EIR and EVIS are the incom-
ing electric fields of the IR and VIS beams, respectively.

The intensity of the SFG signal ISFG is related to the IR
�IIR� and the VIS �IVIS� intensities by the relation

FIG. 4. �Color� Image �isometric view� of the purging chamber. The labels
denote �1� main chamber, �2� channel, �3� transfer chamber, �4� Neoprene®

gloves, �5� vertical lockable flapping door, �6� breadboard, �7� NDFG, and
�8� Fabry–Pérot etalon.
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FIG. 5. �Color� Image �isometric view� of the sample stage area �purging
chamber not shown�. The labels denote �1� input mirrors, �2� input lenses,
�3� breadboard, �4� measuring cell, �5� kinematic plates, �6� one-axis goni-
ometer, �7� three-axis rolling block, and �8� output mirrors. The IR, REF,
SFG, and VIS beams are represented by white, purple, green, and red solid
lines, respectively. The reflected IR and VIS beams are not shown for clarity.
The SFG and REF beams after the sample stage are collinear.
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ISFG � �P�2��2 � �	�2��2IIRIVIS. �5�

In Eq. �5�, 	�2� consists of two different contributions: one
from the substrate �nonresonant� and one from the adsorbate
�resonant�52

	�2� = 	NR
�2� + 	R

�2� = 	NR
�2� + �

k
	 Ak

�
IR − 
k� + i�k
	ei�k, �6�

where the nonresonant contribution 	NR
�2� is generated by elec-

tronic interband transitions occurring within metal
substrates.53 The resonant contribution 	R

�2� is generated from
molecular vibrations and modeled as a sum of Lorentzian
oscillators with amplitude Ak, resonance frequency 
k, line-
width �k, and phase difference �k relative to the nonresonant
contribution.

The spectral data are fitted by Eq. �5� using a Gaussian
shape for the nonresonant signal �reflecting the femtosecond
IR profile� and Lorentzian oscillators for the resonant contri-
butions. The phase �k depends on the metal used and deliv-
ers orientational information about adsorbed species. How-
ever, defining a correct Gaussian profile together with the
resonant contributions and phases can be tedious and care
needs to be taken to perform reliable data analysis.

The presence of a nonresonant SFG contribution can be
advantageous for alignment procedures as it is generally
much stronger in comparison to the resonant contributions.
The total SFG signal covers about 200 cm−1 in a femtosec-
ond system. This means that broad resonant bands with
widths similar to or wider than the spectral range of the IR
pulse can only be detected and analyzed when the nonreso-
nant background contribution is known. For this reason, we
have included a REF beam generated prior to the sample
stage �see Sec. II A�, which enables reliable subtraction of
nonresonant background contributions. This REF beam can
also be used to normalize the spectra and, therefore, to com-
pensate intensity drifts.

The setup described here is capable of measuring the
signal and the reference beams simultaneously by recording
them both on the same CCD chip. The focuses of the beams
at the entrance slit are tuned with a telescope to match the f
number of the spectrometer, resulting in recorded images
only a few pixels in height. The reference beam is tuned to
be slightly noncollinear with the signal originating from the
sample allowing the separation of both signals on the CCD
chip. Figure 6 shows the resulting image on the CCD.

After defining two regions of interest, one covering the
sample and one the reference signal, the individual spectra
are obtained by vertical binning. These spectra can then be
processed in real time by a user-defined routine written for
the spectrograph software �ANDOR SOLIS, v. 4.12� dividing
the sample signal by the reference signal. Background-
corrected SFG spectra are recorded and displayed at a rate of

up to 30 frames/s. Videos can also be obtained for analyzing
dynamic processes of interest.

E. Sensitivity determination

Understanding the minimum detection capabilities of a
spectroscopic system is important in determining whether or
not measurements of a particular sample will be useful. In
order to experimentally determine the lower detection limit
of our SFG system, mixed SAMs consisting of increasingly
deuterated molecules were fabricated via solution deposition
and measured in the CH stretching region. Silicon wafers
sputter coated with 100 nm of gold were cleaned by a UV/
ozone cleaner �42–220, Jelight� for 2.5 h. The clean wafers
were rinsed and placed in either pure or mixed 3 mM solu-
tions of 1-dodecanethiol �Sigma-Aldrich� and deuterated
1-dodecanethiol �C/D/N Isotopes; 98.9% deuteration� in eth-
anol and incubated at room temperature for 18 h. Samples
were then removed from the solutions, rinsed in ethanol,
dried under flowing N2, and immediately measured. SFG
spectra were accumulated for 1 min, analyzed according to
the procedures outline in Sec. II D, and plotted without the
nonresonant background contribution. The resonant SFG in-
tensity as a function of surface coverage of the undeuterated
dodecanethiol was then calculated �Fig. 7�. X-ray photoelec-
tron and IR spectroscopy measurements were also performed
to ensure sample quality.

