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Chapter 1
Introduction

In this chapter a brief introduction to infrared (IR) spectroscopy and its use in
the study of thin films is given. The absorption of IR light by a molecule is
described in more detail. The principle of operation of a FT-IR spectrometer
is explained. The chapter concludes with the outline of this thesis.
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Chapter 1

1.1

Characterization of thin films

The knowledge of the structure of surfaces, adsorbed layers, deposited surface films and
interfaces is of importance for the understanding of their physical, mechanical and chemical
properties. This knowledge is valuable in a number of technological fields such as
semiconductor technology, printing and adhesion.
Many techniques have been developed in order to acquire information about surface
properties and film structure1,2. Most techniques employ electrons or ions as the incident or
emitted particles. These particles have a strong interaction with materials and provide a
high sensitivity in the measurements3,4,5,6. However, these electron and ion-based
techniques have the limitation that they are only suited for measurements at vacuum-solid
interfaces. Besides that, these techniques may damage the film that is studied and not all
techniques are generally applicable for in-situ experiments7. This explains the everlasting
search for new techniques and improvement of the known techniques.
Scanning Tunneling Microscopy8,9,10, Atomic Force Microscopy11 and related techniques
also provide information about the surface topography. However, it is not always clear how
the detected probe-surface interaction should be interpreted in terms of surface structure.
Optical vibrational spectroscopy is less sensitive than the electron-based techniques but is
generally applicable on all kinds of interfaces. Vibrational spectroscopy gives structural
information of the film studied, because each molecule and group in a molecule has its own
specific vibrational spectrum. The most important vibrational techniques are Infrared (IR)
and Raman spectroscopy. IR and Raman spectra generally differ, owing to symmetry
reasons and selection rules12, and often yield complementary information13,14. IR spectra of
thin layers can be measured with less difficulty than Raman spectra in view of the higher
sensitivity of IR spectroscopy15. IR spectroscopy is treated in some more detail in the
following paragraph.
1.1.1

IR spectroscopy

In IR spectroscopy, which is a resonant technique, photons of specific wavenumbers
between 102 and 104 cm-1 induce a transition from a vibrational groundlevel of the molecule
under study to an excited state when the energy of the photon equals the energy difference
between ground and excited state. Because the molecule in the excited level returns very

ν

}

vibrational levels of the
first exc ited sta te

}

vibrational levels of the
elec tron ic groundstate

Figure 1.1: Energy level diagram of IR
absorption.
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fast to the groundstate by thermal relaxation16, this transition will be detected as absorption
of photons with energy equal to the energy difference of the involved vibrational levels, see
Fig. 1.1.
For most molecules the IR spectrum will show several absorption bands. In most cases
these bands are caused by fundamental vibrations. Fundamental vibrations are vibrations
that do not cause a translation or a rotation of the molecule as a whole and can be excited
independently. These vibrations are only visible if the vibration is coupled with a changing
dipole moment12 and if the vibrational wavenumber is identical to the wavenumber of the
incident radiation. Fundamental vibrations can be divided into four types:
A. Stretching vibrations where one or more of the bond lengths change.
B. Planar bending vibrations where one or more bond angles change, while the bond
lengths remain constant.
C. Out-of-plane bending vibrations where one atom oscillates through a plane defined by
(at least) three neighboring molecules.
D. Torsion vibrations where a dihedral angle (the angle between two planes, which have
one bond in common) is changed.
These types of vibration are illustrated in Fig. 1.2.
The minimum number of bonds that is necessary for a type of vibration is 1 for the
stretching, 2 for the planar bending, 3 for the out-of-plane bending and 4 for the torsion
vibrations. The bending vibrations are sometimes split into rocking, twisting and wagging
bands. In general the absorption bands due to A, B, C or D can be assigned to different
wavenumber regions. Stretch bands will correspond to higher wavenumber regions than
planar bending vibrations. Out-of-plane bending will be visible at lower wavenumbers than
the planar bending and stretching vibrations and the torsion bands are visible at the lowest
wavenumbers14.
The vibrations can also be classified by symmetry, where symmetrical vibrations retain the
symmetry of the group and asymmetrical vibrations disturb one or more of the symmetry
elements of the molecule14.
Sometimes additional bands that are not caused by the fundamental vibrations can be seen
in the spectrum. These can be caused by combination bands between two bands of different
wavenumber and overtones that appear at twice or three times the wavenumber of the
fundamental vibration. These bands are usually observed with much lower intensities than
fundamental vibrations.
Many functional or structural groups have vibrational wavenumbers that are nearly
independent of the rest of the molecule17. For example, the stretching vibration of the

A

B

C

D

Figure 1.2: The four classes of fundamental vibrations: stretching vibrations (A), planar
bending vibrations (B), out-of-plane bending vibrations (C) and torsion vibrations (D).
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carbonyl group is always observed in the range 1650-1740 cm-1. Such wavenumbers are
characteristic for the functional or structural group involved and are known as group
frequencies. The presence of various group vibrations in the IR spectrum is of great
assistance in identifying the absorbing molecules. For many groups involving only two
atoms, the approximate wavenumber of the fundamental vibration can be calculated from a
simple harmonic oscillator model with17:
ν=

k
2π µ

(1.1)

where k is the force constant of the bond and µ is the reduced mass of the two atoms. This
shows that fundamental vibrations for groups with higher reduced mass appear at lower
wavenumbers. Characteristic wavenumbers of vibrations for most groups of interest are in
the 800-4000 cm-1 region. Two interesting regions can be distinguished; the absorption
bands of the CH stretching vibrations are visible around 3000 cm-1 and many other
vibrations are visible in the fingerprint region from 800 to 1800 cm-1.

1.2

The FT-IR spectrometer

Most FT-IR spectrometers are designed according to the general set-up depicted in Fig. 1.3.
The spectrometer is based on the Michelson interferometer, which is the left part of Fig.
1.3. In an interferometer a polychromatic beam of radiation is divided into two beams,
which are recombined after a path length difference has been introduced. Thereby
interference occurs between the beams. The intensity variations of the resulting beam are
measured as a function of the path length difference. The Michelson interferometer consists
of two mutually perpendicular mirrors, of which one can move. Between the fixed and
moving mirror is a beamsplitter, where the light of the IR source can be partially reflected
to the fixed mirror and partially transmitted to the movable mirror. The spectrometer gives
the best performance when the beamsplitter has a reflectance and transmittance of 50% for

Figure 1.3: Schematic representation of the FT-IR spectrometer.

Introduction

5

the wavenumber region of interest.
The resulting beam from the Michelson interferometer part is focussed in a sample
compartment with the help of some mirrors. The lightbeam is focussed on a detector after
passing the sample compartment.
Because of the effect of interference, the intensity of the beam as measured with the
detector depends on the difference in path length in the two arms of the interferometer. The
optical path difference, called the retardation δ, is twice the path difference between the two
arms. The intensity for a specific wavenumber, ν, at the detector can then be described as:

I(δ) = ½ I 0 (ν){1 + cos 2πνδ}

(1.2)

where I0(ν) is the light intensity of the source.
Only the varying part of the measured intensity is of interest for FT-IR spectroscopy, so
generally the DC-component in the signal is subtracted or filtered out. This signal is called
the interferogram, I(δ). In practice, the light intensity of the source, I0, has an additional
wavenumber dependence because of instrumental characteristics such as beamsplitter
efficiency, mirrors or detector response and the characteristics of the system that is studied.
The interferogram is then written as:
I(δ) = B(ν) cos 2πνδ

(1.3)

where B(ν) gives the single beam spectral intensity or spectrum which is the intensity of the
source at wavenumber ν as modified by the system that is studied and by instrumental
characteristics. The response of the system that is studied is part of this spectrum and can be
resolved with a suitable reference measurement that corrects the measured spectrum for the
wavenumber dependent intensity of the source and instrumental characteristics.
I(δ) can be seen as the cosine Fourier transform of the spectrum B(ν). The spectrum is
calculated from the interferogram I(δ) by computing the cosine Fourier transform of I(δ),
this gives the technique its name of FT-IR spectroscopy.
When the spectrum of the lightsource is continuous, the interferogram can be represented
by the integral:
I (δ ) =

∞

∫ {B(ν) cos 2πνδ}dν

(1.4)

−∞

and:
∞

B(ν) = 2 ∫ {I(δ) cos 2πνδ}dδ
0

where the fact that I(δ) is an even function is taken into account.

(1.5)
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Figure 1.4: Interferogram, I, as measured
with the BioRad FTS-60A FT-IR spectrometer.
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Figure 1.5: Spectrum, B, as computed from an
interferogram.

This means that, provided the lightsource has sufficient temporal coherence, the spectrum,
B(ν), can be measured with infinitely high resolution from 0 to ∞ cm-1 if the moving mirror
of the interferometer is scanned over an infinitely long distance. Also, the Fourier transform
has to be digitized at infinitely small retardations. In practice, the signal is digitized at finite
sampling distances. These distances can be determined from the interference fringes of the
light from a calibration He-Ne laser that also passes the interferometer. Its signal is
measured separately from the IR signal and shows a long coherence length. The spectral
range that can be measured is greater when the sampling interval is smaller. In practice, the
interferogram can only be measured up to a retardation of 9 centimeter, and the spectrum
has a maximum resolution that is determined by the retardation range of the interferogram
that is scanned. Examples of such an interferogram I and the corresponding spectrum B are
given in Fig. 1.4 and Fig. 1.5. In Fig. 1.4 one recognizes the familiar interference pattern
resulting from the recombination of the light paths from a low-coherent light source; the
intensity is sharply peaked around the centerburst, when the path length difference
vanishes.
1.2.1

Scan modes

Two scan modes can be distinguished for FT-IR spectrometers in the mid-IR region: the
rapid- and step-scan mode.
The moving mirror is moved with a constant speed in rapid-scan mode. The retardation,
and with that the interferogram will then have a time dependence. The interferogram
intensity modulation has a frequency, fν = 2vν, twice the product of the speed of the
moving mirror, v, and wavenumber, ν.
The interferogram of Eq. 1.3 can then be described as:
I( t ) = cos 2πf ν t

(1.6)
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The modulation frequency, fν, in the rapid-scan mode is thus dependent on the
wavenumber, ν, and the speed, v. A typical mirror speed in the rapid scan is 0.64 cm/sec
and this gives modulation frequencies between 1 and 5 kHz for the 800-4000 cm-1 region of
interest. These frequencies can easily be selected using an electronic bandfilter.
In step-scan mode the movable mirror is kept stationary at each sampling point, the
intensity of the interferogram is measured and the mirror is moved to the next sampling
position. It is especially used when a sample is changing rapidly or cyclically and rapidscan mode intensity modulation frequencies would coincide with those changes. The
measured signal contains a collection frequency that is caused by the frequency of the
mirror steps. Also multiple signals can be measured in one scan when multi channel
spectroscopy is used. The time at each retardation position of the mirror is then used to
measure different signals alternately with the same AD-converter. The step-scan mode is
also used in photo-acoustic18 and time-resolved measurements19.
1.2.2

Phase correction

Eq. 1.4 and Eq. 1.5 give an accurate representation of the interferogram. In practice, an
additional term often has to be added to the phase angle 2πνδ, to describe the actual
measured interferogram. For example, a wavenumber dependent phase delay, ϕν, can be
caused by electronic bandfilters because the intensity modulation frequencies in the
interferogram are wavenumber dependent for the rapid-scan mode. The addition of such a
phase to the phase angle introduces sine components in the cosine wave interferogram. This
means that the interferogram is not symmetrical around the position of zero retardation
anymore and this is indeed visible in the interferogram, see Fig. 1.4. The spectrum B(ν) can
be calculated from the interferogram by a complex Fourier transform20:
B(ν) =

∞

∫ I(δ) exp{2πiνδ}dδ

(1.7)

−∞

The spectrum computed with a cosine Fourier transform is the real part of the complex
spectrum, Re(ν), while the component computed using a sine Fourier transform is the
imaginary part of the complex spectrum, Im(ν). The process of removing the sinecomponents from the interferogram is known as phase correction. In most cases, the phase
angle, ϕν, in an interferogram only varies slowly with wavenumber. ϕν can be computed
from a region of the interferogram measured symmetrically on either side of the point of
zero retardation. Because it is only necessary to calculate ϕν at a low resolution, data
collection is started only a short distance from the centerburst and is measured to the same
distance on the other side of the centerburst. This short interferogram is used to calculate
the phase spectrum by computing the sine and cosine Fourier transforms that give the real
and imaginary spectrum, respectively20.
The phase spectrum can then be calculated by applying the relationship:
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 Im(ν) 
θ ν = arctan 

 Re(ν ) 

(1.8)

Phase correction of the full resolution experiment can be performed with this lowresolution phase correction. However the arctan function has singularities and is single
valued only for the region – π to π . Mertz21 developed a technique where the low
2
2
resolution Re(ν) and Im(ν), as determined for phase correction purposes, are used for a
vector rotation (subtraction of the phase) of the complex high resolution Fourier transform
that is given by the high resolution Re(ν) and Im(ν) spectra.
1.2.3

Water in IR spectroscopy

One of the major problems in FT-IR spectroscopy is that water is a very strong IR absorber.
The influence of watervapour on a spectrum is illustrated in Fig. 1.5. Watervapour has very
strong, sharp absorption bands around 1700 and 3700 cm-1 that are hard to correct for.
Therefore, the amount of watervapour in the atmosphere within the spectrometer is often
reduced by purging with dry nitrogen gas or by putting the optical part of the FT-IR
spectrometer in vacuum. The spectrum of Fig. 1.5 was measured in such a purged
atmosphere but still shows the strong watervapour absorption bands. The pathlength of the
IR light through the normal atmosphere should therefore be kept as small as possible when
it is necessary to expose the measured system to normal atmospheric conditions.
For many biological systems, water is essential for its functioning. Some wavenumber
regions of IR light are totally absorbed when the beam passes through some tens of
micrometers of liquid water. Measurements on solutions or measurements on systems that
have to be in water are therefore generally carried out with an Attenuated Total Reflectance
(ATR) crystal. IR radiation passing through the ATR crystal (see Fig. 1.6) will be totally
internally reflected provided the angle of incidence, α, is larger than the critical angle for
the crystal/water interface. An evanescent wave outside the ATR crystal is formed at total
internal reflection in the crystal. The intensity of this evanescent wave decays exponentially
with the distance to the surface of the ATR crystal. This makes ATR generally less
sensitive to sample thickness, allowing for the analysis of strongly absorbing samples or
samples adsorbed on the ATR crystal in water environments. The depth of penetration, dp,
is a useful measure of the depth that the evanescent wave extends into the sample. This
depth of penetration is defined as the distance from the crystal-sample interface where the
intensity of the evanescent wave decays to 1/e of its original value at the interface. It is
given by22:

dp
crysta l
α

IR be am

Figure 1.6: ATR crystal with
penetration depth, dp, of the
evanescent wave and angle of
incidence, α.
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material
ZnSe
Ge

water
1500 cm-1
1.3 µm
0.4 µm

air
3000 cm-1
0.7 µm
0.2 µm

1500 cm-1
0.8 µm
0.4 µm

3000 cm-1
0.4 µm
0.2 µm

Table 1.1: Penetration depth, dp, of the evanescent field for a ZnSe (n=2.4) and
Ge (n=4.0) ATR crystal in water or air at ν=1500 cm-1 and ν=3000 cm-1 for an
angle of incidence, α, of 450.
2
d p = 2πn c ν sin 2 α − n sc 



−1

(1.9)

where nc is the refractive index of the crystal, nsc is the ratio of the refractive indices of the
sample and the ATR crystal, and α is the angle of incidence. This clearly shows that the
penetration depth is smaller for higher wavenumbers and that the penetration depth is also
dependent on the angle of incidence and refractive index of the material of the ATR crystal
that is used. Some typical penetration depths for a ZnSe and Ge crystal in water and air and
an angle of incidence of 450 are given in Table 1.1.

1.3

Outline of this thesis

In this thesis we will investigate to which extent newly developed FT-IR methods can be
fruitfully applied to the study of thin films consisting of molecules that have biological
significance. Chapter 2 contains the results of a study aimed at optimizing SNR of FT-IR
spectra obtained from thin films on dielectric substrates. Polarization modulation FT-IR
spectroscopy is used to increase SNR and to remove the watervapour absorption bands
from the IR spectra. Chapter 3 describes the application of polarization modulation FT-IR
spectroscopy in the study of hydration of multibilayers of dipalmitoylphosphatidylcholine
(DPPC). In Chapter 4 the use of 2D-IR spectroscopy is illustrated by a study of
bacterioRhodopsin (bR) and its interaction with an external light-perturbation. Some
possible directions of research using FT-IR spectroscopy are described in Chapter 5.
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Chapter 2
FT-IR Reflection Absorption Spectroscopy of Thin Layers

Fourier Transform InfraRed Reflection Absorption Spectroscopy (FTIRRAS) of thin layers is studied in this chapter. A general treatment of the
measured absorption spectra is given. The absorbance of IR light by a thin
film on a metal substrate is discussed and the enhancement of absorbance
near grazing incidence is shown. The more complex absorbance of a thin film
on a dielectric substrate, when compared to the absorbance of a thin film on a
metal, is also discussed. Optimum measurement conditions for a thin film on
a dielectric substrate are treated. We show how the orientation of transition
dipole moments can be determined from the measured absorption bands both
for the metal and dielectric substrate.
Polarization modulation can be used as a technique to improve sensitivity and
for removal of water vapour absorption bands in the IR spectrum. This
technique is discussed and the improvement by this technique to the quality
of IR spectra is demonstrated.

12

2.1

Chapter 2

FT-IR spectroscopy of thin layers

Structural characterization of thin submicrometer films on a substrate has become more and
more important, for example in the study of coatings in microelectronics and behaviour of
monolayers1. FT-IR spectroscopy is suited to study these films because it is a nondestructive and structural specific technique. FT-IR transmission spectroscopy can be used
to study these layers2 but this technique depends on the sample substrate properties. Second
reflection interference can occur in the spectrum for a small substrate thickness and can
make measurement of the thin film absorption spectra impossible. This problem can be
circumvented by performing a Brewster angle measurement3 for a substrate with constant
refractive index in the region of interest. Another problem is the absorption of IR light by
the substrate. Therefore the thin film has to be adsorbed on an IR transparent substrate.
ATR measurements also have to be performed on an IR transparent substrate4. An
important advantage of reflection absorption spectroscopy is the fact that the substrate does
not necessarily have to be IR transparent. Absorbance of the thin film on any substrate can
be measured as long as the substrate surface is not too rough. Besides that, reflection
absorption spectroscopy is used to measure transition dipole moment components that are
perpendicular to the substrate surface1,5, because these transition dipole moments are hard
to measure with transmission spectroscopy1.
The disadvantage of FT-IR spectroscopy is the low sensitivity when measuring thin
submicrometer films. Metals are often used as a substrate because an enhancement in
absorbance near grazing incidence can be obtained6,7,8,9. Unfortunately metals are not
always appropriate for the deposition of the thin film that is studied and other substrates
have to be used. A combination of the higher sensitivity of the metal substrate and the use
of a dielectric substrate is obtained with the buried metal technique10,11,12,13,14. Surface
enhanced FT-IR can also provide an increased sensitivity for a non-metal substrate15,16,17.
However, both these techniques require special treatment of the substrate, which is often
not desirable. Here we want to consider the absorbance of a thin film on any arbitrary
substrate. Therefore a study is performed to obtain knowledge about optimum measurement
conditions for a three-layer system. The SNR of a FT-IR experiment can be improved with
polarization modulation FT-IR spectroscopy, and this technique is discussed in detail.

