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In situ Fourier transform infrared internal reflection spectroscopy
(FT-IR/IRS) was used to calculate the adsorption density values for
spherical cetyltrimethylammonium bromide (CTAB) micelles at the
silica/silicon (SiO2/Si) surface based on a previously developed ad-
sorption density equation. Recent advances in atomic force micros-
copy (AFM) imaging methodology have led to the ability to image
surface micelles, which was not possible previously. These AFM
images have been used to independently calculate adsorption den-
sity values through offline fast Fourier transform (FFT) analysis.
The adsorption density values measured from in situ FT-IR/IRS
spectra and from AFM images showed good agreement and provide
further validation of the FT-IR/IRS adsorption density equation in
the low concentration range.

Index Headings: Atomic force microscopy; AFM soft contact imag-
ing; Fourier transform infrared internal reflection spectroscopy;
FT-IR/IRS; Cetyltrimethylammonium bromide; CTAB; Micelle;
Adsorption density.

INTRODUCTION

Surfactant adsorption phenomena are of importance to
many industrial products and processes such as paints,
detergents, cosmetics, pharmaceutics, plastics, pesticides,
particle separations by froth flotation, and enhanced oil
recovery.1 One of the more interesting aspects of surfac-
tant chemistry is that because of the amphiphilic nature
of surfactants, they can self-assemble in solution and at
gas–liquid, liquid–liquid, and solid–liquid interfaces. Sur-
factants self-assemble in solution to form micelles of var-
ious shapes such as spheres, cylinders, and bilayers and
this phenomenon is relatively well understood when com-
pared to self-assembly at solid–liquid interfaces.2 Tradi-
tionally, adsorption isotherms computed from solution
depletion methods and combined with techniques such as
contact angle and electrokinetic measurements have been
used to describe surfactant adsorption at solid–liquid in-
terfaces.3 Later on, several experimental methods such as
spectroscopy, surface force measurements, calorimetry,
nuclear magnetic resonance (NMR), ellipsometry, fluo-
rescence decay, and neutron reflection have been used to
further explain surfactant adsorption phenomena.

In situ Fourier transform infrared internal reflection
spectroscopy (FT-IR/IRS) has been used extensively to
study the adsorption of surfactants at solid–liquid inter-
faces. The FT-IR/IRS adsorption density equation, which
can be used to quantitatively determine the amount of
adsorbed species, was originally derived by Sperline et
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al.4 for cylindrical internal reflection elements and later
derived for rectangular parallelopipeds, modified, and
significantly used by Miller and co-workers to study the
adsorption characteristics of surfactants at selected sur-
faces.5–8 The validity of the adsorption density equation
was established by the study of transferred LB layers as
reported by Jang and Miller.9

The adsorption density, G (mmole/m2), as determined
by FT-IR/IRS, is given by9

A 2 NC «db e7G 5 10 (1)
N«(2d /d )e p

where A is the integrated absorbance (cm21), N is the
number of internal reflections, Cb is the bulk species con-
centration (moles/L), « is molar absorptivity (L/mole·cm),
de is the effective thickness (cm), and dp is the depth of
penetration (cm). The measured absorbance in the FT-IR/
IRS spectra has two contributions: from the interfacial
region and from the bulk solution. The numerator in Eq.
1 calculates the net contribution from the interfacial re-
gion by subtracting the absorbance from the bulk solution
from the total measured absorbance. The formulae for
calculating N, dp, and de are expressed as9

l
N 5 cot u (2)

t

where l, t, and u represent the length of the internal re-
flection element (IRE), the thickness of the IRE, and the
incident angle of light, respectively.

l
d 5 (3)p 2 2 1/22pn (sin u 2 n )1 21

Here, l is the wavelength in vacuum. The parameter n21

is defined as n2/n1. Further, the effective thickness is de-
pendent on the polarization state.

ln cos u21d 5 (4)e⊥ 2 2 2 1/2pn (1 2 n )(sin u 2 n )1 21 21
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where de⊥ and de\ denote the perpendicular and parallel
components of de. From Eqs. 4 and 5, it is evident that
the two components are generally of different values for
the same frequency (wavelength). Thus, the average ef-
fective thickness is calculated using Eq. 6:
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FIG. 1. Selected in situ FT-IR/IRS spectra observed at the silica/silicon
surface for different CTAB concentrations. As the concentration is in-
creased there is a shift in the CH2 asymmetric stretching band peak
from 2925.64 to 2924.04 cm21 (see Table I).