The residual peaks present in the spectrum of the fully
deuterated monolayer can be assigned to CH2 vibrations and
are related to incomplete deuteration. However, the peak at
2880 cm−1 arising from the symmetric vibrations of the ter-
minal CH3 group could be used to accurately assess the SFG
intensity as a function of concentration, and hence the sensi-
tivity of the spectrometer. Note that this peak was completely
absent in the fully deuterated monolayer but still present in
the mixed monolayer with the lowest undeuterated content
tested �4% surface coverage, corresponding to
0.19 molecules /nm2 assuming 0.21 nm2 per alkanethiol
molecule54� �Fig. 7�b��. The intensity of the SFG signal is
given by

ISFG � N2�
���2, �7�

where 
�� is the average molecular hyperpolarizability and N
is the molecular surface coverage. This quadratic relationship
was supported by the experimental data. Ultimately, the
lower detection limit of this system was found experimen-
tally to be 4% with a SNR of 100. Theoretically, it should be
possible to achieve a signal at 2% coverage with a SNR of
25, or even at 1% coverage with a SNR of 6.25. This detec-
tion limit is lower than previously reported values for other
homodyne-detected systems �10% coverage� and comparable
to heterodyne-detected systems, with lower reported limits of
1% coverage.51

F. Sample cells

1. TLA cell

To study thin films on solid supports in aqueous environ-
ments, we designed a cell inspired by the IR spectroscopy
cell of Skoda et al.55 In this arrangement the sample is

Signal

Reference

FIG. 6. CCD image of the SFG signals from a Au sample and the reference
line.
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probed through a thin aqueous layer located between it and
an IR-transparent prism �Fig. 8�. Overall, the TLA cell con-
sists of five parts: �i� a base with �ii� a thermostated reservoir,
�iii� a sample support, �iv� an IR-transparent prism, and �v� a
vertical threaded rod fixed to a bridge for applying force to
the prism.

The temperature of the TLA cell can be controlled by a
thermostated bath �Ministat 230cc3, Huber�. A Delrin® base
holds an aluminum block which contains a serpentine cool-
ing channel to increase the heat exchange rate. Acetal quick
disconnect valved couplings �PMC series, Colder Products�
allow quick mounting and unmounting without spilling cool-
ing liquid. A kinematic mount attached to the bottom of the
cell allows it to be removed and another cell put in its place
as described in Sec. II C.

The support shown in Fig. 8 is designed for standard
Au-coated silicon wafers; however, any kind of flat surfaces
can be placed under the prism. This design allows easy ex-
change between different samples. It also allows the reuse of
costly prisms as they do not need to be coated. For special
sample shapes, the Teflon® support under the prism can be
removed and replaced by other application-specific sample
supports.

A hemicylindrical CaF2 prism with optically polished
curved and basal surfaces �Crystec; 13�20 mm� was cho-
sen for this cell. This shape prevents reflection losses regard-
less of the angle, as all incoming beams are normal to the
surface. Because of the curved surface, the outgoing SFG
beam is slightly divergent in the incidence plane. However,
the f number of the SFG beam can be readjusted in the

FIG. 7. �Color� Calculation of the lower detection level of the SFG system. �a� Spectra of a fully deuterated SAM �0%, bottom trace�, a fully undeuterated
SAM �100%, top trace�, and mixtures in between �from top: 50%, 16%, 12%, 10%, 8%, 7%, 6%, and 4%�. All spectra were background-subtracted, smoothed
with a Savitzky–Golay routine using 15 data points, and plotted as the resonant contributions as described in Sec. II D. �b� Magnified spectra of the four lowest
surface coverages highlighting the decrease in the CH3 symmetric stretch. �c� Unsmoothed spectrum at 4% surface coverage for SNR determination. �d�
Intensity of the symmetric CH3 vibration as a function of surface coverage with the corresponding quadratic fit. The peak area was quantified using Lorentzian
fits of the resonant SFG spectra.
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FIG. 8. �Color� TLA cell. �a� Cross-
sectional view. �b� Photograph. The la-
bels denote �1� base, �2� thermostated
reservoir, �3� sample support, �4�
hemicylindrical IR-transparent prism,
�5� prism adapter, �6� threaded rod, �7�
pillar, �8� round nut, �9� bridge, and
�10� quick disconnect couplings.
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horizontal plane by the telescope in front of the vertical slit
of the spectrometer. The focusing on the other axis is not
crucial here since the dispersion plane of the grating is hori-
zontal. A Teflon® prism adapter was fabricated to apply me-
chanical force to the top of the prism in order to adjust the
thickness of the aqueous layer. This force can be varied by
the round nut on top of the cell which drives the threaded rod
into the adapter.