2.2

FT-IRRAS spectroscopy of thin layers

FT-IR Reflection Absorption Spectroscopy (FT-IRRAS) of thin films can be applied on all
kinds of substrates. The absorbance of the thin film can be calculated from the boundary
conditions when all optical parameters are known. The absorbance of a thin film on a metal
shows a different behaviour when compared to the absorbance of a thin film on a dielectric
substrate. Therefore both are treated separately. Optimum measurement conditions depend
on the aim of the measurement. The objective of FT-IRRAS spectroscopy of thin isotropic
films is generally the detection of the molecular groups in the film. For anisotropic films
the aim can be both the detection of the material in the film and characterization of the
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structure of the film. Therefore the absorbance of isotropic and anisotropic films is treated
separately.
Optical effects, such as peak shift and loss of peak symmetry, possibly distort the measured
spectra from the calculated values and should always be taken care of18,19,20. These effects
appear especially in reflection experiments of thick films, films with a high imaginary
refractive index and for broad absorption bands. These effects are not expected in the study
of films of monolayer thickness, but the measured absorption bands should always be
regarded for possible distortions. These should be visible if the peakposition of an
absorption band in a reflection experiment is shifted in comparison to the transmission
experiment or when the measured absorption band in the reflection experiment shows some
asymmetry. Also strong absorbing bands should be regarded with additional care.
2.2.1

Reflection at a three layer system

The Fresnel theory21 can be derived from the Maxwell equations and describes the
reflection and transmission of a plane monochromatic light wave at a boundary of two
layers. The Fresnel theory holds for an infinite, perfectly flat layer. In practice, the Fresnel
theory can be applied for studies at a lateral scale exceeding the wavelength by an order of
magnitude. The reflection measurements are then described by the Fresnel theory within the
experimental accuracy. Therefore, this model is used to determine the parameters of the
layer structure under investigation.
Generally spoken reflection and transmission occur when a monochromatic plane wave
impinges an interface between medium 1 and 2. This incoming plane wave, i, can be split
into a p-polarized component parallel to the plane of reflection and a s-polarized component
perpendicular to this plane, see Fig. 2.1. The refractive indices of media 1 and 2 are called
n1 and n2, respectively.
The angle αr that the reflected wave, r, makes with the surface normal wave should be
equal to the angle αi of the incoming wave, i23:
αi = αr

(2.1)

Therefore, the angle of the light through medium 1 and 2 is called α1 and α2, respectively.
Snell’s law gives the angle of the transmitted wave in the second medium23:
n1 sin α 1 = n 2 sin α 2

αr

(2.2)

α2
αi

Figure 2.1: Reflection and transmission of a plane
wave incident on a boundary between medium 1 and 2.
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The reflection for p-polarized light can be written as:
r12 p =

Q1 − Q 2
Q1 + Q 2

(2.3)

For s-polarized light the reflection components are written as:
r12s =

q1 − q 2
q1 + q 2

(2.4)

where qx=nxcosαx and Q x =

cos α x

, with x indicating the first or second layer and r12p
nx
and r12s are the Fresnel reflection coefficients at the boundary.
The situation in case of a thin film adsorbed on a substrate is more complex. Medium 2
now represents a thin film while medium 3 represents the substrate, see Fig. 2.2. The
reflection of this system can be expressed in the Fresnel reflection (r) and transmission (t)
coefficients at the boundaries between the layers. The Fresnel reflection coefficient of a
thin film adsorbed on a substrate can then be written as22:
r123 = r12 + t 12 r23 t 21e 2iβ + t 12 r23 r21 r23 t 21e 4iβ + ... =
∞

r12 + t 12 r23 t 21e 2iβ ∑ (r21 r23 e 2iβ ) j 
 j= 0


(2.5)

with β = d 2 n 2 cos θ 2 ω

and ω the angular frequency of the lightbeam, c the speed of light
c
and d2 the thickness of the thin layer.
For 0<q<1:

r 12

1

t 12 r2 3t 2 1e 2 iβ

t 12

t 12 r 23r 21 e

t 12r 23e iβ
t 12t 23 e

iβ

2 iβ

t 12 r 23r 2 1r 23 e 3iβ
t 12 r 23r 2 1t 23 e 3iβ

Figure 2.2: Reflection and transmission
for a three-layer system. The amplitudes of
the waves are specified by the Fresnel
coefficients and phase retardation β. The
incoming wave has an amplitude 1.
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(2.6)

Eq. 2.5 and Eq. 2.6 yield that:
r123 =

r12 + r23 ( t 12 t 21 − r12 r21 )e 2iβ
1 − r21 r23 e 2iβ

(2.7)

From the Stokes relations23 it is known that:
t 12 t 21 + r12 r12 = 1
r21 = −r12

(2.8)

Substituting Eq. 2.8 in Eq. 2.7 gives:
r123 =

r12 + r23 e 2iβ
1 + r12 r23 e 2iβ

(2.9)

where the Fresnel reflection coefficient of the three-layer system is expressed in the Fresnel
reflection coefficients at the boundaries between the media.
The reflectance of the three-layer system is then found from the Fresnel reflection
coefficient with:
R 123 = r123

2

(2.10)

which holds for both p- and s-polarized light.
The expression for the reflection coefficient of the three-layer system can be extended to a
multiple layer system. Therefore it is necessary to determine the Fresnel reflection
coefficient of the last 3 layers that the incident wave penetrates. This reflection coefficient
can then be seen as the Fresnel reflection coefficient for one virtual boundary between two
layers instead of the two boundaries in a three-layer system. The reflection coefficient of
the next layer can then be seen as a three-layer system with the boundary of the new layer
and the virtual boundary of the previous determined three-layer system. This reflection
coefficient can also be seen as the reflection coefficient of one virtual boundary and with
that the Fresnel reflection coefficient can be determined for the next layer. In this way, the
Fresnel reflection coefficient is determined by going one by one through the layers, until
the Fresnel reflection coefficient is determined for the first three layers.
In this chapter only single films adsorbed on a substrate are regarded and therefore only the
three-layer system model is used.
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2.2.2

Absorbance of a thin isotropic film

The system that is considered in this paragraph can be modeled as a thin homogeneous
isotropic monolayer with a thickness of 1 nm and a complex refractive index n2 deposited
on a semi-infinite substrate with complex refractive index n3. The reflectance for such a
system can be calculated with Eq. 2.10. The depth of an absorption band can be defined as:
A=

R0 − R
R0

(2.11)

where the value of the reflectance of the thin absorbing layer on the substrate, R, is
compared with the same system without absorption of the thin layer, R0.
The real and imaginary refractive indices of the thin isotropic layer in this paragraph are
taken as n2=1.5 and k2=0.1 (n=n+i· k), respectively, at ν=3000 cm-1. These values are
typical for CH stretch bands of a biological layer.
2.2.2.1

Metal substrate

Greenler6 was the first who described the use of a metal substrate in a reflection
measurement of monolayer films at near-normal incidence. The advantage of using a metal
is that the incident and reflected waves can combine to form a standing wave field when a
plane wave is incident at near-normal incidence. The thin layer will be within this standing
wave field. This standing wave field will be perpendicular to the metal surface, because no
electric field over the metal surface is possible. S-polarized light only has a component
parallel to the metal surface and shows no IR absorbance due to the thin layer. P-polarized
light has a component perpendicular to the substrate surface and can therefore produce a
standing wave field. The field intensity near the substrate surface is nearly four times the
incident intensity at grazing incidence because the intensity is the square of the electric
field amplitude. IR light at wavenumber ν is absorbed by the thin layer when the layer has a
non-zero transition dipole moment at wavenumber ν with a component perpendicular to the
metal surface.
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Figure 2.3: Absorbance of p-polarized light
of a thin isotropic layer with refractive indices
n2=1.5, k2=0.1 and a thickness of 1 nm,
adsorbed on a gold (), or chromium (- - -)
substrate at ν=3000 cm-1, as a function of the
angle of incidence α. Refractive indices are
taken as n3=9.0, k3= 28.2 for gold and n3= 3.8
and k3=14.7 for chromium, in agreement with
Greenler6.
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The absorbance of an isotropic layer is calculated as a function of the angle of incidence,
see Fig. 2.3, for gold and chromium substrates with refractive indices of the thin layer as
given in paragraph 2.2.2. The absorbance of the thin film is maximum at near-normal
incidence, showing a small dependence on the metal substrate. Greenler6 showed that the
absorbance is higher at glancing angles when the imaginary refractive index of the metal in
use is higher, while the dependence on the real refractive index is negligible. The refractive
index of a thin layer of gold deposited by sputtering can be different from the value used7,
having a higher imaginary refractive index. However, calculations for both refractive
indices yield the same absorbance at angles of incidence around 82 degrees, which is the
angle of incidence that is generally used in reflection experiments on a metal substrate1,26.
The measured absorbance is linearly dependent on the layer thickness for films with a
thickness of less than 10 nm. Thicker films experience a decrease of the average standing
field magnitude at the metal substrate surface and show therefore a diminished absorption
coefficient34.
It is well documented that FT-IRRAS experiments of thin layers on gold often result in high
quality spectra, even for submolecular thickness of the material under investigation 1,5,26.
However, samples of interest are often only available on a dielectric substrate, such as
glass. The absorbance of a thin layer on such a substrate is more complex.
2.2.2.2

Dielectric substrate

In case of a dielectric substrate an electric field both perpendicular and parallel to the
substrate surface is present. The electric field of the s-polarized light and the components
parallel and perpendicular to the surface of the p-polarized light interact with the transition
dipole moments in the thin film. The absorbance is then dependent on the magnitude of the
electric field both of p- and s-polarized light. The absorbance of the thin, isotropic film is
calculated for both p- and s-polarized light for a glass substrate with refractive indices
n=1.4 and k=3.3*10-5 at ν=3000 cm-1. The refractive indices of glass are determined from
reflection and transmission spectra of bare glass.
The calculated absorbance for such a system is given in Fig. 2.4, which shows a maximum
absorption of the s-polarized light at an angle of incidence, α=00. To rationalize these
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Figure 2.4: Absorbance of p- (- -) and s- ()
polarized light of an isotropic film with
refractive indices n=1.5 and k=0.1 and a
thickness of 1 nm, adsorbed on a glass
substrate with refractive indices n=1.4 and
k=3.3*10-5, as a function of the angle of
incidence α.
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findings one should note that the absorbance of the thin layer is proportional to the electric
field at the surface, which is composed by the incoming and reflected light25. The phase
shift of the reflected s-polarized light relative to the incoming light is 180 degrees for all
angles of incidence24. The resulting electric field at the glass/layer interface is maximum at
α=00, because the reflectance is low at this angle of incidence. There is no resulting electric
field at the dielectric substrate surface for α=900 because the reflectance equals 1 at that
angle and therefore the incoming and reflected lightbeam cancel each other.
The absorbance of p- and s-polarized light is comparable at 0 degrees angle of incidence.
The percentage of p-polarized light with the electric field perpendicular to the substrate
surface increases with the angle of incidence. The absorbance of p-polarized light therefore
differs from the s-polarized light absorbance. The absorbance of p-polarized light is high at
the Brewster angle at approximately α=550, but this is explained by the fact that the
reflectance R0 at this angle of incidence is zero.
The absorbance of s-polarized light will always be negative, while the sign of the
absorption bands of p-polarized light is dependent on the angle of incidence.
The values found for the absorption on metal and dielectric substrates clearly indicate that
the use of a metal substrate is preferential when isotropic monolayers, or other thin films
with low absorption coefficients, are studied.
2.2.3

Absorbance of a thin anisotropic film

The discussion so far has involved isotropic films. For example most polymeric films have
such a small anisotropy that they can be treated as isotropic. In practice some films do not
have isotropic properties but each transition dipole moment shows some preferential
orientation. For these layers one is often not only interested in detection of the groups in the
film but also in characterization of the structure. For example many Langmuir-Blodgett
films are quite anisotropic. Such an anisotropy is discussed in detail in Chapter 3, but for
monolayers it is sufficient to assume a cylindersymmetrical spread with a tilt angle θ
around the surface normal for a transition dipole moment, see Fig. 2.5, rather than an order
parameter. In that case the absorbance of the light due to the monolayer is dependent on the
orientation and magnitude of the transition dipole moment and the field in x-, y- and zdirection at the substrate/layer interface.
The influence of a preferential orientation of the transition dipole moment on the measured
absorption bands is explained for both a metal substrate and a dielectric substrate.

Figure 2.5: Cylindersymmetrical distribution
of the transition dipole moment with tilt angle
θ. The z-axis depicts the layer surface normal.
The IR beam’s plane of reflectance is the yzplane and the angle of incidence α is the angle
between incident beam and the surface normal
in the yz-plane.
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Metal substrate

The absorbance of a thin anisotropic film on a metal substrate is rather simple. There is
only an electric field perpendicular to the substrate surface. The absorbance of a transition
dipole moment is thus dependent on the magnitude of this electric field component, that
depends on the angle of incidence, and on the magnitude of the component of the transition
dipole moment that is oriented perpendicular to the substrate surface.
A first approach is to compare the measured absorbance with that of the same layer in a
transmission experiment under perpendicular incidence. These two experiments give the
absorbance perpendicular and parallel to the surface and the orientation of the transition
dipole moment can be determined from these values. However, the transmission experiment
can not be done on a metal substrate because of the absorbance of IR light by metals.
Therefore the film has to be studied on 2 different substrates, which limits the practical
applications.
Another possibility is to measure the properties of the material of which the film is
composed. For LB-films this can be done by mixing the material with KBr powder. The
absorption coefficient values of the isotropic material can be used to calculate the
absorbance of an isotropic film, with the conditions of the reflection experiment. The
orientation of the transition dipole moment is then defined as19,26,27:
cos 2 θ(ν ) =

A meas (ν )
3A iso (ν )

(2.12)

where Ameas is the measured absorbance and Aiso is the calculated absorbance of an
isotropic film. The problem of this method lies in the fact that the properties of the
measured layer may differ from the properties used in the calculations. It is for example
known that highly ordered layers show smaller absorption bands26 and also shifts in
peakposition can occur27.
The orientation of transition dipole moments can therefore be obtained from FT-IRRAS
experiments on a metal substrate, but the technique has some disadvantages.
2.2.3.2

Dielectric substrate

The absorbance of a thin anisotropic film on a dielectric substrate is more complex and
shows lower absorption values. However, it can be used to obtain the transition dipole
moment orientation directly from measurements. Therefore the same cylindersymmetrical
orientation distribution is assumed as in Fig. 2.5.
Some simple, approximated equations of the different components of the absorbance of a
thin film (layer 2) on a dielectric substrate (layer 3) can be obtained. These absorption
components give more insight in the absorbance of an anisotropic thin film. The theoretical
absorbance of the three components, As,y, Ap,x and Ap,z can be given as a function of the real
and imaginary refractive indices n and k of each layer, respectively, the wavenumber, ν,
and the angle of incidence, α28,29:
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where ξ3=(n3-ik3-n1cos2α)1/2 and d2 is the thickness of the thin absorbing layer.
Additional structural information about an anisotropic layer can now be obtained by
considering the three components separately. The As,y component has the same dependency
on the angle of incidence as was already given in Fig. 2.4. The Ap,x and Ap,z component
dependencies on the angle of incidence are shown in Fig. 2.6. The absorbance of the ppolarized light by a transition dipole moment is dependent on the absorbance of the parallel
and perpendicular component and with that, the orientation of the transition dipole moment.
The imaginary refractive index k2 can be rewritten to ½kmaxsin2θ for the x- and y-direction
and to kmaxcos2θ for the z-direction for a cylindersymmetrical spread of the orientation
dipole moment with a tilt angle θ to the surface normal in case of an anisotropic layer, with
kmax the imaginary refractive index in the direction of the transition dipole moment.
The dichroic ratio of p- and s-polarized light can then be written as function of the angle θ
of a transition dipole moment:
1 A s , y sin 2 θ
As
2
=
1 A p , x sin 2 θ + A z , y cos 2 θ
Ap
2

(2.14)
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Figure 2.6: Absorbance Ap,x () and Ap,z (- -)
of a thin isotropic layer with refractive indices
n=1.5 and k=0.1 and a thickness of 1 nm,
adsorbed on a glass substrate with refractive
indices n=1.4 and k=3.3*10-5 as a function of
the angle of incidence α. As,y has the same
shape as was given for As in Fig. 2.4. The
orientation of the transition dipole moments of
a thin anisotropic layer can be calculated with
these values.
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when kmax2cos2θ<<n22 with k2 taken as kmax for As,y, Ap,x and Ap,z in Eq. 2.13.
When this criterium is not met, an iteration can be made to obtain the orientation of the
transition dipole moment. The imaginary refractive indices in x-, y- and z- direction can be
obtained from the obtained orientation of the transition dipole moment. These values are
used to recalculate the As,y, Ap,x and Ap,z components that are used again for the
determination of the transition dipole moment. This procedure can be repeated until the
obtained orientation of the transition dipole moment remains nearly constant between two
successive iteration steps.
The absorbance of a transition dipole moment in an isotropic layer is equal to the
absorbance of a transition dipole moment with an angle of 54 degrees to the surface normal
in an oriented layer since the refractive indices in all directions are equal for both situations.
A tilt angle of 540 of a transition dipole moment is therefore often called the ‘magic’ angle.
The absorbance of an oriented layer will thus be dependent on the orientation of the
transition dipole moment. Absorbance of s-polarized light is always negative but the
absorption value depends on the angle of the transition dipole moment with the surface
normal and the angle of incidence. P-polarized light that is composed of a perpendicular
and parallel component can be negative and positive depending on the orientation of the
transition dipole moment and the angle of incidence. Both positive and negative peaks can
occur in the spectrum of p-polarized light, depending on the orientations of the different
transition dipole moments30.
2.2.3.3

Monolayer on gold

Experiments were done with a monolayer of 11-mercaptoundecanoic acid
(HSC10H20COOH) monolayer adsorbed on a gold surface. The IR spectrum for p-polarized
light was obtained by averaging 100 scans with an angle of incidence of 820. Optimum
filling of the AD-converter was applied in order to reduce the noise. The IR spectrum is
given in Fig. 2.7. The absorbance in the 3000 cm-1 region is caused by the asymmetrical
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Figure 2.7: Absorbance of a monolayer on
gold without watervapour correction.
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Figure 2.8: Absorbance of a monolayer on
gold with watervapour correction.
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(2920 cm-1) and symmetrical (2853 cm-1) CH2 stretch vibrations27. The small strong
absorption bands from 1350 to 1900 cm-1 are caused by watervapour. Some monolayer
absorption bands might be present but can not be resolved from this spectrum. These
watervapour absorption bands can be corrected for by subtracting a watervapour spectrum.
However, the watervapour is hard to correct for, especially when one is interested in the
small absorption bands of a monolayer. This is illustrated in the water vapour corrected
spectrum of Fig. 2.8. The watervapour remains present, but one can also see some other
vibration bands beneath the watervapour absorption bands at approximately 1720 and 1420
cm-1. However, these bands are hard to distinguish. The spectrum clearly shows the
disturbing effect of the watervapour in the fingerprint region for low absorbing films. The
spectrum lower than 1350 cm-1 is not shown because the absorbance of the glass beneath
the gold layer disturbs the spectrum in this region.
2.2.3.4

Polystyrene on glass

Experiments were done with a polystyrene layer on a glass substrate. Polystyrene is chosen
in view of its large absorption cross section of the C-H stretch bands in the 3000 cm-1
region; furthermore it is rather simple to manufacture reasonably uniform polystyrene
layers.
A polystyrene layer with a thickness of 14 nm is obtained by spincasting a
polystyrene/toluene solution on a glass substrate. Linear dichroic measurements with
perpendicular incidence show that a cylindersymmetrical spread assumption of the
transition dipole moments is valid.
Measurements are performed with a MCT-detector, and measurement conditions such as
amplification are the same for each measured point. The spectrum of this layer of
polystyrene, as measured with p-polarized light with an angle of incidence of 65 degrees, is
given in Fig. 2.9.
The shape of the absorption band at 3024 cm-1 as a function of angle of incidence is
comparable to the shape of an isotropic film as shown in Fig. 2.4, see Fig. 2.10. The
calculated absorption values for p- and s-polarized light are normalized to the measured
values by adjusting kmax=0.08 and assuming an orientation of 57 degrees for the vibration at
3024 cm-1. The calculated and measured values resemble each other very well for these
values, see Fig. 2.10. The 3024 cm-1 band will thus have an orientation of 57 degrees to the
surface normal. The other vibrations also have tilt angles that are around the magic angle of
54 degrees that would be found for an isotropic layer. The polystyrene film thus shows a
more or less isotropic behaviour as was expected for polymer films that are spincoated1.
The advantage of measurements on a dielectric substrate is clearly illustrated with this
experiment. Only the absorbance of p- and s-polarized light for an arbitrary angle of
incidence have to be determined to be able to find the orientation of a transition dipole
moment. The absorption values of the transition dipole moments are however rather low on
a dielectric substrate. FT-IRRAS measurements on a metal will in general give better
absorption values, but the determination of the orientation of transition dipole moments is
more difficult.
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Figure 2.9: Measured absorbance of ppolarized light in the 3000 cm-1 region for a
14 nm thick polystyrene layer adsorbed on
glass for an angle of incidence α of 65
degrees.
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Figure 2.10: Measured absorbance of p- (∀)
and s- (∃) polarized light of the 3024 cm-1 CH
vibration for a 14 nm thick polystyrene layer
adsorbed on glass. Calculated values for p(- - -) and s- () polarized light agree with
the measured values when a tilt angle θ of 57
degrees is assumed.