d 1 de⊥ e\d 5 (6)e 2

Recent developments in atomic force microscopy
(AFM) imaging have made possible the direct visuali-
zation of surfactant surface structures or surface micelles.
In 1995, Manne and Gaub introduced a new technique
called soft contact imaging, which is a slight modification
to the conventional contact mode imaging with AFM.10

Since this initial publication, the soft contact imaging
technique has evolved as a convenient method to probe
surface micelles at the molecular level. This new method
of direct visualization of surface micelles has signifi-
cantly clarified previously held views of surfactant struc-
tures at solid–liquid interfaces.11 However, one major
drawback of AFM imaging is that it provides information
only about the lateral organization of the structures, and
the use of AFM information to determine the correspond-
ing adsorption density has not been considered. So it be-
comes particularly interesting to calculate the FT-IR/IRS
adsorption density and then compare the calculated ad-
sorption density values with those determined from AFM
images.

In this paper, we compare the adsorption density values
calculated from in situ FT-IR/IRS measurements for the
adsorption of cetyltrimethylammonium bromide (CTAB)
at the surface of a silica/silicon internal reflection element
with those determined from AFM images. This adsorp-
tion density comparison is expected to verify the accu-
racy and illustrate the limitations of in situ FT-IR/IRS
measurements while at the same time demonstrating that
surfactant adsorption density can be calculated from
AFM images of surface micelles.

EXPERIMENTAL

Materials. The CTAB (.99% purity) was purchased
from Sigma Aldrich and used as received. The silica/
silicon surface used for AFM imaging was provided by
IBM TJ Watson Research Center. The AFM images ob-
tained in air showed an rms roughness of 0.126 6 0.04
nm. The silica/silicon internal reflection element used in
the FT-IR/IRS experiments was purchased from Harrick
Scientific. All solutions were prepared with deionized
(DI) water supplied by a Millipore Milli-Q water system,
which showed a resistivity of 18 MV and a surface ten-
sion of 72.4 6 0.4 dynes/cm at 22 8C. All experiments
were done at the natural pH and ionic strength of the
solutions.

Fourier Transform Infrared Internal Reflection
Spectroscopy Measurements. The FT-IR/IRS experi-
ments were conducted using a BioRad FTS-6000 spec-
trometer. The silica/silicon internal reactive element (IRE,
50 3 10 3 2 mm) was mounted in a standard liquid cell.
The liquid cell geometry established an effective length
of 40 mm for the IRE (50 mm) in contact with CTAB
solutions, which means that the actual value for l in Eq.
2 is equal to 40 mm. During the background and sample
spectra collection, the entrance and exit faces of the IRE
crystal were sealed at the same position to control the
sampling area along the IRE. This treatment is critical
for quantitative analysis using the FT-IR/IRS technique.9

The incident angle of light was set at 308, which is larger

than the critical angle uc (;258). All spectra were record-
ed at a resolution of 2 cm21. A total of 1024 scans were
coadded to enhance the signal-to-noise ratio. The IRE
was cleaned, in addition to rinsing with acetone, metha-
nol, and DI water, by placement in argon plasma for 15–
20 min prior to FT-IR/IRS experiments to ensure a clean
surface.

Atomic Force Microscopy Soft Contact Imaging.
Images were captured using a Nanoscope IIIA atomic
force microscope (Digital Instruments) using standard sil-
icon nitride cantilevers (Digital Instruments) with a
spring constant of 0.12 Nm21. Prior to imaging, all can-
tilevers were cleaned by exposing them to UV light for
5 to 15 min. Images presented are deflection images
showing the error in the feedback signal, with the integral
and proportional gains set around 0.5 and scan rates of
about 12 Hz. Images are presented as obtained and no
filtering was done except that inherent in the feedback
loop. The substrates were left in contact with the solu-
tions of interest for 30 min prior to imaging. All mea-
surements were performed at a temperature of 23 6 2
8C, and the laser used for detecting the cantilever deflec-
tion was found to have a minimal effect on the temper-
ature of the sample under the cantilever.