2. SPEC cell

In order to simultaneously make in situ, real-time spec-
troscopic, and electrochemical measurements of charged
solid/liquid interfaces, we designed a measuring cell using an
internal reflection configuration �Fig. 9�. In this arrangement,
a hemicylindrical prism with a thin conductive oxide layer
coated on its basal face is brought in contact with an elec-
trolyte solution. The surface of this prism is then probed by
IR and VIS beams at incidence angles close to the TIR con-
dition. Simultaneously, a potential difference is applied be-
tween the coated surface �which acts as a working electrode�
and a counter electrode located in the solution.

This SPEC cell is composed of five parts: �i� a square-
shaped bottom plate connecting the cell to the sample stage
mount, �ii� a cylindrical thermostated reservoir that allows
aqueous solutions to be maintained at constant temperatures,
�iii� an intermediary plate acting as the aqueous reservoir
with multiple ports for solution inlet/outlet, as well as
counter and reference electrodes, �iv� a top plate to support
the prism, and �v� an overhead bridge which holds a fine
threaded rod that presses down on the prism. All parts are
made of Delrin® acetal resin, with the exception of the ther-
mostated reservoir and the overhead bridge which are made
of stainless steel. The parts are imbricated one over the other
and screwed together from the top plate side. The aqueous
solution chamber and the thermostated reservoir are sealed
with Viton® fluoropolymer sealing rings. The volume of the
solution reservoir is �8 ml. As was the case for the TLA
cell, a hemicylindrical IR-transparent prism �CaF2 or fused
silica� was chosen. The basal face of the prism was coated

with a thin layer ��100 nm� of ITO �Kurt J. Lesker;
99.9995%, In2O3 /SnO2, 90/10 wt %� through magnetron
sputtering. Amorphous sputtered ITO thin films exhibit neg-
ligible bulk nonlinear effects,56 are relatively transparent
throughout most of the near-IR region, and are also inert in
most electrochemical environments.

The SPEC cell can accommodate various electrodes,
sensors, and/or tubes through multiple ports positioned radi-
ally on the intermediary plate. The lateral ports are reserved
for the solution inlet and outlet, while the frontal ports are
used for reference and counter electrodes. The reference
electrode is a commercial Ag/AgCl microelectrode �Micro-
electrodes� made from a Ag wire in a tube filled with satu-
rated KCl 3M solution. A Pt wire �Metrohm� serves as the
counter electrode. These electrodes are encapsulated in hol-
low screws that are fixed directly on the cell. The tips of both
electrodes are positioned close to the center of the cell. The
ITO working electrode is connected through a copper wire
fixed to the base of the CaF2 prism via a thin strip of con-
ductive carbon adhesive tape �Plano�.

III. RESULTS AND DISCUSSION

A. Spectroscopy of thin switchable polymer layers

As a demonstration of the use of the TLA cell, we stud-
ied switchable surfaces using poly�N-isopropylacrylamide�
�pNIPAM�. Before use of the cell, the prism was cleaned by
UV/ozone treatment for 2.5 h followed by thorough rinsing
with ethanol and acetone. The nitro-biphenyl-thiol-modified
pNIPAM films were prepared by atom-transfer radical poly-
merization as previously described.57 Measurements were
performed by placing a drop of liquid on the sample
��10–20 �l�, gently placing the prism on top, and finally
applying pressure via the nut on the bridge.

PNIPAM films undergo a temperature-driven transition
in solution from a brush-like to a collapsed state around
32 °C. This is known as the lower critical solution tempera-
ture �LCST� and is accompanied by a change in wetting
behavior.58 These films are the subject of intense research
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FIG. 9. �Color� SPEC cell. �a� Three-quarter view �electrodes and tubes not shown�. �b� Cross-sectional view. �c� Photograph. The labels denote �1� bottom
plate, �2� thermostated reservoir, �3� sealing rings, �4� solution inlet/outlet with tubes, �5� intermediary plate, �6� top plate, �7� hemicylindrical IR-transparent
prism, �8� prism adapter, �9� threaded rod, �10� round nut, �11� bridge, �12� quick disconnect couplings, �13� reference electrode inlet, �14� counter electrode
inlet, �15� Ag/AgCl reference electrode, �16� Pt counter electrode, and �17� Cu wire with conductive tape.
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activities in the area of biointerfaces, drug delivery systems,
permeation-controlled filters, and functional composite
surfaces.59