Optimum measurement conditions have to be known for experiments on thin layers,
especially when adsorbed on dielectric substrates. This will now be discussed. A short
account of this work has been previously published33.
2.2.4

Signal to noise ratio for thin films

The optimum angle of incidence α for FT-IRRAS measurements on gold is often
considered as the angle with maximum expected absorbance. However, for best
measurement conditions one should find the angle of incidence with maximum signal to
noise ratio (SNR) rather than maximum absorbance. This can easily be illustrated by
inspection of the absorbance of a thin film on a dielectric substrate when p-polarized light
at the Brewster angle is applied. The absorbance is high at this angle but the reflectance of
the glass substrate is zero. This means that the SNR of the signal might not be maximum
although the absorbance is maximum.
In a detector-noise-limited spectrometer, which is usually the case32, the noise in the
interferogram is independent from the light intensity. For this situation we propose that for
optimum measurement conditions the difference in response between a bare and coated
substrate R0 and R, respectively, is optimized as a function of α rather than the absorbance
as defined in Eq. 2.1133. We will call this the signal to noise ratio of our experiment:

SNR = a (R 0 − R )

(2.15)

where a is an instrumental constant. The SNR can thus be seen as the product of reflected
intensity and absorbance.
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Figure 2.11: Reflectance of gold () and
chromium (- - -).
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Figure 2.12: SNR for a thin film adsorbed on
gold () and chromium (- - -).

Metal substrate

Metals are good reflectors, and the reflectance will be around 1 at most angles of incidence.
The reflectance does not differ much between the different metals, see Fig. 2.11. The
reflectance is minimum at near grazing incidence. The absorbance is maximum near
grazing incidence, see Fig. 2.3. The absorption value is among others dependent on the
orientation of the transition dipole moment, but the shape of the absorbance as function of
the angle of incidence α is not dependent on the tilt angle, θ. The resulting SNR, with a of
Eq. 2.15 taken as 105, is very similar to the expected absorbance, see Fig. 2.12. In practice
part of the beam can not irradiate the finite sized sample surface area at higher angle of
incidence and is lost. This loss of intensity lowers the signal to noise ratio. Generally angles
around 82 degrees are found as optimum angle of incidence1,26. Optimum measurement
conditions for sample areas of 4 cm2 in the current set-up are found at an angle of incidence
of 83 degrees.
2.2.4.2

Dielectric substrate

Optimum SNR ratio for s-polarized light can be calculated rather easily from the
reflectance of the dielectric substrate and the expected absorbance of the thin layer. The
absorbance that is dependent on the angle of incidence, α, has a shape that is not dependent
on the tilt angle θ and is similar to that of p-polarized light for metals. The situation for ppolarized light is more complex because the SNR is highly dependent on the orientation of
the transition dipole moment, θ.
The reflectance of glass shows some specific general features for dielectric substrates. The
reflectance at perpendicular incidence will be low as long as the refractive index of the
material in use is not too large, see Fig. 2.13. The reflectance of s-polarized light gradually
increases with increasing angle of incidence and is maximum at α=900. The p-polarized
reflectance is however getting smaller till a zero reflectance at the Brewster angle, which is
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Figure 2.13: Reflectance for p- (- - -) and s() polarized light on a glass substrate as a
function of the angle of incidence α.
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Figure 2.14: SNR for p- (- - -) and s- ()
polarized light of an isotropic thin film
adsorbed on a glass substrate as a function of
the angle of incidence α.

550 for a glass substrate. The reflectance increases above the Brewster angle to a maximum
reflectance at α=900.
The calculated SNR dependence on the angle of incidence for a thin isotropic layer
adsorbed on a glass substrate is given in Fig. 2.14. The SNR of s-polarized light is optimum
around 750 because of the high reflectance in that region. The SNR of p-polarized light is
zero at the Brewster angle and shows maxima at 0 and 80 degrees angles of incidence. The
SNR values of the p-polarized light will always be lower than that of s-polarized light. So
the use of s-polarized light at an angle of incidence of 75 degrees is preferential when a thin
isotropic layer adsorbed on a glass substrate is examined.
The SNR of the p-polarized light in case of an anisotropic layer is more complex because of
the dependency on the orientation of the film. Insight in the expected SNR of the ppolarized light is of use when the orientation of transition dipole moments has to be
determined. The expected SNR are calculated as a function of both the angle of incidence
and the tilt angle of a transition dipole moment, see Fig. 2.15. This figure shows that at
α=00 and 780 optimum SNR occurs. Only measurements at these two angles are necessary
to measure the absorption of p-polarized light. Measurement of the parallel and
perpendicular absorption components is necessary for the determination of the tilt angle of
the transition dipole moment. The measurement of the p-polarized light at 780 degrees will
depict information about the perpendicular component of the transition dipole moment. The
measurement at perpendicular incidence gives the same information about the parallel
component of the transition dipole moment as is obtained from the s-polarization
measurement. The s-polarization measurement is preferential because of the better SNR.
So, for the determination of the orientation of transition dipole moments in a thin layer
adsorbed on glass, only the measurement of s-polarized light at an angle of incidence of 750
and the p-polarized light at an angle of incidence of 780 is necessary. Additional
measurements give worse SNR and provide no additional information. Only the 750 angle
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Figure 2.15: The expected SNR for p-polarized
light as a function of tilt angle of the transition
dipole moment, θ, and the angle of incidence,
α, for a thin film on glass.
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of incidence measurement of s-polarized light has to be performed for optimum detection of
the vibrational groups in a thin isotropic film.
Both the absorbance of p- and s-polarized light has to be measured for the determination of
the orientation of a transition dipole moment. For p-polarized light the interest is mainly in
the absorbance of the component perpendicular to the substrate surface because the
component parallel to the surface is determined from the s-polarized light.
Optimum measurement conditions are also dependent on the substrate surface. A substrate
with higher refractive index than glass gives better SNR for the p-polarized light, while the
expected SNR of s-polarized light decreases. The SNR of s-polarized light remains nearly
constant till a refractive index of 3. Higher refractive indices lower the expected SNR very
fast. In fact optimum SNR for the determination of an arbitrary tilt angle is expected when
the expected maximum SNR for both p- and s-polarized light are equal, which is the case
for a refractive index n=2 of the substrate. A refractive index of 3 or higher will give more
difficulties in measuring the component parallel to the surface. Optimum measurement
conditions for the determination of a tilt angle θ are expected for substrates with a
refractive index in the region of 1.7 to 3. Substrates with a refractive index in this region are
preferred for measuring the orientation of transition dipole moments in a thin film.
2.2.4.3

Polystyrene on glass

The measurements of 14 nm thick polystyrene on a glass substrate that are described in
paragraph 2.2.3.4 are used to determine the SNR of the measurements for s-polarized light.
All measurement conditions are the same for each measurement, only the angle of
incidence of the IR beam is changed.
The measured SNR is given as a function of the angle of incidence in Fig. 2.16. The
calculated expected SNR is given and the value of a in Eq. 2.15 is taken as approximately
105 in order to normalize the SNR value calculated at α=450 to the measured value. One
can see that the measured SNR values increase at increasing α, but the maximum SNR is
found at 550 rather than 750. This can easily be explained by the limited sample area used in
this experiment. The intensity of the light on the detector, and with this SNR, is diminished
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Figure 2.16: Measured (●), intensity corrected
(■) and calculated () SNR of p-polarized
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Figure 2.17: Measured (●) and calculated ()
reflectance as function of the angle of
incidence α.

at higher angles of incidence because of a relative large beam diameter in comparison with
the sample dimensions. In this experiment the effective sample area is smaller than the
beam diameter when the angle of incidence, α, is approximately 500. The measured
intensity at the detector reflects this observation when it is compared to the calculated
reflectance of the IR light at a glass substrate, see Fig. 2.17.
The reflectance of the IR beam is approximately equal to the expected value at angles of
incidence of 350 and 450. The measured reflectance is lower than the expected reflectance at
higher angles of incidence because intensity is lost. The loss of intensity due to the limited
sample size can be found from these measurements, and these values can be used to
determine the expected SNR when the sample areas would be infinite.
The intensity corrected measured SNR’s for an infinite sample size are calculated and given
in Fig. 2.16. The values are normalized and show a good fit with the expected calculated
SNR. The same curve is found for an infinitely sized sample by Blaudez31.
The calculated SNR resembles the SNR for an infinite sample fairly well, but one should
also take the lost intensity into account in case of a limited sample size. The loss of
intensity can be measured for the used sample size and a SNR that is corrected for this
limited sample size can be calculated.
However, in our measurements we are using a MCT detector, which has a high detectivity.
In practice the measured signals are AD-converter noise limited when the intensity at the
detector is not very low and the amplification of the signals before the AD-converter is not
maximum. This will be treated in paragraph 2.3.3.2. The SNR for an AD-converter noise
limited system is not dependent on the intensity but more on the efficiency with which the
AD-converter is used. The measured interferogram should be amplified in such a way that
the centerburst fills the AD-converter to its maximum value. For an AD-converter noise
limited system it can be advantageous to diminish the measured signal intensity on the
detector in order to increase the amplification and fill the AD-converter more efficient. The
measured SNR at different angles of incidence are determined for similar measurement
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conditions, and show therefore the same dependency for the SNR as for the detector noise.
The amplification of the signal was optimized for the measurement with the highest light
intensity on the detector. Optimization of the amplification in each individual measurement
gives improvement of the measured SNR at 350 and 450. Optimum measurement conditions
for this experiment with limited sample size and an AD-converter noise limited system for
s-polarized light on a glass substrate are therefore found at approximately 450.
However, the signal is again detector noise limited when a less sensitive detector such as a
DTGS detector is used. The signal is also detector limited when the measured intensity at
the detector is low and the amplification of the signal is high. All these parameters are very
important in the study of thin films on dielectric substrates. One needs to have knowledge
about the source of the noise, sample surface area size and reflectance of the substrate for
optimum measurement conditions.
The FT-IR spectrometer is primarily AD-converter limited when the most sensitive MCT
detector is used. Polarization modulation is a tool to diminish the AD-converter noise in the
spectra.

2.3

Polarization modulation FT-IR spectroscopy of thin layers

In paragraph 2.2 it was found that the noise in the spectra is generally determined by the
AD-converter. Improvement of the signal to noise ratio is of use when thin films are
measured, especially for thin films adsorbed on a dielectric substrate. Another problem
observed in paragraph 2.2.3.3 is the watervapour in the spectra in the fingerprint region. It
was shown that this watervapour can be corrected for by subtracting the spectrum of
watervapour but the resulting spectrum rather shows watervapour absorption bands than the
absorption bands of the thin film that is studied in the fingerprint region. Polarization
modulation is a technique that can be used to improve the use of the dynamic range of the
AD-converter and to compensate for the watervapour absorption bands.
A Photo Acoustic Modulator (PEM) is used to modulate the polarization of the light in
addition to the intensity modulation of the spectrometer. Frequencies of both modulations
should differ at least a factor 10 in order to be able to demodulate the intensity modulation
and the polarization modulation separately34. This requirement is met, because the PEM
gives a polarization modulation frequency of 74 kHz and the modulation frequencies of the
light intensity of the spectrometer are lower than 5 kHz for the wavenumber region of
interest for optimum setting of the spectrometer, see paragraph 1.2.1. The efficiency of this
polarization modulation depends on the adjustment of the PEM and is optimized for the IR
wavenumber region of interest. The most appropriate way of polarization modulation FTIRRAS is to modulate the light between the p- and s-polarization.
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Figure 2.18: Optical set-up with the Photo
Elastic Modulator (PEM).

2.3.1

Theory

Polarization Modulation FT-IRRAS spectroscopy is a double modulation technique. The
polarization is modulated in addition to the intensity modulation of the interferometer. This
double modulated signal is reflected at a sample and then measured as an interferogram
with the MCT detector. A description of the measured signal is given below. This measured
signal has to be demodulated in order to interpret the data. The demodulated signals of
interest are described. The advantages of polarization modulation for FT-IR spectroscopy is
also described with the help of these demodulated signals.
2.3.1.1

Modulation

Polarization modulation is done in the rapid-scan mode of the spectrometer. The intensity
modulation of the signal in the rapid-scan is already described in paragraph 1.2.1 and Eq.
1.6. The frequencies due to this modulation are generally from 1-5 kHz and depend on the
wavenumber of interest and scan speed.
The optical setup for polarization modulation is shown in Fig. 2.18. The intensitymodulated light from the interferometer passes a polarizer that polarizes the light in the
horizontal direction, Ih. The polarization of the light is made time dependent with the Photo
Elastic Modulator (PEM). The refractive index of the PEM is varied in the y-direction by
applying a time dependent pressure on the crystal, while the refractive index in the xdirection is constant. Both the x- and y-direction are oriented with an angle of 45 degrees to
the incoming horizontal polarized light, so the amount of energy through the x- and ydirection is equal.
The light intensity in the horizontal (Ih,PEM) and vertical (Iv,PEM) direction after the PEM can
be described by giving both axes a time dependent amplitude. The sum of these intensities
should be equal to the intensity before the PEM35,36:
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I h ,PEM (ν, t ) = 1 [1 + cos α( t )]I h (ν, t )
2
1
[1 − cos α(t )]I h (ν, t )
I v ,PEM (ν, t ) =
2

(2.16)

Here α(t) is the time dependent pressure on the crystal that can be described as:
α( t ) = Α cos(2πf PEM t + φ PEM )

(2.17)

where fPEM is the frequency of the PEM and φPEM is an arbitrary phase angle. The amplitude
Α is dependent on the maximum change in refractive index in x- and y-direction and the
wavenumber. The time dependence of cosα(t) can be described in a Fourier series35:
∞

cos α ( t ) = J 0 ( Α) + 2∑ J 2 n ( Α) cos(4πnf PEM t + 2nφ PEM )

(2.18)

n =1

where Jl(Α) is a Bessel function of integer order. In practice only the zeroth and second
order Bessel function of Eq. 2.18 are used. Higher order Bessel functions are removed from
the signal using electronic filtering.
The light intensity after the PEM can then be described with the help of Eq. 2.16 and 2.18
as:

[
[

]
]

I h , PEM (ν, t ) = 1 I h (ν, t ) 1 + J 0 ( Α) + 2J 2 ( Α) cos(4πf PEM t + φ 'PEM )
2
1
I v, PEM (ν, t ) =
I (ν, t ) 1 − J 0 ( Α) − 2J 2 ( Α) cos(4πf PEM t + φ 'PEM )
2 h

(2.19)

This light is reflected at a sample. The horizontal polarization can be described as ppolarized light and the vertical direction as s-polarized light. The reflectance of the p- and
s-polarization, Rp and Rs respectively, is dependent on the angle of incidence and the
refractive index of the substrate. The absorbance is dependent on the properties of the thin
film adsorbed on the substrate.
The measured signal on the detector is the sum of the horizontal and vertical component
and can be described with the help of Eq. 1.6 and 2.19 as:

[

]

I det (ν, t ) = 1 I 0 (ν )D(ν ){R p 1 + J 0 (A) + 2J 2 ( Α) cos(2πf PEM t + φ 'PEM +
8
R s 1 − J 0 (A ) − 2J 2 ( Α) cos(2πf PEM t + φ 'PEM }[1 + cos 2πf ν t ]

[

]

(2.20)

where D(ν) is the frequency dependency of the detector.
Here 1 I o DR p and 1 I o DR s can be described as Ip and Is, respectively; the intensities of
8
8
the p- and s-polarized light at the detector.
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Demodulation

The measured detector signal of Eq. 2.20 consists of 2 parts that can be separated: a high
frequency component fPEM and a low frequency component fν. These signals contain
different information about the sample and should be demodulated separately. For this
purpose the detector signal is processed in two different ways.
The low frequency component, called the reference signal, can be described as a time
averaged signal. The high frequency component, fPEM and the DC-component of the
detector signal are filtered out with a bandpass filter. The resulting signal is then described
as:

{[

] [

]

}

I ref = I p + I s + I p − I s J 0 ( Α) cos(2πf ν t )

(2.21)

The light intensities of the p- and s-polarized light are almost equal in the ideal case. In that
case the first order Bessel function part of Eq. 2.21 can be neglected and the reference
signal is described as:

{

}

I ref = I p + I s cos(2πf ν t )

(2.22)

This signal can be Fourier transformed to obtain the reference spectrum. This reference
spectrum thus corresponds to the sum of the p- and s-polarized light.
The high frequency component of the detector signal, called the labeled signal, contains
monolayer specific information. The spectrum of this component can be obtained when the
detector signal is demodulated for fPEM and all other frequency components are filtered out.
The demodulation of the high frequency component is performed with a Lock-In Amplifier
(LIA) by multiplying the detector signal with the following signal:
VLIA = V0 cos(2πf LIA t + φ LIA )

(2.23)

Where V0 is the amplitude of the demodulation, fLIA is the frequency of the LIA and φLIA is
an arbitrary phase angle that can be adjusted. The labeled signal then passes a bandfilter
that removes all frequency components except for fν.
The labeled signal for fLIA=2fPEM and φLIA=φ’PEM can then be described as:

{

}

Ilab = Ip − Is J 2 ( Α)[cos(2πf ν t ]

(2.24)

This signal can be Fourier transformed in order to obtain the labeled spectrum. This labeled
spectrum can be described as the intensity of the p-polarized light minus the intensity of the
s-polarized light, multiplied with the second order Bessel function.
The labeled and reference spectra are generally ratioed to give the normalized polarization
modulation spectrum37.
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Advantages polarization modulation