RESULTS AND DISCUSSION

In Situ Fourier Transform Infrared Internal Re-
flection Spectroscopy Adsorption Density Measure-
ments. The in situ FT-IR/IRS spectra obtained for the
adsorption of CTAB at the silica/silicon surface at dif-
ferent surfactant concentrations are presented in Fig. 1.
One interesting observation that can be made from these
spectra is the clear shift of the asymmetric CH2 stretching
band around 2925 cm21 to lower wavenumbers with in-
creasing surfactant concentration. The shift was more sig-
nificant for surfactant concentrations approaching bulk
CMC where the surface micelles were observed at the
silica surface through AFM imaging. The peak shifted
from 2925.64 cm21 for 1 3 1025 M CTAB to 2924.33
cm21 for 1 3 1023 M CTAB, as presented in Table I. The
peak further shifted to 2924.04 cm21 for 1 3 1022 M
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TABLE I. The peak position of the asymmetric CH stretching vi-
bration as a function of CTAB concentration.

CTAB
concentration, M

CH asymmetric
stretching wavenumber, cm21

1 3 1025

1 3 1024

5 3 1024

1 3 1023

5 3 1023

1 3 1022

2925.6
2925.4
2925.3
2924.3
2924.3
2924.0

FIG. 2. Molar absorptivity determined for CTAB in D2O at pH 5.5 and
22 8C using a liquid transmission cell with silicon windows.

FIG. 3. CTAB adsorption isotherm at a silica surface determined from
the FT-IR/IRS adsorption density equation and spectral data shown in
Fig. 1.

CTAB. This shift in peak position is evidence of the more
ordered surfactant conformation at the surface and has
been reported by other researchers12–14 when dealing with
the transition of the adsorbed species from a less ordered
gauche state to a more ordered trans state for the alkyl
chains. The same effect has also been reported for sur-
factant aggregation in bulk solution with the peak shifting
to lower wave numbers for surfactant concentrations
above the bulk CMC.15

For quantitative analysis of the CTAB adsorption den-
sity at the silica/silicon IRE surface, the molar absorptiv-
ity must first be determined. The Beers–Lambert law re-
lates the absorbance to the absorptivity, concentration,
and the light path length through the sample in the fol-
lowing way:

A 5 «(l)bC (7)

where A is the absorbance and can be determined by
measuring the height of a peak or by measuring the area
under a peak (integrated absorbance), « is the absorptiv-
ity, b is the path length of the light passing through the
sample, and C is the concentration of the sample solution.
The absorbance vs. path length 3 concentration curve is
presented in Fig. 2, from which the molar absorptivity
was determined to be 28 536 L/mole cm2.

Using the measured value for absorptivity, the adsorp-
tion density of CTAB at the silica/silicon surface was
calculated for different concentrations from the adsorp-
tion density equation, Eq. 1. As shown in Fig. 3, the
adsorption density is presented as a function of CTAB
concentration and gradually increases with an increase in
CTAB concentration, reaching a plateau at about 3.3;3.6
mmole/m2. The increasing adsorption density with con-
centration and the plateau adsorption density values re-
ported here are in good agreement with those reported in
the literature. Bijsterbosch16 investigated the adsorption
of cationic surfactants onto different types of silicas
based on solution depletion methods. In that study a pla-
teau adsorption density of 4.5 mmole/m2 was reported for
the adsorption of CTAB at the surface of hydroxylated
silica particles. Some recent reports on the adsorption of
CTAB at silica surfaces using reflectometry and ellipso-
metry techniques also provided similar results.17,18 Based
on contact angle studies and electrokinetic measurements
of many reported investigations it can be concluded that
at low concentrations CTAB adsorbs at the silica surface
initially due to the electrostatic interactions between the
headgroup and charged surface sites.19 At higher concen-
trations, however, it was believed that bilayer formation
takes place, which explains the drop in the contact angle
measured at such interfaces. Recent results from AFM
imaging, however, present a different picture. Some of

the recent results reveal that bilayers do not form but
rather clearly distinguishable spherical micelles form at
the silica surface at higher concentrations of CTAB.20 In
the next section such AFM images are discussed.