SFG spectra of pNIPAM films in the CH stretch �2800
and 3000 cm−1� below and above the LCST are depicted in
Fig. 10�b�. The vibration located around 2975 cm−1, which
is attributed to asymmetric CH3 stretching vibration, clearly
increases in intensity between 26 and 42 °C. A plot of the
intensity of this peak versus temperature in small increments
is shown in Fig. 10�c�. Here it can be seen that the signal
intensity increases around the LCST. This can be attributed
to a change in orientation of the isopropyl groups �Fig. 10�a��
around this transition point.60

In order to further study the water organization associ-
ated with these films, we have performed preliminary experi-
ments in the OH water vibrational region around 3150 cm−1.
These vibrations typically reveal a broad SFG band between
3000 and 3600 cm−1,11,12 which exceeds the 200 cm−1 spec-
tral width of the IR beam. Therefore, analysis of the SFG
signal in this region requires the use of the REF beam as
described in Sec. II D. Figure 10�c� shows the integrated OH
peak intensity over the detected spectral region centered at
3150 cm−1 �solid line�. The trend observed in this region
mirrors that of the CH region �dashed line�.

These results demonstrate the application of the TLA
cell in detecting changes in thin films at solid/liquid inter-
faces. This cell could also be applied to many other fields of
study in surface science including investigation of biomol-
ecules at interfaces such as DNA or peptides.18,61,62 Further-
more, such a device could help bridge the gap between in-
formation obtained in vacuo and that obtained in situ.

B. Spectroelectrochemistry at the ITO/water interface

In order to test the performance of the SPEC cell we
measured water OH vibrations under various potentials. Be-
fore use, the cell was thoroughly cleaned in a hot
Hellmanex® �Hellma� bath in order to minimize contami-
nants, followed by thorough rinsing with high performance
liquid chromatography �HPLC� water �Sigma�. The ITO sur-

face was cleaned by UV/ozone treatment in air for 1 h and
rinsed thoroughly with HPLC water. The corresponding wa-
ter contact angle was found to be less than 10°. HPLC water
used for the experiments was deaerated by bubbling with
high-purity Ar gas �99.999%� for at least 30 min prior to the
SPEC measurements. The cell was slightly overfilled with
water before the prism was introduced to ensure full contact
between the prism and the subphase. The electrode potential
was controlled with a potentiostat �Wenking LB81-M; Bank
Elektronik� coupled to a voltage scanner �Wenking MVS87,
Bank Elektronik�. The potential scanning range was from �2
to +2 V and the scan rate was set at 40 mV/s. All potentials
are given relative to Ag/AgCl.

Figure 11 shows SFG spectra in the bound-OH stretch-
ing region �3000–3500 cm−1� obtained at the ITO/water in-
terface. A SFG spectrum was taken each second and its spec-
tral shape is a convolution of the IR beam profile and OH
vibrations. Two broad peaks were observed at �3200 and
�3400 cm−1 in agreement with observations made by other
groups using a similar cell configuration.41,46 In contrast, ex-
periments using external reflection configurations yielded a
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different number of peaks38,40 depending on the applied sur-
face potential and electrolyte solution used.

It can be seen from Fig. 11 that the intensity changes
with the applied potential and that a minimum can be found
at around �320 mV. This presumably corresponds to the
point of zero charge of the ITO surface. Increasing or de-
creasing the applied potential leads to an increased SFG re-
sponse which may be related to an ordering effect of water
molecules in the poling field. These preliminary data are the
first SFG measurement of potential-dependent water orienta-
tion performed on a conductive metal oxide. SFG measure-
ments in the bound-OH region were also recently obtained
for NaCl and NaBr solutions. The results of these experi-
ments will be published elsewhere.

These results demonstrate the ability of the SPEC cell to
be used to investigate processes at charged interfaces. Fur-
thermore, functionalization of the ITO layer with SAMs
�Refs. 63–65� and nucleic acids66 could allow for the study
of orientation and conformation of molecular groups at the
surface under various potentials, as well as the chemical
tracking of electrochemical processes.

IV. CONCLUSIONS

We have presented detailed explanations and schematics
for two new sample cells designed to perform SFG measure-
ments in situ, as well as data demonstrating the practical use
of these cells. The TLA cell was shown to be an effective
platform for measurements of pNIPAM in water at incremen-
tally increasing temperatures. With the SPEC cell, it was
possible to detect the changes in orientation of water mol-
ecules at the charged ITO/water interface.

We have also described the various integrated compo-
nents of our broadband SFG spectrometer optimized for
measurements of solid/liquid interfaces. These include a
purging chamber for working in a controlled atmosphere, a
reference line for background correction and quantitative
data analysis, and a flexible sample stage unit designed to
accommodate multiple measuring cells. Also, details on the
data analysis procedures have been discussed and the sensi-
tivity of the system has been determined. The development
and descriptions of these cells, as well as details on the SFG
setup used, should facilitate future studies employing this
technique at the solid/liquid interface.
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