Measurement of monolayers on a metal with FT-IR spectroscopy is possible when using a
MCT detector and an 18 bit AD-converter. The noise in the spectra is found to be caused by
AD-converter noise when the light intensities are not very low, like in paragraph 2.2.4.3.
This is a major disadvantage of FT-IR spectroscopy; the amount of light measured on the
detector is very high and only the small part of the total light that is absorbed by the thin
layer has to be measured. Besides that the measured spectra are hindered by watervapour
absorption bands in the fingerprint region. The watervapour absorbance is reduced by
purging the spectrometer with dry nitrogen gas, but some watervapour absorbance remains
visible in the spectra. The analysis of the absorbance of monolayers is difficult because the
absorption bands of the watervapour can be larger than those of the monolayer.
With the labeled signal from the polarization modulation experiment one is able to increase
the dynamic range and signal to noise ratio over conventional FT-IR spectroscopy. The
labeled spectrum can be described as the difference spectrum between p- and s-polarized
light intensities, multiplied by the second order Bessel function. In the ideal case the
intensities of the p- and s-polarized light are equal over the wavenumber region studied.
Only the absorbance of the thin layer at the substrate surface causes some wavenumber
dependent differences in light intensity between p- and s-polarized light. So in the ideal
case the measured signal is totally caused by the difference in absorption between p- and spolarized light, instead of the absorbance of the thin film that is only a small part of the
large total signal in conventional FT-IR spectroscopy. This small labeled signal can
effectively be amplified before passing the AD-converter and will therefore not be ADconverter noise limited.
In practice this ideal case will not be reached because of all kinds of practical problems, but
the AD-converter noise can be reduced. Possibly the AD-converter noise is reduced to such
an extent that another noise source becomes the limiting factor. The disadvantage of the use
of polarization modulation can be the fact that the effective light intensity is decreased. For
example only absorbance of p-polarized light for a thin film on a metal is measured.
Therefore only p-polarized light is used in conventional FT-IR spectroscopy. The effective
amount of p-polarized light is reduced by half when using polarization modulation, because
the polarization is modulated from p- to s-polarized light. This reduced effective light
intensity causes an increase for a non-AD-converter noise limited system. Polarization
modulation should therefore only be used in AD-converter noise limited systems when the
SNR of the experiment needs to be increased.
The reference signal from the polarization modulation experiment is used to compensate for
the watervapour in the labeled signal. The reference spectrum can be described as the sum
of the p- and s-polarized light intensities.
The measured spectra can be described in terms of the absorbance of the incoming light.
The IR light is not only absorbed by the monolayer but also by some general absorbers such
as watervapour and carbondioxide in the atmosphere of the spectrometer, and absorbance
because of mirrors, PEM and lenses. In general this absorbance is equal for p- and spolarized light.
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The intensity of p- and s-polarized light, Ip and Is, respectively, for reflection of a three
layer system can then be described according to Beer’s law by36:
I p ,s = I 0p ,s e

−ag

e

− a p ,s

(2.25)

Where I op,s gives the initial intensity of the p- or s-polarized light, ag gives the absorption
coefficient of all general absorbers and ap,s gives the absorption coefficient of the p- or spolarized light by the thin film.
The labeled signal can then be described as:
( I p − I s ) J 2 ( Α) = e

−a g

(

J 2 ( Α) I op e

−a p

− I s0 e − a s

)

(2.26)

Water vapour can be present in the labeled spectrum because of the ag term. However the
reference spectrum can be measured simultaneously and is described as:
Ip + Is = e

−a g

(I e

o −a p
p

+ I s0 e − a s

)

(2.27)

The absorbance of all random oriented absorbers will cancel out when reference and
labeled signals are measured simultaneously and when their spectra are divided by each
other afterwards. The resulting normalized spectrum contains the absorbance of the thin
film and not the absorption bands of the watervapour36. This simultaneous measuring of
labeled and reference signal also allows longer measurement times, because a change in
lightsource intensity does not affect the normalized spectrum.
2.3.1.4

Second order Bessel function correction

The normalized spectrum gives the differential reflectivity spectrum, but the second Bessel
function is included in this spectrum. This second order Bessel function shape comes from
the fact that the PEM is tuned to a specific wavenumber. At this wavenumber the light is
modulated between the initial p-polarization and the s-polarization. The light is modulated
between the p-polarization and an elliptical state at other wavenumbers. The second order
Bessel function can be seen as a wavenumber dependent efficiency function for the
polarization modulation38. The PEM should be adjusted in such a way that a maximum
value of the second order Bessel function is obtained in the wavenumber region of interest.
The zeroth and second order Bessel function are given in Fig. 2.19. This clearly shows that
polarization modulation can only be applied in a limited wavenumber region. The most
interesting wavenumber regions for biological layers are the fingerprint region around 1500
cm-1 and the CH absorption region around 3000 cm-1. It is possible to measure both these
regions when the PEM is tuned to approximately 1500 cm-1. The CH region then has a
lower Bessel sensitivity, but generally the absorption values are higher in this region than in
the fingerprint region.
The normalized spectrum should be corrected for the Bessel function dependency in order
to obtain the differential reflectivity spectrum that can be used to determine orientational
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Figure 2.19: Shape of the second () and
zeroth (- - -) order Bessel function when the
PEM is applied to ν=1500 cm-1.

information about the layer. Some second order Bessel function correction methods are
explained here.
Correction of the second order Bessel function shape by a baseline with the same shape is a
first, very rough method. It does not add up noise in the spectrum but should only be used
for a rough visualization. Complex spectra with many absorption bands are hard to correct
for with this method. A similar method is the mathematical second order Bessel function
correction where the normalized spectrum is divided by a simulated second order Bessel
function. However this method does not account for the experimental envelope of the
second orderBessel function.
Another method is the bare substrate correction method. The normalized spectrum is also
determined for a bare substrate. This normalized bare substrate spectrum and the
normalized spectrum of the sample are ratioed. This removes the permanent experimental
errors, but decreases the signal to noise ratio. The measured absorbance can be recalculated
to the absorbance of a thin film measured with conventional FT-IR spectroscopy for metal
substrates39. However, the influence of the zero order Bessel function in the reference
spectrum is neglected, assuming the intensities of p- and s-polarized light to be almost
equal. The resulting absorbance is equal to the absorbance of conventional FT-IR
spectroscopy with a magnification that is dependent on the ratio of p- and s-polarized light
intensities for the non-absorbing wavenumber region. A calibration procedure is necessary
in order to obtain the amplification. This amplification is also highly dependent on
experimental conditions.
The last method described here is the double polarizer method40. This method is generally
applicable, accounts for the zeroth order Bessel function in the reference spectrum but
slightly decreases the signal to noise ratio. Another advantage is that no reference sample is
needed to measure the absorbance of the thin film. Cleaning of the bare substrate sample is
time consuming and can cause a small oxide layer on the metal. Besides that the cleaned
bare substrate may already contain some disturbing pollution when it is measured. This
double polarizer method is used for second order Bessel function correction of normalized
polarization modulation spectra.
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The normalized polarization modulation spectrum can be described as:
C norm =

2G ( I p − I s ) J 2
(I p + I s ) + J o ( I p − I s )

(2.28)

where G is the amplification ratio between the labeled and reference signal.
A second polarizer is placed in the IR beam after the PEM. Two normalized calibration
spectra, C|| and C⊥, can be obtained when the polarizer is oriented in the same direction as
the first polarizer and perpendicular to the first polarizer, respectively. These normalized
spectra can be described as:
C || =

2G ' J 2
1+ J0

(2.29)

2G ' J 2
C⊥ =
1− J0

where G’ is the amplification ratio between the labeled and reference signal when this
additional polarizer is used
Eq. 2.28 can be rewritten to give the differential reflectivity spectrum:
I p − Is
Ip + Is

=

C norm
2J 2 G − J o C norm

(2.30)

This can be rewritten with Eq. 2.29 to give:
Ip
Is

=

C ⊥ (GC || − G ' C norm )

C || (GC ⊥ + G ' C norm )

(2.31)

This gives the ratio of the p- and s-polarized light intensities for a film on a substrate. For
the small absorbance that is expected, Eq. 2.31 can be rewritten with Eq. 2.11 and the
assumption that Ip and Is only differ in the reflectance at the sample:
Ap − As =

Ip
Is

−1

(2.32)

The normalized polarization modulation spectrum can thus be rewritten as the difference in
absorption between p- and s-polarized light of the thin film when the double polarizer
method is applied. The absorbance of a thin film on a metal with this method is equal to the
absorbance of p-polarized light because the absorbance of s-polarized light is zero for a thin
film on a metal. This measured absorbance is equal to the absorbance of the thin film on a
metal when measured with conventional FT-IRRAS spectroscopy.
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2.3.1.5

Optimization of the sensitivity
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In paragraph 2.3.1.3 was already explained that in the ideal case the intensities of p- and spolarized light differ only due to the absorbance of the thin film. In practice this condition
is not met, in view of the difference in reflectance for p- and s-polarized light at the metal
surface, which is approximately 15% averaged over the wavenumber region of interest for
an angle of incidence of 820 on a gold substrate. This difference in reflectance can be
minimized with the help of a window of IR transparent material41. The transmittance of pand s-polarized light through the IR-window is equal when the IR-window is perpendicular
to the beam but can be adjusted by tilting the IR-window in the beam. This effect is
illustrated in Fig. 2.20A-C. The upper pictures give a simulated interferogram of the labeled
signal and the lower pictures the corresponding simulated normalized polarization
modulation spectrum. Fig. 2.20A gives the situation when no IR-window is used. The gain
of the labeled signal is adjusted to fill the AD-converter maximum with the interferogram.
The corresponding normalized spectrum shows the second order Bessel function shape of
the spectrum with two absorption bands due to the thin film. The IR-window can be tilted
in order to minimize the labeled signal. This gives the situation as in Fig. 2.20B. The
interferogram maximum value is decreased because the intensities of p- and s-polarized
light are more equal to each other. The corresponding normalized spectrum is also
decreased in value, only the absorption bands due to the thin film remain the same. The
labeled signal is amplified before the AD-converter in order to optimize the labeled signal
intensity and to decrease the AD-converter noise, see Fig. 2.20C. The labeled signal
interferogram fills the AD-converter to the same amount when compared to the situation
when no IR window is used. However, one can see from the normalized spectrum that the
absorbance of the thin film forms a bigger part of the total signal. In case of an ADconverter noise limited system, the noise in the normalized spectra A and C is equal, but the
absorption bands due to the thin film are higher for the optimized situation C resulting in an
improved SNR
The optimum situation occurs when the intensities of p- and s-polarized light are equal to
each other in the non-absorbing regions. However, in practice this ideal case can not be

ν (cm )
-1

-1
ν (cm )

Figure 2.20: Simulated labeled signal interferogram and resulting normalized polarization
modulation spectrum when no IR window is used (A), an IR window is used (B) and when an IR
window is used and the labeled signal interferogram is amplified before the AD-converter(C).
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Figure 2.21: Optical
set-up for polarization
modulation FT-IRRAS
experiments.

reached because of a different wavenumber dependence for p- and s-polarized light of
PEM, lenses, IR-window and detector that will distort the shape of the normalized
spectrum. The transmission window tilt angle is adjusted in such a way that the normalized
polarization modulation spectrum does not show distortions of the second order Bessel
function shape.
2.3.2

Experimental results

The optical and electrical set-up for polarization modulation experiments are described and
explained. The influence of remaining watervapour in the polarization modulation
experiment is given. Finally the polarization modulation experiment is compared to
conventional FT-IRRAS for a monolayer of 11-mercatoundecanoic acid deposited on gold
and the SNR in the spectra is discussed.
2.3.2.1

Set-up

The optical set-up is given in Fig. 2.21. The intensity-modulated lightbeam from the
interferometer is reflected on a parabolic mirror and passes a polarizer (Graseby-Specac,
ZnSe grid polarizer). This polarizer is placed under a small angle with the incoming
lightbeam because the beam that is reflected between PEM and polarizer otherwise distorts
the measured labeled signal. The IR beam then passes the PEM (Hinds Instruments, PEM90), which is adjusted to the wavenumber region studied, and that modulates the light
between the p- and s-polarization for this region. The IR beam is reflected at the sample
with an adjustable angle of incidence. An IR-window is used for optimal balancing of pand s-polarized light intensities and the IR beam is focussed on the MCT-detector with the
help of a ZnSe lens.
The IR-window, lens and MCT-detector can be rotated independent of the sample, with the
sample center as rotation point. In this way the optical set-up can be adjusted to the
optimum angle for the passage of the lightbeam. The detector can be translated in three
directions in order to optimize the light intensity on the detector.
The electronic set-up is given in Fig. 2.22. The detector signal is fed into a home-made
electronics box. The signal is first split into the labeled and reference signal and these are
demodulated separately. The reference signal is filtered as in conventional FT-IR
spectroscopy with a bandfilter of 1 to 5kHz, filtering out the DC-component and the higher
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Figure 2.22: Electronic set-up.

frequency components. The labeled signal is first filtered with a highpass filter that
removes the reference signal and the DC-component. This is done because the LIA can not
process input signals higher than 1 V. This filtered signal is fed into the LIA and
demodulated with the PEM reference frequency. The reference phase of the LIA is adjusted
automatically. The amplification of the signal is maximized without creating an overload of
the output of the LIA. The LIA output signal is filtered in the homemade electronics box
with a bandfilter from 1 to 5 kHz.
Both the labeled and reference signal can be measured simultaneously, but only one ADconverter is available to process the data. Therefore a solution is chosen where the labeled
signal and the reference signal are digitized with the help of a switch system. The state of
the switch is changed at each digital datapoint as derived from the calibration He-Ne laser.
The labeled and reference signal interferograms are sent to the FT-IR spectrometer input
alternately. This produces a switch interferogram, which contains both the labeled, and
reference interferogram, and both signals are measured almost simultaneously. After the
measurement the switch interferogram is split into a reference and labeled interferogram,
each containing one half of the total information recorded. The labeled and reference
interferogram are then Fourier transformed to spectra in the usual way.
Measurements were performed with a speed of 0.64 cm/sec for the moving mirror in the
FT-IR spectrometer. This causes an intensity modulation frequency of 5 kHz for ν=4000
cm-1 and lower modulations frequencies in the regions of interest. These frequencies can be
demodulated without interference with the PEM modulation frequency of 74 kHz.
The Lock-In Amplifier (Stanford Research Systems SR830 DSP) has an adjustable output
time constant minimum of 10 µsec. This time constant is small enough to let all intensity
modulation frequencies of interest pass.
2.3.2.2

Quasi-perfect watervapour correction

The watervapour absorbance in the spectra is corrected for when the labeled and reference
signal are divided on each other. However, in practice watervapour absorptions bands
remain visible in the spectrum, especially when the noise is low24,39,42. The absorption
values of these watervapour absorption bands are considerably smaller than the values in
conventional FT-IRRAS experiments. Some experiments are done in order to find the cause
of this effect. To this end a single interferogram is measured without switching between
two channels. This interferogram is split into two separate interferograms. Both these
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interferograms are Fourier transformed and their spectra are compared. The absorption
spectrum should be zero but some watervapour is visible in the spectrum, see Fig. 2.23.
This effect is not caused by the time difference between the measurement of a sampling
point of both spectra because measurements at different speeds, and thus different time
differences, show the same watervapour influence. An ill-defined centerburst peakposition
also introduces a considerable amount of water vapour absorption bands, but a minimum
level of watervapour remains in the spectrum for a well-defined centerburst. A small shift
of the phase that is used in the phase correction (see paragraph 1.2.2) also increases the
amount of watervapour in the spectrum. However, a minimum amount of watervapour is
always visible in the spectrum for an optimum phase angle. An experiment where the
retardation distance, over which the phase correction is determined, was increased showed
no watervapour absorption bands in the spectrum. This means that a higher resolution phase
determination decreases the watervapour absorption bands in the spectrum.
One can conclude that the watervapour correction is quasi-perfect due to some small errors
introduced in the phase correction.
2.3.2.3

Polarization modulation of a monolayer on gold

The same monolayer of 11-mercaptoundecanoic acid as in paragraph 2.2.3.3 was studied
with polarization modulation FT-IR spectroscopy. 200 measurements were averaged,
giving the same measurement time of 1.5 minutes as used for the FT-IRRAS experiment.
The polarization modulation FT-IRRAS spectrum is shown in Fig. 2.24.
The CH region shows a SNR increase by a factor 2 in this region for the polarization
modulation FT-IRRAS experiment when compared to the normal FT-IRRAS experiment,
see Fig. 2.8. The improvement of the spectral quality in the fingerprint region in
comparison to the IRRAS measurement in paragraph 2.2.3.3 is clear. The SNR of the
spectrum is improved but the main improvement is caused by the fact that no watervapour
absorption bands are present in this spectrum. The absorption band at 1723 cm-1 is ascribed
to the C=O stretching vibration, the absorption band at 1420 cm-1 to the C-O stretching
vibration and the CH2 bending vibrations are visible around 1465 cm-1. The 2920 and 2853
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Figure 2.24: PM-IRRAS spectrum of 11mercaptoundecanoic acid.
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cm-1 absorption bands are caused by the asymmetrical and symmetrical CH2 stretching
bands.
This spectrum shows the use of polarization modulation. However, the SNR ratio was
expected to increase to a much larger extent39. This will be discussed in the following
paragraph.
2.3.3

Signal to noise ratio of polarization modulation experiments

The signal to noise ratio measured for a monolayer on a gold substrate improved with a
factor 2 to 3 when using polarization modulation. This increase in SNR is explained and the
expected SNR influence for polarization modulation reflection absorption experiments of
thin films on metal and dielectric substrates is given.
2.3.3.1

Noise sources in FT-IR spectroscopy

Conventional FT-IRRAS spectroscopy in the current set-up is limited because of the ADconverter noise. This noise is introduced during digitization of an interferogram when other
noise sources are within the least significant bit of the AD-converter. The noise introduced
by an 18-bit AD-converter, assuming that the interferogram peak to peak value fills the
total range of the AD-converter, gives a SNR of 6.6*104 in the centerburst of the
interferogram. The SNR in the spectrum can be described as the SNR of the interferogram
divided by the square root of the number of resolution elements when the spectrum is
assumed as a box-car function32. This means the SNR in the spectrum is approximately
2*103 for a measurement with standard settings. This corresponds with a noise band of
2.8*10-4 a.u. in a one to one scan. Gain ranging is a tool to improve SNR, when a small part
of the interferogram around the centerburst is not amplified, and the flanks with small
interferogram values are amplified. According to Griffiths32 SNR improves with a factor of
approximately 2.5 for a gain ranging amplification of 5 around the centerburst.
Noise bands between 3.6*10-4 and 5*10-4 a.u. are measured without gain ranging,
depending on the centerburst peakvalue. The interferograms are amplified in order to
maximum fill the AD-converter. These noise bands are a little higher than the calculated
values because the AD-converter is in practice not optimum filled. The noise band is found
to decrease with a factor of 2.2 when gain ranging is used.
The noise on the detector that is caused by the system is the ultimate limiting noise source
in the measurement system. It is given as32:
SNR D =