Atomic Force Microscopy Images. The soft contact
AFM images obtained at the silica/silicon surface for wa-
ter only and a 1 3 1023 M CTAB solution are presented
in Fig. 4. At low CTAB concentrations no distinguishable
features could be seen at the silica surface. However, with
further increase in CTAB concentration, particularly for
concentrations reaching the CMC (0.9 mM), spherical
micelles could be observed at the surface. Such spherical
surface micelles have been previously reported.20–22 The
shape and dimensions of the surfactant aggregates were
determined from offline image analysis using Nanoscope
IIIA atomic force microscope software. In general, when
an image consists of ordered structures, fast Fourier trans-
form (FFT) of images is used to determine the periodicity
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FIG. 4. Soft contact AFM images of the silica surface in (A) water
and (B) 1.0 mM CTAB solutions. Spherical surface micelles are ob-
served at the silica surface with dimensions of approximately 6.2 nm.

FIG. 5. FFT analysis of the spherical surface micelles observed in Fig.
4B. The image shows hexagonal close packing with a periodicity of 6.2
nm.

of those repeating structures. Since the surface micelles
self-assemble as distinct spherical structures, the FFT
analysis has been used to determine the periodicity of the
spherical micelles. The FFT analysis, shown in Fig. 5,
indicates that the CTAB spherical micelles are arranged
in a hexagonal close packed order with a periodicity of
6.2 nm.

Discussion. The area occupied by the spherical surface
micelles shown in Fig. 4B can be estimated by the in-
formation obtained from FFT analysis. Since the spheri-
cal micelles are shown to be ordered in a hexagonal close
packed order with a periodicity of 6.2 nm, the area oc-
cupied by a spherical micelle can be roughly estimated

as the area of a square with sides of 6.2 nm. In bulk
solution the number of molecules per spherical micelle
ranges from 70–80 molecules. Considering that the size
of the micelles at the solid/liquid interface, as observed
by AFM, is comparable to the size in bulk solution,23 we
may consider the number of molecules in the surface mi-
celle or aggregation number to be the same as that in the
bulk micelle, yielding an adsorption density of approxi-
mately 3.2 mmole/m2 at the surface. This compares very
favorably with the adsorption density of 3.6 mmole/m2

obtained from the FT-IR/IRS experiment at a bulk con-
centration of 1 mM. The AFM images obtained from sev-
eral experiments were found to be quite reproducible and
FFT analysis of the images consistently gave the spacing
of spherical surface micelles as 6.2 6 0.5 nm. Even ac-
counting for such variations in the size of the spherical
micelles, changes in adsorption density are very minimal.

As shown in Fig. 3, the adsorption density increases
with an increase in CTAB solution concentrations up to
1 mM, at which concentration the surface micellar struc-
ture has been observed as shown in Fig. 4. At high so-
lution concentrations, the adsorption density calculated
from FT-IR/IRS spectra decreases slightly with an in-
crease in CTAB concentration. This behavior can be ex-
plained as the result of water attenuation at 2925 cm21.24

At about 2925 cm21, the absorption coefficients of water
are small but not zero and will decrease the total absor-
bance.24 These coefficients were ignored in our calcula-
tions leading to an error in de of about 3.5%. When the
solution concentrations are below 1 mM, an error of 3.5%
will be included in the adsorption density calculation.
When the solution concentrations are as high as 5 mM
and 10 mM, this error becomes more significant since the
second term in the numerator of Eq. 1 is dominant and
variation in this second term helps to explain the decrease
in adsorption density at higher CTAB concentrations as
shown in Fig. 3.

Nevertheless, at the CTAB concentration of 1 mM, the
calculated adsorption density from FT-IR/IRS spectra is
still considered reasonable and compares favorably to the
adsorption density obtained from AFM images.
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CONCLUSION

The in situ FT-IR/IRS adsorption density equation has
been successfully used to determine the adsorption den-
sity of CTAB surface micelles at a silica/silicon surface.
When the solution concentration is 1 mM the calculated
FT-IR/IRS adsorption density value (3.6 mmole/m2) is in
close agreement with that measured from FFT quantita-
tive analysis of soft contact AFM images of spherical
CTAB surface micelles (3.2 mmole/m2).
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