U ν ( T ) ⋅ Θ ⋅ ∆ν ⋅ t 1 / 2 ⋅ ζ ⋅ D *
AD

1/ 2

(2.33)

where Uν(T) is the energy of a black body source, Θ is the optical throughput of the system,
∆ν is the resolution of the measurement, ζ is the system efficiency, D* is the detectivity of
the system and AD is the detector surface area.
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The energy of a black body source can be calculated with Planck’s equation and will be
approximately 1.3*10-3 Wsr-1cm at 1700 cm-1 for the light source used. The throughput of
the Bio-Rad FTS-60A is 0.06 cm2sr and the detectivity of the MCT detector is
approximately 1*1010 cmHz1/2W-1 in the region of interest. The measurement time for a
typical scan is about 0.5 sec and generally a resolution of 4 cm-1 is used. This gives a SNR
due to the detector-noise of 106. Foskett43 and Mattson44 showed that these estimations
agree fairly well to experimental conditions and found an error of a factor 2 maximum
between theory and experiment. A detector noise limited system is therefore expected to
give a SNR that is approximately 250 times the SNR of the AD-converter noise limited
system. In practice some more light is lost with polarization modulation when compared to
conventional FT-IRRAS, but the noise in the spectrum is expected to decrease considerably
when using polarization modulation.
Other possible noise sources are introduced in the electronics and filters and are dependent
on the quality of all electronics and filters in the signalpath before the AD-converter.
Manning45 states that thermal stability of the spectrometer could also be another possible
source of noise for FT-IR rapid-scan measurements.
2.3.3.2

Noise measurements

Some noise measurements are performed in order to detect the limiting noise source of the
system in use. Therefore the noise band around 2600 cm-1 is determined in a one to one
scan for several maximum signal intensities on the detector, Vdet. The signal can be
amplified before the AD-converter and several maximum intensities on the AD-converter,
VADC, are determined for each maximum detector light intensity. The amplification has
maximum of 16 and signal intensities of the detector and AD-converter can be measured to
a maximum of 10 V.
In this way one can determine the noise depending on the intensity of the centerburst in the
interferogram for the signal measured with the detector, Vdet, and for the intensity of the
centerburst on the AD-converter, VADC, after amplification. The measured noise band
values are given in Table 2.1, with the first row and column giving the maximum intensity
of the detector and AD-converter, respectively. The second column gives the noise band in
the spectrum when the intensity on the detector is 4 V. The noise band is 8*10-4 a.u. for an
amplification of 1 and 4*10-4 a.u. for amplification of 2. The noise in the spectrum
decreases linearly with the amplification when the Vdet is rather high. This indicates an ADconverter noise limited system. However, the noise bands measured at lower intensities and
with maximum amplification do not decrease linearly with the amplification anymore. This
Vdet
VADC
0.25
0.5
1
2
4
8
∆Arest

4

2

1

0.5

0.25

∆AADC

8
4
-

16
8
4
-

32
16
9
4
2

64
32
17
9
6
4

130
64
33
19
13
9

130
64
32
16
8
4
-

Table 2.1: Measured noise bands (10-4
a.u.) as a function of interferogram
centerburst response, Vdet, on the
detector and centerburst response,
VADC, for the AD-converter.
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means that there is an additional noise source.
The noise due to the AD-converter can be discriminated from other noise sources for a low
Vdet and a high VADC. The noise band due to AD-converter, ∆AADC, is given in the right
column. The noise band due to other noise sources, ∆Arest, is given in the lower row.
The noise band due to the digitization (AD-converter noise), ∆AADC, is approximately 4*
10-4 a.u. in a one to one scan and inversely proportional with the interferogram centerburst
response VADC for the AD-converter. The noise due to other noise source, ∆Arest, depends
on the interferogram centerburst response, Vdet, on the detector. The values of the ∆Arest
noise bands are considerably higher than that expected for detector noise and are probably
caused by the spectrometer electronics or due to the thermal stability of the spectrometer.
The electronic system of the Bio-Rad FTS-60A seems to be designed to have a system that
is just AD-converter noise dependent or the thermal stability has not been calculated for in
the design of the spectrometer. This noise has such a value that it is not limiting the SNR
for most FT-IR experiments.
Apparently, the SNR of the polarization modulation experiment described in paragraph
2.2.3.3 did not improve much on the SNR of the conventional FT-IRRAS experiment
because of the noise due to the electronics of the Bio-Rad FTS-60A or due to the thermal
stability of the spectrometer.
2.3.3.3

SNR for thin films when measured with polarization modulation

The treatment of the expected SNR for a thin film on a metal substrate shows the same
dependence as for conventional FT-IRRAS, as described in paragraph 2.2.4.1, because the
measured absorbance is equal to the absorbance with conventional FT-IRRAS. The
absorbance of a thin film adsorbed on a dielectric substrate as measured with
polarizationmodulation FT-IRRAS differs from the absorbance from conventional FTIRRAS because the absorbance of p-polarized light minus the absorption of s-polarized
light is measured. The expected shape of the SNR for a thin layer adsorbed on a glass
substrate is given in Fig. 2.25. The values for the glass and thin film are taken as in
paragraph 2.2.2. The SNR values should not be compared to those determined for
conventional FT-IRRAS as described in paragraph 2.2 because the noise source in the
experiments is different. The SNR at 0 degrees angle of incidence is 0 because the
90
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Figure 2.25: The expected SNR as a function
of angle of incidence α and the tilt angle θ of
a transition dipole moment for a thin film on
glass for a polarization modulation
experiment.
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absorbance of p- and s-polarized light will be equal. The SNR is also low around the
Brewster angle (550) because the ratio of the reflectance of the p- and s-polarized light at
the sample can not be compensated with the IR-window. Optimum measurement conditions
are expected for angles of incidence of approximately 750 and 400.

2.4

Conclusions

The absorbance of thin films downto monolayer thickness on a metal substrate can be
observed with FT-IR spectroscopy. The absorption values of such a film on a dielectric
substrate are generally smaller and harder to detect. S-polarized light will not be absorbed
by a thin film on a metal substrate, while p-polarized light will only show positive
absorption bands. A thin film on a dielectric substrate gives only negative absorption bands
for s-polarized light, but absorption bands of p-polarized light can be positive or negative
depending on the orientation of the transition dipole moment. The orientation of the
transition dipole moments of a thin film on a dielectric substrate can be determined when
the absorbance perpendicular and parallel to the substrate surface can be measured.
Optimum measurement conditions for anisotropic and isotropic thin films exist on dielectric
substrates. Optimum measurement conditions will in practice be dependent on several
parameters, such as AD-converter noise, signal intensity, amplification etcetera and all
these factors have to be included in the noise analysis. Determination of the orientation of
transition dipole moments is preferably performed on a substrate with refractive index
between 1.7 and 3.
A MCT detector provides enough sensitivity for the study of thin films, but in most cases
the system will be AD-converter noise dependent. This source of noise can be reduced
when polarization modulation FT-IRspectroscopy is applied. An additional advantage is the
removal of the watervapour absorption bands of the spectrum.
An improved SNR is found when applying polarization modulation. The limiting noise
source in polarization modulation experiments is ascribed to the spectrometer electronics or
to thermal instability of the spectrometer. Watervapour absorption bands are quasi-perfectly
compensated with polarization modulation and show a considerable improvement when
compared to conventional FT-IR spectroscopy.
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Chapter 3
Hydration of Lipids

In this chapter an introduction to the structure and properties of lipid bilayers
is given. Although much work has been done on determination of the
structure of different lipids, hydration of the lipids, especially the binding of
water molecules to the lipids in a lipid bilayer, has not been studied
extensively earlier. We now apply polarization modulation FT-IR
spectroscopy to study the water-lipid interaction. In particular we look at the
binding of water to a dipalmitoylphosphatidylcholine multibilayer.
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Chapter 3

Lipids

Lipids form a major class of biologically essential organic molecules. They are found in all
living organisms and function in living organisms in many specific ways. A lipid can be
defined as a molecule with intermediate molecular weight (between 100 and 5000) that
contains a substantial portion of fatty acids coupled to a, usually hydrophilic, headgroup.
Included are the steroids, soaps and more complex molecules as triglycerides,
phospholipids and gangliosids.
The physical behavior of such chemically different molecules is quite different. Lipid
bilayers are a major constituent of natural membranes, as e.g. the boundaries in living cells.
Another major constituent of natural membranes is a variety of proteins that is embedded in
the lipid bilayer1 as illustrated in Fig. 3.1. The amount of protein in biological membranes
varies between 30 and 70 %, depending on the function of the cell. The characteristically
structure and chemical composition of a lipid determine the functioning of a membrane.
The structure of the membrane depends largely upon the headgroups and the interaction of
the headgroup with water. The binding of water to lipid bilayers will be discussed in this
chapter.
3.1.1

Properties of lipid bilayers

The structure of lipids is discussed in detail by Small2 and is not treated here but generally
spoken a lipid can be divided into a chain region of aliphatic hydrocarbon chains and a
polar region that contains the headgroup of the lipid, see Fig. 3.2.
Lipid bilayers may be in different states depending on variables as the structure of the
hydrocarbon chains, temperature, pressure and relative humidity. The differences between
states can be expressed in the mean volume per CH2 group and the mean surface area per
hydrocarbon chain. The volume per CH2 group does not only change in-between states but
small temperature dependence within a state was also found3.
Most lipid bilayers align with the long axis of the lipids parallel as shown in Fig. 3.2. Some
lipid bilayers have a tilt angle θ of the chain axis with the surface normal. This angle is
determined by the area Sheadgroup that the polar headgroup occupies at the plane of the
bilayer (see Fig. 3.2). The tilt angle will have such a value that the area Sheadgroup of the polar
headgroup just fits in the area occupied by the two hydrocarbon chains (2*Schain) at the
plane of the bilayer4.
The chemical reactivity of the lipid is directly related to the polar substituent making the

Figure 3.1: Membrane model, lipid
bilayer with embedded proteins.
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Figure 3.2: Parameter definitions for
a lipid.

properties of a membrane highly dependent on the properties of the specific headgroup of
the lipid. The variety of both polar and non-polar substituents results in many types of
lipids, each having its own specific properties.
3.1.2

Dipalmitoylphosphatidylcholine

The lipid bilayer studied in this chapter is a dipalmitoylphosphatidylcholine (DPPC)
bilayer, which is shown in Fig. 3.3. DPPC has been extensively studied in several states
with different techniques.
Hydrated DPPC was investigated for temperatures between 10 and 60 degrees Celsius with
X-ray diffraction experiments5,6,7, calorimetric8 and volumetric3,9 measurements show that
three major transitions occur between these states with an increase in temperature. The first
transition occurs at 18 0C, but this transition temperature is known to increase to 25 0C
when the hydrated lipid is stored at 0-4 0C for two months8. The other two transitions occur
at 35 and 42 0C, respectively. The absence of phase transitions, which might disturb the
water-lipid interaction, during hydration at room temperature makes DPPC an ideal
molecule to study the water-lipid interaction.
Numerous X-ray and FT-IR studies have determined the tilt angle of the hydrocarbon chain
with respect to the bilayer normal at about 300. Tristran10 and Nagle11 determined a tilt
angle of 31 degrees with X-ray diffraction. On the other hand, Hentschl12 found an angle of
280. Janiak13 found that the tilt angle was slightly dependent on temperature and degree of
hydration. This seems to be in agreement with the slight changes in volume per CH2 group
as a function of temperature3. FT-IR experiments14,15,16,17,18 give comparable tilt angles.
The conformation of the polar headgroup of dimyristoylphosphatidylcholine (DMPC) was
examined by Pearson19. Two possible conformations of the polar headgroup were given

Figure 3.3: Molecular stucture of
DPPC.
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which are claimed to be characteristic for phosphatidylcholines, such as for example
DPPC20, see Fig. 3.4. Both conformations have the tendency that the positively charged
ammonium nitrogen folds back to the negatively charged phosphate group to minimize the
distance between these groups of opposite charge. Deuterium NMR studies21 of DMPC
indicate that the polar headgroup can freely rotate and the two possible conformations
represent different, energetically equally favored stages of the headgroup. This holds for
several phosphatidylcholines. Diffraction techniques22,23,24 showed that the phosphate and
choline groups in DPPC are roughly at the same distance from the center of the bilayer,
thus the choline lies nearly parallel to the surface. FT-IR measurements of specifically
13
C=O labeled DPPC confirm that the CH2CO-OC fragment of the sn-1 chain is oriented
along the direction of the all-trans methylene chain, whereas the same fragment of the sn-2
chain is oriented along the bilayer plane15.
Pearson19 suggested a structure for DMPC bilayers containing both possible DMPC
conformations. Neutron diffraction from specifically deuterated groups in DMPC24 and a
combined NMR X-ray study4 confirmed this bilayer structure.
3.1.3

Hydration of phospholipids

According to Pohle25 a fully hydrated DPPC lipid bilayer may contain approximately eight
water molecules per lipid molecule, which is in agreement with data from Ruocco6 who
estimated that less than 10 water molecules per lipid are present in fully hydrated DPPC.
Slightly more than one water molecule per lipid remains bound to DPPC at low Relative
Humidity (RH)25 and this was explained by a tight bonding of the water molecule to the
headgroup. From water IR absorption peak widths, it was concluded that the binding of
water to the lipid becomes weaker at increasing RH, whereas the total amount of water in
the DPPC bilayer increases. The same study mainly focuses on the wavelength shift of lipid
absorption bands as a result of the water binding. It was assumed that water binds to the
phosphate group at low RH and starts binding to C=O groups at higher RH’s. Indeed the
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the phosphate and ester group, that both are hydrogen bonding sites, are present on DPPC27;
no other water binding sites are expected. On the contrary, an extensive study where
hydration
forces
and
membrane
dipole
potentials
of
DPPC
and
dihexadecylphosphatidylcholine (DHPC) were compared26, showed that the presence of
carbonyl groups is not essential for lipid structure or hydration in DPPC. Pearson19
suggested that four water molecules per two lipid molecules have hydrogen bonds with the
phosphatidylcholine. During hydration of DPPC at room temperature no state transition is
expected or observed13, so all observed changes are due to the water binding.
The DPPC bilayer thickness decreases during hydration due to the change in tilt angle, but
the inter-bilayer separation increases28. In this way, space is created for additional water
molecules in the layer. The bilayer repeat thickness, which is the sum of bilayer thickness
and inter-bilayer separation, increases from 59 Å to 63 Å during hydration.
Binder et. al.29 were among the first who tried to look more specifically at the water-lipid
binding. For this purpose, they performed linear dichroic FT-IR measurements on a
dioctadecadienoylphosphatidylcholine (DODPC) multibilayer system. Their spectra
showed a spectral smearing of the asymmetrical (3450 cm-1) and symmetrical (3280 cm-1)
OH stretching bands. They assumed that the high wavenumber flank of the measured OH
band around 3400 cm-1 refers to the asymmetrical H2O stretching mode and the low
wavenumber flank refers to the symmetrical H2O stretching mode. An indication of the
preferred orientation of the water dipole moments is obtained from the measured dichroic
ratio. Besides the assumption that the flanks of the whole absorption band give the dichroic
ratio of the two underlying vibrations, the measurements were hindered because of the
presence of non-bound water molecules, and the water binding to different sites on the
phospholipid. An additional, more practical, problem of static dichroic measurements is
that the baseline correction of the broad OH absorption bands is very hard. A small error in
this correction will have a big impact on the measured preferred orientations. In view of
these difficulties, this study is quite an achievement but gives only an indication about the
orientation of the water molecules.
We propose that for the study of macroscopically ordered lipid bilayers, the use of
polarization modulation FT-IR may give an advantage when compared to static linear
dichroism. With polarization modulation it is possible to discriminate the anisotropic layers
from the isotropic layers. In practice this means that water molecules with random
orientation have no influence on the measured signal. Only water molecules that bind with
the lipid, and therefore have a preferred orientation, are measured. Non-ordered water
molecules appear to have broader absorption bands than ordered water molecules. The
consequence of this advantage is that a better separation of the symmetrical and
asymmetrical OH stretching band can be achieved without the presence of non-ordered
water in the IR spectra. These smaller IR absorption bands again have the advantage of an
easier baseline correction.
In this chapter we present the results of the use of FT-IR polarization modulation
experiments in the study of hydration of DPPC and show to what degree this approach
fulfils the expectations given above.
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3.2

Orientation of transition dipole moments in lipid bilayers

An appropriate model of a lipid bilayer system is required for an adequate interpretation of
IR spectra. Measurements are done on multibilayers and all multibilayer molecules may
contribute to the position and height of absorption bands. The spectra give a macroscopic
view of these layers, and here some models are described which may be used to find
average orientations of transition dipole moments in a multibilayer. The usefulness of these
models for IR measurements of lipid bilayers is checked.
3.2.1

Order parameter model and interpretation

A model that describes the dichroic ratio of a transition dipole moment in a lipid bilayer in
terms of order parameters is given in Appendix A, paragraph A.1.
The dichroic ratio is defined as:
R ps = 1 +

3S θ
sin 2 α
1 − Sθ

(3.1)

where Sθ is the second order parameter of the transition dipole moment, < P2 (cos θ) > . The
second order parameter can be used to obtain an orientation distribution function with the
help of Eq. A.2. The parameters for the dichroic ratio of Eq. 3.1 are illustrated in Fig. 3.5,
and p- and s-polarized light is light with its electrical vector in x’z’- and y’z’-plane,
respectively.
The usefulness of the order parameter in such an experiment can be illustrated for the CH2
wagging bands of DPPC. These wagging bands, whose transition dipole moments have the
same direction as the tilt angle of the hydrocarbon chains, have an order parameter of
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Figure 3.5: Cylindersymmetrical model for
non-perpendicular incidence.

Figure 3.6: Orientation distribution functions
depending on second(−−−−) and both second
and fourth(− − −) order parameter. Values
given in text.
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approximately 0.625. The orientation distribution function is calculated using Eq. A.2 as a
function of the measured second order parameter, see Fig. 3.6. The distribution function is
centered around the zero degrees axis, and basically only the order of orientation of a layer
with no tilt angle of the hydrocarbon chains can be obtained from the second order
parameter. However, from X-ray measurements10,11,12,13 is known that there is a preferential
orientation of the hydrocarbon chain with a tilt angle of 30 degrees.
An off-axis preferential orientation distribution can not be obtained using Eq. A.2 unless
higher order parameters are known, only the second order parameter is not sufficient. The
fourth order parameter can possibly be obtained from fluorescence depolarization
experiments34, 36. Because the preferential orientation of the CH2 wagging band is already
known in this case, a fourth order parameter of –0.18 is simulated in order to obtain the
desired off-axis preferential orientation distribution, see Fig. 3.6. This orientation
distribution function is still rather broad; higher order parameters have to be known for a
more precise determination of the distribution function. However, from literature is known
that the distribution function typically has a spread of 5-10 degrees around the tilt angle11.
Very often the orientation is calculated assuming a delta function as orientation distribution
function f(θ) because of this narrow spread15,16,30,31,32,33. Additional models shall therefore
be presented with the assumption of a delta function distribution spread for the angle θ. The
validity of this assumption is checked in simulations.
3.2.2

One rotational axis model.

The assumption of a delta function distribution of the angle θ for the transition dipole
moments is described in Appendix A, paragraph A.2. Here it is sufficient to give the
dichroic ratio that can be described as:
R ps = 1 + sin 2 α (2

cos 2 θ
− 1)
sin 2 θ

(3.2)

The parameters in this equation are illustrated in Fig. 3.5. The angle θ of the transition
dipole moment with the z-axis can be obtained by the measurement of the infrared
dichroism when the refractive index n of the bilayer and tilt angle of the sample to the
sin α 0
, see Eq. 2.2.
incoming beam, α0, are known, since Snell’s law gives: sin α =
n
3.2.3

Two rotational axes model

For some cases the one rotational axes model is not sufficient. A two rotational axes model
is used, mainly to determine the tilt angle of the chain axis of the lipid. From Appendix A,
paragraph A.3 we find that the dichroic ratio can then be described as:
R ps =

[2{sin

2

}

θ + sin 2 α(3 cos 2 θ − 1) − (3 sin 2 α − 1)(3 cos 2 θ − 1) sin 2 γ
2 sin 2 θ + (2 − 3 sin 2 θ) sin 2 γ

[

]

]

(3.3)

54

Chapter 3

Figure 3.7: Cylindersymmetrical model,
additional chain axis cylindersymmetry.

when there is a cylindersymmetrical distribution of the transition dipole moments around
the chain axis, see Fig. 3.7.
θ can be replaced by π for those vibrations whose dipole transition moment are
2
perpendicular to the chain axis, like the symmetric and asymmetric stretch and the
scissoring bands of CH2. For this case the dichroic ratio becomes:
R ps =

2 − 2 sin 2 α + (3 sin 2 α − 1) sin 2 γ
2 − sin 2 γ

(3.4)

where p and s denote the absorbance of IR light in the x’z’- and y’z’-plane, respectively.
The angle γ of the hydrocarbon chain axis with the z-axis can now be obtained by the
measurement of the infrared dichroism, provided the refractive index n of the bilayer and
α0 are known. We call this method to determine the tilt angle of the chain axis the
symmetrical distribution method.
Another situation occurs when the assumed cylindersymmetry around the chain axis does
not hold and there is a preferred angle ηsym and ηasym for the symmetrical and asymmetrical
stretch band respectively.
With Eq. A.8, Eq. A.9 and Eq. A.18 the dichroic ratio can then be calculated as:
R ps =

1 − sin 2 α + (1 − 3 sin 2 α )(sin 2 η − 1) sin 2 γ
1 + sin 2 γ (sin 2 η − 1)

Here sin 2 η − 1

(3.5)

can be considered as some kind of rotational parameter. In case of perfect
2
cylindersymmetry, this rotational order parameter will be zero, and the dichroic ratio is
equal to the dichroic ratio of Eq. 3.4.
The tilt angle γ of the hydrocarbon chain with the z-axis can not be obtained from the
dichroic ratio of a single absorption band. However, the angle between the symmetrical and
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asymmetrical stretch vibrations is 90 degrees, so ηsym = η asym + π . The consequence is
2
that the dichroic ratios of these two bands can be given as:
R asym =
R sym

1 − sin 2 α + (1 − 3 sin 2 α )(sin 2 η − 1) sin 2 γ
1 + sin 2 γ (sin 2 η − 1)

1 − sin 2 α + (1 − 3 sin 2 α)(cos 2 η − 1) sin 2 γ
=
1 + sin 2 γ (cos 2 η − 1)

(3.6)

The dichroic ratios of both vibrations can then be worked out to a γ dependency of η:
sin 2 η =
cos 2 η =

R asym − 1 + sin 2 α
(1 − 3 sin 2 α − R asym ) sin 2 γ
− (R sym − 1 + sin 2 α )
(1 − 3 sin 2 α − R sym ) sin 2 γ

+1
(3.7)
+1

The dependence of γ on the dichroic ratios of the symmetrical and asymmetrical stretch
vibration can be found when both terms of Eq. 3.7 are compared, giving:
sin 2 γ =

R sym − 1 + sin 2 α
R sym − 1 + 3 sin 2 α

+

R asym − 1 + sin 2 α
R asym − 1 + 3 sin 2 α

(3.8)

We call this method to determine the chain tilt angle the preferred orientation method. The
corresponding angle η can then be obtained from Eq. 3.7.
3.2.4

Tilt angle spread

X-ray diffraction measurements of DPPC typically show an average hydrocarbon chain tilt
angle of 30 degrees and a spread of 5-100 around this average tilt angle11. FT-IR
experiments have the disadvantage, when compared to X-ray studies, that discrimination
between a spread and a tilt angle is not possible. However, a delta function is assumed for
the models of paragraph 3.2.2 and 3.2.3, because a very broad spread suggested by the
measured order parameters does not describe the actual situation adequately. A possible
spread is not taken into account in these models. Such a spread might differentiate the
measured angles of transition dipole moments from the average tilt angles in the bilayer as
found with X-ray diffraction experiments.
The effect of a symmetrical spread ∆θ around the average tilt angle θ on the measured tilt
angle from FT-IR experiments is therefore simulated for the one rotational axis model. The
distribution of the tilt angle is presented as a block function, see Fig. 3.8.
The tilt angle that is measured in a FT-IR experiment is calculated as a function of the
average tilt angle θ and spread ∆θ, see Fig. 3.9. The measured tilt angle from a FT-IR
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Figure 3.8: Spread ∆θ around tilt
angle θ.

Figure 3.9: Measured tilt angle as a function
of the tilt angle spread, ∆θ,. for several
average tilt angles θ.

experiment is equal to the average tilt angle when the spread is small. The measured tilt
angle diverges rather quickly from the average tilt angle θ for larger spreads in the regions
around 0 and 900. This is expected because a small spread of a transition dipole moment
oriented perpendicular to the bilayer surface gives similar FT-IR absorption as a transition
dipole moment with a small tilt angle and no spread. The deviation in the middle region is
smaller. One can conclude that a measured tilt angle between 10 and 80 degrees for a FT-IR
experiment gives a good reflection of the actual situation within the bilayer for a spread of
maximum 100.
So, the delta function assumption for the bilayer orientation distribution holds when the
measured transition dipole moment angles are between 10 and 80 degrees.
3.2.5

Transmission versus reflection experiments

Polarization modulation experiments can be done in reflection or transmission, and for
different angles of incidence. A higher angle of incidence gives a higher dichroic ratio;
however in a transmission geometry the measured noise of the IR light is increased because
the projection of the effective sample surface on the detector becomes smaller than the
detector area. Reflection experiments are more suited for a high angle of incidence because
the sample surface area is used more efficiently when compared to transmission
experiments.
In practice reflection experiments give a distorted spectrum, as is seen in Fig. 3.10. The CH
absorption bands around 2900 cm-1 and the OH absorption band around 3400 cm-1 are
clearly visible. However, the absorption bands are not symmetric, particularly for ppolarized light. The p-polarization has a positive offset on the low-wavenumber flank and a
negative offset on the high-wavenumber flank of the CH absorption bands. The broad OH
absorption band is distorted because of the offset of the CH absorption bands. Also a
negative and positive peakshift for p- and s-polarized light, respectively, is observed.
The analysis of these distorted spectra is difficult because absorption band peak height and
absorption band surface area are very hard to determine. Insight in the cause of the
distortion is necessary for a correct analysis of the spectra. Therefore, the 2918 cm-1 CH2
absorption band is analyzed.
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Figure 3.10. Reflection absorption spectra of
p() and s(- - -)-polarized light for a 6 µm
thick DPPC layer on a ZnSe substrate for an
angle of incidence of 750.

Figure 3.11: Real () and imaginary (- - -)
refractive index as function of the
wavenumber, ν.

The spectrum around the peak frequency can only be found by simulating the wavenumber
dependent absorbance. The imaginary refractive index, k, can rather simple be described as
a Gaussian function. The real refractive index, n, can be found from the Kramers-Kronig
equation37:
ν2
 νk
n ν ' = n ∞ + ∫ 
2
ν1  (ν − ν ')


 dν



(3.9)

which holds for a single non-overlapping absorption band from ν1 to ν2, n∞ is the real
refractive index outside the absorbing region. For the 2918 cm-1 absorption band this gives
a wavenumber dependency of n and k that is given in Fig. 3.11. The variation of the real
refractive index occurs over a broader wavenumber range than that of the imaginary
refractive index. Reflection and transmittance at a boundary will also be influenced because
of this shape of the refractive index. The reflectance (R12) and transmittance (T12) from air
(material 1) to a DPPC film (material 2) were calculated and are shown for p-polarized light
in Fig. 3.12. Reflectance (R21) and transmittance (T21) from DPPC to air have the same
shape as R12 and T12 respectively. The spectral shape of reflection and transmission
coefficients for s-polarized light is the same, though the relative distortion is less. The
DPPC multibilayer was adsorbed on a ZnSe plate for the reflection absorption spectra
shown in Fig. 3.10. The reflection at this boundary resembles the shape of the transmission
at the first boundary and vice versa.
The total absorbance of p- and s-polarized light for a model of 6 µm thick DPPC, with a
chain axis orientation of 30 degrees, adsorbed on a ZnSe plate, was calculated for the 2918
cm-1 CH2 absorption band at an angle of incidence of 800, see Fig. 3.13. The absorption
bands in this reflection simulation show the same behavior as is seen in the experiment, see
Fig. 3.10. The loss of symmetry for the absorbance of the s-polarized light is less than for
p-polarized light, which is in agreement with the measurement. The peakshifts that were
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Figure 3.13: Simulated νasCH2 absorption
for a reflection experiment for p () and
s (- - -) polarized light.

found in the measurement occur also in the simulation. Simulated transmission spectra
don’t show this spectral distortion of the absorption band.
The explanation for this lays in the distorted reflection and transmission coefficients at each
boundary, see Fig. 3.12. A reflected beam has an uneven number of boundary passages, and
will therefore always have some asymmetry because of a boundary passage. The measured
absorbance is a combination of this broad asymmetrical boundary passage effect and the
smaller symmetrical absorbance of light in-between the boundaries. With increasing layer
thickness, and with that increasing absorbance, the asymmetrical effect will be less
pronounced visible in the measured spectrum.
Transmission of the sample always occurs with an even number of boundary passages, and
the distortion of the boundary passages is virtually cancelled out. So the measured
absorbance in a transmission experiment is mainly caused by the symmetrical absorbance
in-between the boundaries.
The peakshift and spectral shape distortions of the reflection experiment can thus be
explained by the boundary passage of a lightbeam. Analysis of the peaks will be very
difficult for reflection experiments; dichroic ratios are hard to compare because peaks are
shifted, polarization modulation is useless because of the peak shifts, peakheights are hard
to determine and may be affected by the broad distortion of other peaks and finally the
absorption band areas are hard to measure. Transmission experiments don’t cause these
problems and are therefore used for the water-lipid binding study.
3.2.6

Polarization dependent angle of transmittance

The models given in paragraphs 3.2.2 and 3.2.3 describe the absorption of a vibration as a
function of both the angle of incidence of the incoming light and the orientation of the
transition dipole moment. An ordered lipid bilayer will expectedly have prominent
birefringent properties in the regions of absorption; consequently, light with different
polarization penetrates the bilayer with different angles. This difference in angle of
transmittance for p- and s-polarized light in an absorbing region is not accounted for in the
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models. In this paragraph, the influence of the difference in angle of transmittance due to
the absorption of a transition dipole moment on the measured dichroic ratio is analyzed.
Reflectance and transmittance coefficients when a lightbeam passes a boundary of two
materials (see Fig. 3.14) can be given with the Fresnel equations as34:
R 12

 q − q2
=  1
 q1 + q 2

2


 2q 1
 and T12 = 

 q1 + q 2

2

 q
 ⋅ 2 (s-polarization)
 q1
(3.10)

 2Q ⋅ n 1
 1
 Q1 − Q 2 
n2
 and T12 = 
= 
+
+
Q
Q
Q
Q
 1
2
2 
 1

2

R 12

where q x = n x cos α x and Q x =

2


 q
 ⋅ 2 (p-polarization)
 q 1


cos α x

, with x denoting the first or second substrate.
nx
P- and s-polarized light have the electrical vector parallel and perpendicular to the plane of
reflectance, respectively. This means that s-polarized light only has an electrical vector in
the y-direction, while p-polarized light has a component in both x- and z-direction. The
substrates 1 and 2 have a complex refractive index n1 and n2 (n=n+i· k) respectively.
Material 2 is expected to have birefringent properties like a lipid bilayer.
The angle in medium 2 can be calculated with Snell’s law when the angle of incoming light
α is known and complex refractive indices n1 and n2 are known, see Eq. 2.2.
The complex refractive index for an isotropic layer will be the same in x-, y- and zdirection but different complex refractive indices nx, ny and nz should be considered for a
birefringent layer. In paragraph 3.2.2 is already mentioned that a bilayer with its endface in
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Figure 3.14: Reflection and transmission
of a lightbeam at a boundary.

Figure 3.15: Dichroic ratio as a function of the
tilt angle θ and for different average imaginary
refractive indices: k=0.01(), k=0.5(− − −)
and k=1.0(− ⋅⋅ −).
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the xy-plane has a cylinder symmetry around the z-axis and in that case nx=ny=nxy is
different from nz.
S-polarized light has only an electric field component in the y-direction and has nxy as
effective refractive index. P-polarized light has a component of the electrical field in the xdirection and z-direction. The effective refractive index depends on the angle of the
lightbeam through the medium and the refractive indices nxy and nz35.
np =

n xy n z
n xy sin α p + n z cos α p

(3.11)

The angle α2,p through the birefringent layer 2 can be calculated with Eq. 3.11 when nxy and
nz are known. The imaginary refractive indices, k, depend on the orientation and magnitude
of the transition dipole moment and the real refractive indices, n, can be calculated with the
help of the Kramers-Kronig relation (Eq. 3. 9) from the imaginary refractive indices. The
difference in angle of transmittance between p- and s-polarized light then depends on the
imaginary refractive index k parallel and perpendicular to the substrate surface, since the
real part of the refractive index will be equal to the n∞-value of Eq. 3.9 in x-, y, and zdirection at the wavenumber with maximum absorption, see Fig. 3.11. The dichroic ratio of
s- and p-polarized light can be calculated for a birefringent layer with a
cylindersymmetrical distribution of the transition dipole moment, with tilt angle θ. The
birefringent DPPC layer is assumed to have an average value of the real refractive index of
n∞=1.43 over the x-, y- and z-direction, which is typical for DPPC11,36. Fig. 3.15 gives the
dichroic ratio as a function of the tilt angle θ for several imaginary refractive indices k
where the imaginary refractive index is given as the average value over the x-, y- and zdirection. The θ dependency of the dichroic ratio for low imaginary refractive indices is
comparable to the situation when no difference in angle of transmittance is assumed. The
difference in angle of transmittance will increase in case of higher imaginary refractive
indices and the dichroic ratio will differ more from the model where this is not accounted
for. Fig. 3.15 also shows that the dichroic ratio for a transition dipole moment with a tilt
angle of 540 will always be one. This is because the refractive indices in x-, y- and zdirection are the same for this tilt angle and with that, the angle of penetration for p- and spolarized light will be the same.
Measurements on an approximately 6 µm thick DPPC layer with perpendicular incidence
show that the highest value of the imaginary refractive index in the IR region is 0.18 for the
2918 cm-1 CH2 vibration. The measured tilt angle of the 2918 cm-1 CH2 vibration is then
approximately 1-2 degrees too high because of the different angles of transmittance of pand s-polarized light. Similarly, the tilt angle of the 2850 cm-1 vibration band is
approximately 1 degree too high. The influence of the different angles of transmittance of
the p- and s-polarized light on the dichroic ratio can be neglected for the other transition
dipole moments.
So the models of paragraph 3.2.2 and 3.2.3, that do not account for a different angle of
transmittance of p- and s-polarized light, are a good approximation for DPPC and the
difference in angle of transmittance of DPPC can be neglected for most absorption bands.
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Only the chain axis tilt angle as determined from symmetrical and asymmetrical CH2
absorption bands will be approximately one degree too high.

3.3

Hydration of DPPC

A multibilayer of DPPC was prepared on a ZnSe plate. Polarization modulation
transmission experiments were performed with angles of incidence of 30 and 60 degrees.
Both the labeled and the reference spectra were used for analysis of DPPC in its various
hydrated states. Water binding monitored by the labeled polarization modulation spectrum
is treated more extensively.
3.3.1

Materials and methods

DPPC (1,2-dihexadecanoyl-sn-glycero-3-phosphocholine) was purchased from SigmaAldrich Chemie. DPPC was dissolved in chloroform (10 mg/ml) and approximately 60 µl
of the solution was put on one side of an IR-transparent ZnSe plate. The solution was
spread on the plate, covering approximately 2 cm2 surface area, by moving a teflon bar
slowly back and forth over the plate until all chloroform was evaporated. The lipid arranges
into layers oriented preferentially parallel to the surface25. The amount of lipid adsorbed at
the ZnSe substrate corresponds to approximately 5*1017 DPPC molecules. One DPPC layer
contains approximately 5*1014 DPPC molecules with the given surface area of the alkyl
chains3. The adsorbed DPPC film thus contains approximately 103 layers on the average.
This means that the DPPC film has an average thickness of about 6 µm28.
Samples were checked with a polarization microscope and showed a uniform orientational
distribution of the lipids. The polarization modulation infrared dichroism absorption of the
2918 cm-1 CH2 vibration at perpendicular incidence shows a signal to noise ratio of
approximately 2. The infrared dichroism of other vibrations could only be detected when
films were tilted to the direction of the incident beam. Therefore, it can be concluded that
these films orient uniaxially along the z-axis, which is perpendicular to the film surface,
and that there is a symmetrical orientational distribution in the xy-plane. This is in
agreement with the models discussed in paragraph 3.2.
The obtained films were placed in a homemade IR cell. This cell can be used for
transmission experiments with angles of incidence of 0, 30 or 600, or for a reflection
experiment with an angle of incidence of 800, by rotating the cell in the IR beam and by

Figure
3.16:
measurement cell.

IR
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positioning the sample in one of the two possible ways, see Fig. 3.16. The cell can be sealed
and conditions as temperature and relative humidity within the cell can be adjusted. A
temperature of 26 degrees Centigrade was chosen for the measurements presented here. The
water content in the lipid was varied by changing the Relative Humidity (RH) in the cell.
Two series of hydration experiments were done. The RH for the first series was changed in
steps of approximately 25% by loading a reservoir with saturated solutions of the
appropriate salts. This series indicated that the most interesting changes in the IR region for
a DPPC multibilayer occur at low RH’s. The RH in the second series was changed in the
low RH region (until 29%) by loading a reservoir with a NaOH solution of appropriate
concentration. The samples were allowed to equilibrate according to Pohle’s results25.
Subsequently measurements were performed.
Infrared spectra with a resolution of 4 cm-1 were measured with a Bio-Rad FTS-60A FT-IR
spectrometer using polarization modulation. Typically, 3000 scans were co-added, and
reference and labeled signal were separated afterwards. The labeled spectrum was corrected
for the second Bessel function using the two-polarizers method (see paragraph 2.3.1.4).
This gives a resulting labeled spectrum that is equal to the absorption of p-polarized light
minus the absorption of s-polarized light, ∆A. The reference signal can is equal to the sum
of the absorption of p- and s-polarized light Ap+As when corrected with a bare plate
reference spectrum. The infrared dichroism is obtained from the corrected labeled and
reference spectra.
3.3.2

Results

Our primary interest in the hydration scans is the binding of water to the lipid. The amount
of water in the lipid should be checked in the hydrated states, and the orientations of several
dipole transition moments should be determined and be compared with literature values.
Furthermore some attention will be given to the peakposition of the PO2- asymmetrical
stretch band, that can be resolved from the corrected labeled signal, and the symmetrical
PO2- and C=O stretch bands. Finally, the binding of water as obtained from the labeled
spectra will be discussed.
3.3.2.1

Water-lipid ratio

The IR absorption spectrum of DPPC was measured at different RH’s. The absorbance of
the reference signal is illustrated in Fig. 3.17 at a RH of 9 %. The CH absorption bands
around 2900 cm-1 and the broad OH band around 3400 cm-1 can be distinguished in the high
wavenumber region and their peak surface areas are marked. Absorption bands of the
headgroup vibrations are mainly in the lower wavenumber region. The assignments of the
most important vibration bands of DPPC are given in Table 3.1. The PO2- band is assigned
to a wavenumber range because its peakposition is highly hydration dependent. The CO-O
and C-O-C stretch vibrations are also given as a range because they are combined peaks of
the two different chains that differ slightly in wavenumber. The C=O stretch band is also
believed to be a combination of several subbands, as will be discussed in paragraph 3.3.2.2
and 3.3.2.3.
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Figure 3.17: Reference spectrum for a 6 µm
thick DPPC layer at 9 % RH.
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Figure 3.18: Labeled spectrum for a 6 µm
thick DPPC layer at 9 % RH.

The absorbance in the labeled spectrum (see Fig. 3.18) indicates the preferential orientation
of the different vibrations, because it gives the difference in absorbance between p- and spolarized light. An isotropic layer will not show any absorbance in the labeled spectrum.
Fig. 3.19 gives the absorbance of a transition dipole moment of an anisotropic layer in the
labeled spectrum as a function of the tilt angle θ. An anisotropic layer shows no absorption
bands in the labeled spectrum for transition dipole moments with an average tilt angle of 54
degrees to the surface normal because this situation is comparable to the situation of an
isotropic layer. Positive absorption bands indicate an orientation that is more perpendicular
to the substrate surface while negative absorption bands indicate an orientation that is more
parallel to the substrate surface than the ‘magic’ tilt angle of 54 degrees.
The dichroic ratio of a vibrational band is determined from absorption band peak values in
the reference and labeled spectrum. These values will be used for determination of tilt
angles in paragraph 3.3.2.2. The lipid-water interaction is monitored from the water stretch
vibration bands in the labeled spectra in paragraph 3.3.2.4.
Wavenumber (cm-1)
3380
2957
2918
2874
2850
1739
1640
1467
1377
1310, 1287, 1265,
1244, 1222, 1201
1255-1230
1178-1161
1090
1060-1071
970

Assignment
OH sym./ asym. stretch
CΗ3 asym stretch
CΗ2 asym. stretch
CH3 sym. stretch
CH2 sym. stretch
C=O stretch
OH bending
CH2 scissoring
CH3 sym. bend
CH2 wagging bands
PO2- asym. strech
CO-O stretch
PO2- sym stretch
C-O-C stretch
N+(CH3)3 asym. stretch

Table 3.1: Assignment of the major absorption
bands of DPPC14,15.
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Figure 3.19: The absorption peak value ∆A of
a transition dipole moment in the labeled
spectrum as function of the tilt angle θ.
Positive absorption peak values indicate an
average tilt angle more perpendicular to the
substrate surface than the ‘magic’ angle of 54
degrees, while negative absorption peak
values indicate a more parallel orientation.
The tilt angle θ can be determined from the
absorption band peak values in the labeled
and the reference spectrum.

The increase of water in the DPPC multibilayer is illustrated in Fig. 3.20. An increasing RH
leads to a higher and broader water absorption band in the reference spectrum. This
broadening is illustrated with the bandwidth at half height of the water absorption band, see
Fig. 3.21. The broadening of the band at higher hydration levels indicates that the amount
of less strongly bound water increases. The total absorbance of the OH band, given by the
area under the OH band as indicated in Fig. 3.17, can be used as a measure of the total
amount of water present in the lipid multibilayer. The absorbance of the CH stretch bands
in the 2800-3050 cm-1 region is almost constant during hydration and can be used as an
internal standard. Awr is defined as the ratio of the OH absorption band area and the CH
absorption bands area. Binder38 found that the curve of Awr resembles the curve of the
amount of water molecules determined gravimetrically. Pohle25 estimated that an Awr ratio
of 0.3 agrees to one water molecule per lipid molecule, assuming the extinction coefficient
to be constant over the range of hydration.
The Awr ratio is determined from the reference signal for the hydration of DPPC, see Fig.
3.22. At least two measurements were performed per point and the values shown are the
average values. The measured ratio Awr is comparable to the ratio as determined in an
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Figure 3.20: Water absorption band in the
reference spectrum at increasing RH.
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Figure 3.21: Bandwidth at half height of
the water absorption band as a function
of RH. The error in ∆ν is 5 cm-1.
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Figure 3.22: Ratio of the absorption band
area of water and CH2 bands, Awr, as a
function of the RH. The error in Awr is 0.06.

experiment with perpendicular incidence by Pohle25 although the angle of incidence is
slightly different. The molar ratio of water and lipid molecules is estimated to be 8-9 under
fully hydrated conditions. At dry conditions, approximately one water molecule per lipid
molecule remains bound to the lipid; the molar water-lipid ratio increases rather quickly at
low hydration levels. The orientation of the water molecules can not be determined from
the reference spectrum because there is a smearing of the asymmetrical (3450 cm-1) and
symmetrical (3280 cm-1) OH band. The OH bending band (1640 cm-1) can not be used
either because it has an overlap with the strong ester absorption band at 1739 cm-1.
3.3.2.2

Tilt angle

The models of paragraph 3.2.2 and 3.2.3 give the tilt angle as a function of the dichroic
ratio of the absorbance of p- and s-polarized light. The reference spectrum (see Fig. 3.17)
gives the sum of the absorbance of p- and s-polarized light. The corresponding labeled
spectrum at RH=9 % displays the difference in absorbance between p- and s-polarized
light, see Fig. 3.18. This spectrum already gives an indication of the orientation because
negative/positive peaks correspond to a parallel/perpendicular orientation, respectively. The
labeled and reference spectrum can be combined to give the dichroic ratio of the various
vibration bands. The tilt angles of transition dipole moments can be calculated from the
dichroic ratios using the models in paragraph 3.2.2 and 3.2.3. We will now discuss the
results obtained for some typical vibrations.
The symmetrical and asymmetrical CH2 stretch bands should be treated according to the
two rotational axis model in paragraph 3.2.3 in order to determine the chain axis tilt angle.
Two different situations for these two bands are described in this paragraph. The first
situation is the symmetrical distribution with the assumption that the CH2 transitions dipole
moments are perpendicular to the hydrocarbon chain and are symmetrically distributed
around the chain axis. The second situation is the preferred orientation: here the assumption
is that the transition dipole moments are oriented perpendicular to the chain axis, but have a
preferred orientation in the plane that has the chain axis as normal. The chain axis tilt angle
can then still be determined with the assumption that symmetrical and asymmetrical stretch
bands are perpendicular to each other in the plane perpendicular to the chain axis. The
results for DPPC at RH=3 % are given in Table 3.2.

66

Chapter 3

Incidence
(deg)
30
60

Rps

Rps

2918 cm-1

2850 cm-1

0.909
0.763

0.893
0.752

Symmetrical distribution
θ (deg)
θ (deg)
2918 cm-1

2850 cm-1

31
31

28
29

θ (deg)
30
30

Preferred orientation
Order
η (deg)
parameter
48
0.05
47
0.03

Table 3.2: Chain tilt angle θ determination with the symmetrical distribution and the preferred
orientation model at RH=3%. The experimental error is 20 for the determined tilt angles.

The chain tilt angles θ found from the symmetrical distribution assumption are comparable
to those found from the preferred orientation assumption. This can be explained from the
low order parameter sin 2 η − 1 found for the preferred orientation situation (see Table
2
3.2). The transition dipole moments either are oriented almost symmetrical around the
chain axis or have a preferred orientation of approximately 48 degrees. These two situations
can not be distinguished from each other in this experiment.
The dichroic ratios might be slightly affected by the presence of a small number of CH2
groups in the headgroup. This is neglected in the calculations because the number of CH2
groups in the tails is considerably larger. The calculations show that the tilt angle θ of the
hydrocarbon chains for DPPC in dry conditions is approximately 29 degrees when the
difference in angle of transmittance, as explained in paragraph 3.2.5, is taken into account.
The average tilt angle orientations of other vibrations are calculated using the one rotational
axis model of paragraph 3.2.2 at a RH of 3 %. The results are collected in Table 3.3.
The chain tilt angle can also be determined from the wagging bands. Unfortunately these
bands are obscured by the strong νasPO2- absorption band. The absorption values of the
1284 and 1199 cm-1 CH2 wagging bands are determined at the flanks of the νasPO2- peak.
The values given here are an average of 5 measurements and show that the chain tilt angle
is approximately 290, a value comparable to that derived for the chain axis orientation
determined from the symmetrical and asymmetrical stretch band. The values for an angle of
incidence of 600 could not be determined because of a disturbing fringe pattern in the
reference and labeled signal.
The tilt angles determined for the CH2 and other groups agree with the values as found with
IR14,15 and X-Ray diffraction4,19 measurements. The two C-O-C absorption bands at 1178
and 1160 cm-1 could not be separated in the reference spectrum but in the labeled spectrum
they are separated because of their different orientation. The occurence of two bands is
assigned to the different distances of the COC groups in both chains to the PO2- groups that
band
νC=O
νwCH2
νasPO2νwCH2
νasCOC
νasCOC
νsPO2νsCOC
νascholine

ν(cm-1)
1739
1284
1245
1199
1178
1160
1090
1071
970

30 deg. incidence
Rps
θ (deg)
0.91
67
1.91
30
0.90
68
1.72
28
2.19
25
0.94
61
0.99
55
1.08
49
0.88
70

60 deg. incidence
Rps
θ (deg)
0.80
66
0.77
68
5.23
23
0.85
62
0.99
55
1.22
48
-

Table 3.3: Dichroic ratio and
tilt angles of several absorption
bands in a dry multibilayer
DPPC for angles of incidence
of
300
and
600.
The
experimental error in θ is 2
degrees.
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cause a small difference in peakposition15. The bands at 1739 and 1071 cm-1 are also caused
by multiple underlying bands but these are not separated in the labeled spectra, probably
because their transition dipole moment orientations do not differ much15.
In general the chain axis tilt angle tends to increase during hydration which is in agreement
with the observation that the bilayer thickness decreases during hydration28. The chain axis
tilt angle is coupled to the surface area of the headgroup in the plane of the bilayer, so
changes of orientation of transition dipole moments in the headgroup are expected. These
changes at higher humidities are observed but are less pronounced than the change in chain
axis orientation. The changes in the polar region are more clearly visible in the shift of
peakpositions.
3.3.2.3

Peakposition shifts

The most conspicious change during hydration is the shift of the PO2- vibrational
frequencies in the reference spectrum, see Fig. 3.23. The peak positions shift to the lower
wavenumber side, which is clearly illustrated in Fig. 3.25 where the peakpositions are given
as a function of RH. The shape of the symmetrical vibration around 1090 cm-1 remains very
regular during hydration, in contradistinction to the symmetrical peak around 1240 cm-1.
The shape of this absorption band is disturbed, sometimes showing a plateau of tenths of
wavenumbers, caused by the underlying CH2 wagging bands. The peak position of the
asymmetrical PO2- stretch vibration can not be determined from the reference spectrum.
However, it is apparent from Fig. 3.24 that in the labeled spectrum these wagging bands are
distinguishable from the asymmetrical PO2- stretch band due to a clear difference in
orientation of both transition dipole moments. The peakposition of the νasPO2- vibration is
determined after CH2 wagging band correction. The peakpostions of the PO2- vibrations are
given as a function of the humidity in Fig. 3.25. At least two measurements were performed
per point and the values shown are the average values. The asymmetrical band is more
sensitive to hydration than the symmetrical band, as was already observed in hydration
experiments on other lipids25,38 and explained in calculations of the PO2- hydration39, but
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Figure 3.23: νasPO2- and νsPO2- vibration
region in the reference spectrum for several
RH’s.
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Figure 3.24: νasPO2- vibration region in the
labeled spectrum for RH=24%. Arrows
indicate the CH2 wagging bands.
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Figure 3.25: Peakshifts of the νsPO2- (●) and
νasPO2- (▲) vibration during hydration. The
wavenumber errors are 0.2 and 0.8 cm-1,
respectively.
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Figure 3.26: Peakshift of the νC=O vibration
during hydration. The wavenumber error is
0.2 cm-1.

both have the same slope as a function of the relative humidity.
The most logical explanation for this effect is the direct binding of water to the PO2- group.
Hydrogen bridges cause a peakshift of the phosphate group of several wavenumbers
because the oxygen is attracted to the water25. The measured peakposition shift is
dependent on the ratio of the hydrogen and non-hydrogen bound phosphate groups.
However the peakposition is also influenced by the presence of the N+(CH3)3 ion group40,41.
Water possibly not only affects the phosphate groups by direct binding, but non-bound
water might influence the peakposition indirectly by causing a tighter packing of the polar
headgroup. The shift in peakpostion then gives an idea of the level of hydration but can not
be coupled to the number of water molecules bound to the phosphate group.
A peak shift of the C=O vibration at 1739 cm-1 is also observed though it seems less
sensitive upon hydration than the phosphate groups, see Fig. 3.26. The peakshift for this
vibration starts at a RH ≈ 30%, so the C=O groups only seem to be influenced by the
hydration at higher RH’s.
The C=O absorption band is very complex because it is composed of a number of
bands40,41. The absorption bands of the sn-1 and sn-2 hydrocarbon chain differ slightly in
peak position, but besides of that, the absorption bands of both the sn-1 and sn-2 C=O
vibration can also be affected by hydrogenbinding. The difference in peakposition between
sn-1 and sn-2 chains is explained by the presence of the phosphate ion, that is nearer to the
sn-2 chain. The peak shift observed during hydration can thus be explained by the changing
ratio of hydrogen versus non-hydrogen bound C=O groups and on tighter packing of the
polar headgroup. Wong41 found from high pressure IR spectroscopic measurements that
hydrogen bonds between the PO2- group and the ester group of the sn-2 acyl chain exist in
several hydrated lipid samples, among which DPPC. No hydrogen binding was found for
the C=O group of the sn-1 acyl chain.
So the shift of the peakpositions of the ester and phosphate vibrations can indicate the
binding of water molecules to that group, but also a closening of the headgroup. The
peakposition shift does not directly show the specific binding of water molecules to DPPC
and should be treated with care.
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Water absorption

Polarization modulation has been applied because a better observation of the binding of
water molecules to the lipid is expected than with the usual linear dichroic technique. The
advantage is visible when the labeled spectrum is inspected around the water region, see
Fig. 3.27. This spectrum only depicts the absorbance of water with a preferred orientation,
so none of the isotropically oriented broad water absorption bands is present in this
spectrum.
The symmetrical (3280 cm-1) and asymmetrical (3450 cm-1) H2O stretch bands can be
observed separately at a RH of 3 % for a multibilayer of DPPC. The relatively narrow
bands indicate a strong water-lipid binding. The spectrum at RH=3 % can be fitted and this
shows that the width of the asymmetrical water band at 3450 cm-1 and the symmetrical
water band at 3280 cm-1 is approximately 90 cm-1, see Fig. 3.28.
The absorption of the asymmetrical band is increased at a relative humidity of 9 %, but the
band also becomes broader than at RH=3 % . Besides the absorption band with a width of
90 cm-1 that was already observed at RH=3 %, there seems to be an additional 160 cm-1
broad absorption band at 3460 cm-1 with a small magnitude. This broad band is illustrated
in the fitted spectrum at RH=24 %, see Fig. 3.29. This figure also yields that the 3280 cm-1
absorption band peak value is hardly affected by the 3450 cm-1 absorption band and vice
versa. The broadening is an indication that less strongly bound water is also present. The
magnitude of this 160 cm-1 broad band is increased at a humidity of 24 % while the
absorption of the small band remains approximately the same value. The magnitude of the
90 cm-1 broad asymmetrical absorption band hardly changes anymore at higher humidities.
The symmetrical stretch band at 3280 cm-1 is nearly constant from 3 to 9 %. This can be
explained by an isotropic orientation of the additional adsorbed water molecules or to an
orientation distribution near to the magic angle of 54 degrees, where absorption of both pand s-polarized light have the same magnitude. The latter should be the case in this
situation because the asymmetrical vibration indicates that the adsorbed water molecules
are not oriented isotropically. The absorption of this band increases from 9 to 24 % RH, and
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Figure 3.27: Absorption due to the
νsOH and νasOH vibration in the
labeled spectrum for RH’s of 3, 9
and 24 %.
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Figure 3.28: Fitted spectrum for RH= 3%.
Two absorption bands are observed; the 3280
and 3450 cm-1 bands both have widths of 90
cm-1 and an absorption peak value of 3.5*10-4
and 6.0*10-4 a.u., respectively.
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Figure 3.29: Fitted spectrum for RH=24 %.
An additional band at 3460 cm-1 with a width
of 160 cm-1 and an absorption peak value of
1.4*10-3 a.u. is observed when compared to
RH=3 %. The peak values of the 3280 and
3450 cm-1 bands are 4.0*10-4 and 8.5*10-4
a.u., respectively.

the bands at higher RH’s are also somewhat broader, but this is less distinct than for the
asymmetrical absorption band. This band also shows no change in magnitude at RH’s
higher than 29 %.
So, the symmetrical and asymmetrical H2O stretch band can be separated in the labeled
spectrum. A small and a broad band can be distinguished for the asymmetrical band. The
symmetrical band is also broadened during hydration but a small and broad band can not be
distinguished due to the lower signal to noise ratio when compared to the asymmetrical
band.
The symmetrical and asymmetrical H20 stretch band overlap at higher RH’s but their
widths suggest that the absorption band peak values at 3280 cm-1 and 3450 cm-1 are hardly
affected by the other band. The increase of the noise at higher humidities is partially
explained by loss of light intensity due to overall water absorption at the detector for higher
RH. Another cause is the influence of the quasi-perfect watervapour correction (see
paragraph 2.3.2.2) in the labeled spectrum. The watervapour absorbance causes higher
values for the quasi-perfect corrected water vapour absorption bands than the noise band
magnitude in the labeled spectrum for higher RH’s in the IR measurement cell.
The labeled spectrum water absorption bands at 3280 and 3450 cm-1 are calculated as a
function of RH for angles of incidence of 30 and 60 degrees, see Fig. 3.30. The absorbance
is given as the difference between p- and s-polarized light, ∆A. The range of RH is chosen
from 0 to 30%, because the water absorption bands at higher values remain nearly constant.
The average values of absorption at higher RH’s are indicated with arrows on the right axis.
At least two measurements are performed at each measured RH and the values shown are
the average values.
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Figure 3.30: Absorption peak
values in the labeled spectrum for
the νasOH band at 3450 cm-1 (A)
and the νsOH band at 3280 cm-1
(B) for an angle of incidence of 30
(●) and 60(▲) degrees. The arrows
indicate the average absorption
value at higher RH. The error of
the absorption peak value is
0.08*10-3 and 0.2*10-3 a.u. for 30
and 60 degrees angle of incidence,
respectively.

The absorption of the 3450 cm-1 asymmetrical stretch band is shown in Fig. 3.30A. The
slope of the absorption curve for 30 and 60 degrees angle of incidence is similar. From 3 to
29 % RH the absorbance increases with a kink around 12% and a maximum at a RH of 29
%. This indicates a strong binding of the water in the region 0-29 % and the positive
absorption in the labeled spectrum indicates a more perpendicular orientation of the
asymmetrical band (see also Fig. 3.19).
The absorption band peak values of the 3280 cm-1 symmetrical water vibration are given in
Fig. 3.30B. The absorbance in the 3-12% region remains nearly constant indicating an
average orientation of 54 degrees for the symmetrical stretch band of the water molecules
that bind to DPPC in this region. From 12 to 29 % the absorbance increases. This indicates
a more perpendicular orientation of the symmetrical water transition dipole moment for
water molecules that bind to DPPC in this region.
The absorbance of the 1650 cm-1 bending band is measured for an angle of incidence of 30
degrees and has the same slope as the 3280 cm-1 band. This agrees with the fact that these
two transition dipole moments have the same orientation29.
The measured absorption band peak values change in value in the 0-30 % region, but the
slope of the absorbance changes in the 0-12 % range differs from that in the 12-30 % range.
Fig. 3.29 already showed that there are two different asymmetrical water absorption bands
at 3450 and 3460 cm-1. The bandwidths of these bands are different, indicating a different
binding strength. The absorption band peak values of these two bands are evaluated
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separately, see Fig. 3.31. At least two measurements are performed per point and the values
shown are the average values. The narrow band (see Fig. 3.31A) increases rather quickly
and is almost maximum at 12 % RH. The value around 0 % RH is unequal to zero. This
absorbance at RH=0 % is probably caused by water that remains in the DPPC bilayer under
dry conditions. The absorption peak value of the broader band (see Fig. 3.31B) is nearly
maximum around RH=30 %. This indicates that the water is less strongly bound to DPPC.
This absorption band peak value is zero at RH=0 %.
The measured absorption values are fitted with a model describing the binding of water to
one specific binding site. We assume that one water molecule per DPPC molecule is always
bound. This DPPC molecule is called L1. An additional water molecule, H2O, can bind to
L1, giving a DPPC molecule with two bound water molecules, L2. For this situation we can
write:
k
→
L1 + H 2 O ←
L2

(3.12)

The affinity constant, k, is defined as:
k=

[L 2 ]
[L1 ][H 2 O]

(3.13)
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Figure 3.31: Absorption values of
the narrow (A) and broad (B) 3450
cm-1 νasOH band in the labeled
spectrum at increasing humidity.
The absorption due to the firstly,
secondly and thirdly bound water
is indicated with a 1, 2 and 3
respectively. The arrows indicate
the average absorption values at
higher humidities. Data are fitted
with a single binding site model.
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with [H2O], [L1] and [L2] the concentrations of water molecules in the lipid bilayer, the
concentration of DPPC molecules with 1 bound water molecule and the concentration of
DPPC molecules with 2 bound water molecules, respectively.
Eq. 3.12 and Eq. 3.13 can be rewritten to:
[L 2 ] = [L tot ]

k[H 2 O]
1 + k[H 2 O]

(3.14)

when one takes into account that the concentration of DPPC with one bound water
molecule and the concentration of DPPC with two bound water molecules will always be
equal to the concentration of all DPPC molecules [Ltot].
The water absorption band peak value measured always contains a part, Aw1, that is caused
by the water that remains bound to DPPC. The absorbance due to water that secondly binds
to DPPC is dependent on the concentrations of DPPC molecules with two bound waters.
From Eq. 3.14 we find that this concentration is dependent on the affinity constant k and
the water concentration. The relative humidity is assumed to be a measure for this
concentration of water molecules. The absorbance due to the water is then described as a
function of the RH:
A tot = A w1 + A w 2

k ⋅ RH
1 + k ⋅ RH

(3.15)

where Atot is the measured absorption band peak value, Aw1 is the absorbance of the firstly
bound water that remains in the lipid bilayer even at dry conditions and Aw2 the absorbance
of the secondly bound water when the degree of occupation of this second waterbinding site
changes from 0 to 100 %. k ⋅ RH
is a measure for this degree of occupation of the
1 + k ⋅ RH
waterbinding site. The equilibrium constant is 0.21 and 0.09 a.u. for the narrow and broad
asymmetrical water absorption band, respectively. This indicates again that the narrow
absorption band is caused by stronger bound water than the broad absorption band.
We conclude that three classes of water bound to the lipid can be distinguished from the
asymmetrical H2O stretch band absorbance. The firstly bound water is so strongly bound to
the lipid that it remains in the lipid even at dry conditions. The absorption band peak value
of this firstly bound water is 3*10-4 a.u. in the labeled spectrum. The secondly bound water
is also strongly bound to the lipid but does not remain bound to DPPC at dry conditions.
The increase in absorption band peak value due to this band is 7*10-4 a.u. during hydration.
The thirdly bound water is less strong bound to the lipid and yields an increase of 1.4*10-3
a.u. in the labeled spectrum during hydration.
Although no small and broad absorption bands can be distinguished for the symmetrical
stretch vibration, we assume from the asymmetrical band observations that the increase in
absorption at RH=12 to 30 % should be mainly due to the less strongly bound water. The
total change in absorption band peak value of the less strongly bound water is then
estimated on 4*10-4 a.u. The total absorption band peak value in the 0-12 % region remains
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nearly constant, indicating a negative absorption peak value for the strongly bound waters
that compensates the positive absorption peak value of the less strongly bound water. The
total change in absorption band peak value due to the strong water binding is estimated at
–2*10-4 a.u. The water that remains present under dry conditions has an absorption band
peak value of approximately 3.5*10-4.
The absorption band peak values found here give an indication of the orientation of the
adsorbed waters, see Fig. 3.19. The results are discussed in more detail in paragraph 3.3.3.
3.3.3

Discussion

The binding of water to DPPC is determined from the labeled signal. The water that
remains in the lipid even at dry conditions shows a strong water binding and is called the
firstly bound water. The water molecules bound at increasing humidity can be separated
into secondly bound water that still shows a strong water-lipid binding and thirdly bound
water that shows a weaker water-lipid binding and a broader bandwidth. A fourth group
that shows no water-lipid binding can be distinguished and is called the non-bound water.
The position and orientation of the water molecules involved in the different binding sites
will be discussed.
3.3.3.1

Firstly bound water

From the reference spectrum is concluded that approximately one water molecule per lipid
molecule remains bound to the lipid at low RH’s. The asymmetrical and symmetrical water
stretch bands show a smearing in this reference spectrum, although the total band is
considerably narrower than at higher humidities. The labeled spectrum shows strongly
bound water at dry conditions. So the broad water absorption band in the reference
spectrum consists of this strongly bound water, with a narrow absorption band, and some
residual non-bound water. Further analysis of the broad water band in the reference
spectrum at RH=3 % then reveals that the water absorption is mainly caused by strongly
bound water and that there is hardly any non-bound water present.
The amount of water molecules at dry conditions is much higher for DPPC in comparison
to other phosphatidylcholines25. The headgroup and possible water binding sites for the
3
2
O
1
N

P

C or H

i

d

k

Figure 3.32: Possible binding sites of water to
DPPC in the B conformation. Water molecules
1, 2 and 3 indicate the possible binding of the
firstly, secondly and thirdly bound water,
respectively.
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other phosphatidylcholines are the same as for DPPC. The difference in remaining water in
DPPC is probably caused by the closer packing of the layers due to a larger chain axis tilt
angle. This higher tilt angle does not affect the connection between the phosphate group
and the interbilayer space considerably. On the other hand, the ester groups are nearer to the
phosphate group of the neighboring molecule at higher tilt angles. Simulations with a
model of the DPPC structure indicate the possibility of water being bound to both the
phosphate and the ester group of a neighboring molecule with a double and single hydrogen
bond, respectively. However, the percentage of the firstly bound water that has this strong
binding depends on the structure of the lipid. The simulations with a model of a DPPC layer
structure show that a maximum of one water molecule per two lipid molecules can have a
triple hydrogen bond. The other part of the firstly bound water has a double hydrogenbond
to the phosphate group. This kind of water is indicated as water 1 in Fig. 3.32, where only a
part of the water molecules can have the indicated hydrogen bounding to the ester group of
a neighboring lipid and another part does not have this ester hydrogen bond.
There exists some contradiction about the binding of water to the ester group. Wong41 and
Huang42 proved the existence of water-ester binding of the ester group in the sn-2 acyl
chain of hydrated DPPC. On the other hand, Pohle25 and Gawrisch 26 did not find a role for
the ester groups in the hydration of lipids, or only at RH’s higher than 30%. The firstly
bound water was assumed to be bound to the phosphate group but in these studies no
attention was paid to the possibility of water remaining bound to the ester group at low
humidities.
The absorption bands of the firstly and secondly bound water can not be distinguished in
the labeled spectrum. However, in paragraph 3.3.2.4 it is concluded that the secondly bound
water is less strongly bound to DPPC than the firstly bound water. One would therefore
expect the bandwidth of this secondly bound water to be broader than the bandwidth of the
firstly bound water. The absorption bands in the labeled spectrum are still rather broad
when compared to the resolution and therefore smoothing over a range of 15 cm-1 was
performed in order to increase signal to noise ratio. Smoothed labeled spectra are shown for
RH’s of 3 and 9 % around the asymmetric H2O stretch band at 3450 cm-1, see Fig. 3.33.
Two separate bands can be seen at 3415 and 3480 cm-1 at RH=3 %. These bands can hardly
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Figure 3.33: Smoothed labeled spectra for RH=3
% and RH=9 % around ν=3450 cm-1.
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Figure 3.34: Smoothed labeled spectrum for
RH=3 %, fitted with 4 absorption bands at
3280, 3415, 3450 and 3480 cm-1.
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be distinguished anymore at RH=9 %. The two bands at low RH are probably caused by the
two different firstly bound waters, that are expected to bind partly to the ester and
phosphate group and partly to the phosphate group. However, these two bands can hardly
be separated, even in the smoothed spectra because this is hindered by the absorbance due
to the secondly bound water. The spectrum at RH=3 % is fitted with two additional bands
at 3415 and 3480 cm-1, see Fig. 3.34. The 3410 cm-1 band has a bandwidth of
approximately 25 cm-1 and an absorption value of 2.3*10-4 a.u. The 3480 cm-1 absorption
has an estimated width of 35 cm-1 and an absorption peak value of 4.1*10-4 a.u. The 3450
cm-1 absorption band that is ascribed to the secondly bound water has a width of 90 cm-1
and an absorption peak value of 3.1*10-4 a.u. The symmetrical water absorption band is
simulated with a single absorption band at 3280 cm-1 with a width of 90 cm-1 and an
absorption peak value of 3.5*10-3 a.u.
This gives an explanation about the observed equal bandwidths of the firstly and secondly
bound water. The firstly bound water asymmetrical absorption band is in fact caused by two
absorption bands that have a different peakposition. These bands combine to an average
peak that has a bandwidth almost equal to that of the secondly bound water. The two bands
of the firstly bound water do not seem to change in the 3-97 % RH region, although the
smoothed and fitted spectra are difficult to interpret because of the additional asymmetrical
H2O stretch band of the secondly and thirdly bound water. It indicates anyway that the
firstly bound water has a strong water-lipid binding. The C=O vibration peak position does
not shift considerably in the 3-29 % RH region, indicating no observable additional bonds
of the water to the ester group in this region. The measured absorption curve of the 3450
cm-1 band in Fig. 3.31A may be caused by the different water-lipid binding sites, but the
water-lipid binding of the firstly bound water is expected to be almost maximum at RH=3
%. Therefore, the measured curve still gives a good approximation of the absorbance due to
the secondly bound water.
It is therefore concluded that the firstly bound water has a double hydrogenbond with the
phosphate group and a part of the firstly bound water has an additional third hydrogenbond
with the estergroup of a neighboring molecule.
An indication of the orientation of the water transition dipole moments can be obtained
from the labeled spectrum. The water absorption band peak values in the reference
spectrum of the firstly bound water should be determined in order to obtain the average
orientation of the water transition dipole moments. However, the amount of firstly and
secondly bound water can not be determined separately from the reference spectrum. The
orientation that is found is still an average over the possible positions that the firstly bound
water molecules can occupy in the lipid bilayer. From the labeled spectrum one can
determine that the firstly bound water molecules have an average orientation of the
symmetrical and asymmetrical stretch band that is a little more perpendicular to the
substrate surface than the magic angle of 54 degrees with the surface normal. It is now
tempting to correlate these statements on water orientation to that of DPPC. However, the
situation is rather complex because two possible conformations of DPPC are involved and
our data are too scarce to make firm statements.
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Secondly bound water

The binding of the secondly bound water to DPPC mainly takes place between 0 and 12 %
RH. The peakpositions of the phosphate group show a considerable shift in this region. The
total amount of water at RH=12 % is approximately 2.5 molecules per DPPC molecule,
suggesting a maximum of approximately one secondly bound water molecule per DPPC
molecule. The absorption band peak value of the asymmetrical stretch vibration in the
labeled spectrum is obtained from the increase in absorption peak value of the narrow band
shown in Fig. 3.31A. The absorption peak value of the symmetrical stretch band can not be
obtained directly because no clear separation of small and broad bands is found. An
absorption band peak value is estimated with the help of the knowledge about the water
binding from the asymmetrical stretch band.
The labeled spectrum absorption band peak values indicate that the firstly and secondly
bound water molecules differ in their average orientation. The secondly bound water has a
symmetric stretch band that is oriented more perpendicular to the substrate surface than the
magic angle, while the average asymmetrical stretch band orientation is more parallel to the
surface normal. The orientation of the water stretch bands thus points to different
orientations of the firstly and secondly bound water.
From simulations with a model of the DPPC bilayer structure and from observations of
Pearson19 the secondly bound water, indicated with a 2 in Fig. 3.32, is expected to have a
single hydrogenbond with the phosphate group.
3.3.3.3

Thirdly bound water

The thirdly bound water has a less strong binding to the lipid and the asymmetrical water
absorption band peak value is almost equilibrated at a RH of 30 %. From the Awr ratio, a
total number of four water molecules per DPPC molecule is expected at RH=30 %.
Approximately one additional water molecule binds per DPPC molecule. The absorption
band peak value found in the labeled spectrum indicates an orientation more parallel to the
substrate surface than the ‘magic’ angle for the symmetrical stretch band. The asymmetrical
stretch band has a transition dipole moment with a tilt angle that is even more perpendicular
to the substrate surface than the symmetrical band. The average orientation of the thirdly
bound water molecules as determined from the H2O stretch bands is different from the
firstly and secondly bound water.
The broadening of the absorption band and the lower equilibrium constant suggests that this
thirdly bound water has no hydrogen binding with the lipid. From the shifts in the
absorption band peakpositions is concluded that this water binding does not affect the C=O
peak position but still changes the PO2- peak positions considerably.
Water can be expected to have some polar interaction with the positively charged N+(CH3)3
group and the negatively charged phosphate group41, see Fig. 3.32. This interaction then
changes the influence of the ammonium group on the phosphate group and thereby
decreases the observed peakpositions of absorption bands due to the phosphate group in this
region. The thirdly bound water adsorption region is indicated with a 3 in Fig. 3.32.
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Non-bound water

The adsorption of additional water in the RH region from 29% and higher does not affect
the absorption band peak values measured in the labeled spectrum. This indicates that this
additional water has no binding with the lipid and that the molecules are oriented
isotropically. However, the peakpositions of the PO2- bands and the C=O band decrease in
this region. This indicates that the polar headgroup conformation is affected by non-bound
water. The decrease of the peakpositions may then be explained by a closening of the ester,
phosphate and ammonium groups that changes the effective volume of the polar headgroup.
This causes a change of the polar headgroup surface area in the plane of the bilayer, which
is corrected for by the increase in chain tilt axis that is observed. The small changes in
orientation of transition dipole moments in the polar headgroup can then be explained by a
changing headgroup volume that causes different orientations within the headgroup and an
overall change of the headgroup orientation due to the change in chain tilt axis. The
influence of non-bound water on DPPC was demonstrated for subphase-transitions, that are
caused by conformational changes in the headgroup, in phosphatidylcholines18,43. So the
shift of peakpositions in the 29-100 % RH region is rather caused by conformational
changes in the headgroup than by hydrogen binding of water to waterbinding sites on the
lipid.
3.3.4

Conclusions

Some models are presented for the determination of orientation of transition dipole
moments in a lipid. The order parameter model does not give a good description of the
situation within the bilayer. It was demonstrated that the one and two rotational axes
models with a delta function distribution give a good representation of the actual situation
in the bilayer. The difference in angle of transmission between p- and s-polarized light
through the birefringent layer is shown and can be neglected for most vibrations. The
advantage of a transmission experiment above a reflection experiment was shown for the
rather thick (6 µm) DPPC layers.
The results of the measurements presented in this chapter clearly show the advantages of
the use of polarization modulation in the study of the hydration of lipids. Non-bound water
is not observed in the labeled spectrum and the symmetrical and asymmetrical water
absorption bands are separated. Waterbinding to the lipid can directly be observed from
absorption bandwidths and peakvalues. Four different types of water can be distinguished
in our measurements. The labeled spectrum already gives an indication about the
preferential orientation of the water transition dipole moments of these four groups.
Absorption values found in the 29-97% RH region show that the peakshifts of the polar
headgroup vibrations in that region are rather caused by conformational changes in the
polar headgroup than by direct specific water-lipid binding.
The firstly bound water can probably be distinguished into two groups with 2 respectively 3
hydrogen bonds. Most of the RH dependent changes for these groups are expected in the 0
to 3 % RH region. A detailed study with precise RH determination and an improved signal
to noise ratio might give additional information about this firstly bound water. The study of
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a phosphatidylcholine with a smaller tilt angle might also give some additional information
about the firstly bound water because only double water-lipid hydrogen bonds are expected
for such a lipid.
The secondly bound water shows a less strong binding than the firstly bound water. This
secondly bound water is probably bound to DPPC by a single hydrogen bond with the
phosphate group.
The thirdly bound water shows a weak binding with DPPC. It is assumed that this thirdly
bound water has some polar interaction with the DPPC headgroup rather than a hydrogen
bond.
The non-bound water is oriented isotropically and does not show a binding with DPPC.
To our knowledge this is the first study that specifically observes details of the water-lipid
interaction during hydration.
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Chapter 4
Light-Induced 2D-IR Spectroscopy of BacterioRhodopsin

In this chapter the principles and interpretation of two-dimensional FT-IR
spectroscopy and an introduction to the proton pump mechanism of
bacterioRhodopsin are given. Some simulations for optimum measurement
conditions, marking of the possible timescale and interpretation of lightinduced two-dimensional experiments of bacterioRhodopsin are shown.
Finally the 2D-IR results of light-induced two-dimensional spectroscopy of
the slower states of the bacterioRhodopsin photocycle are shown and
discussed.
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Introduction

Two-dimensional (2D) FT-IR spectroscopy (2D-IR) was introduced by Noda1. This
technique is suited for measurements of systems that undergo a reversible process on a
perturbation. A cross correlation is applied to the measured dynamic IR signals to construct
a set of 2D-IR correlation spectra. These dynamic spectra were found particularly useful in
emphasizing spectral features that are not observable in conventional one-dimensional
spectra. The technique has primarily been used for studies of systems undergoing a smallamplitude mechanical or electrical perturbation2,3,4,5.
In this study, the applicability of light being used as a perturbation is regarded and
bacterioRhodopsin (bR) is used as a sample. Upon absorption of a photon by bR, a
photocycle is initiated which makes the protein complex appropriate for 2D experiments.
BR is also easy to produce in large quantities and is extremely stable. Besides of that, a lot
of research has been done on bR and much is known about its structure and
functioning6,7,8,9.
The aim of this study is to observe the capacity of light as a perturbation in 2D-IR
experiments. BR has been used as a model system and we investigate whether 2D-IR
spectroscopy is capable of revealing additional information about the bR photocycle that
has not been obtained from other techniques.

4.2

2D-IR spectroscopy

The basic concept of 2D-IR spectroscopy is very similar to the 2D correlation method that
is used in 2D-NMR10,11. The main requirement for 2D-IR is that time-dependent
fluctuations induced by an external perturbation can be measured. The shape and type of
the repetitive perturbation can be chosen freely, as long as the system reacts on it and
returns to its beginning equilibrium state12. The resulting change in absorption is measured
as a function of wavelength and the phase difference to the perturbation. The phase and
absorption differences of the system can then be compared using a cross correlation
function. In this way so-called synchronous and asynchronous spectra (see paragraph 4.2.1)
are obtained that indicate which absorption peaks change simultaneously, and which are
faster or slower in their reaction to the perturbation.
2D-IR is especially useful when studying local reactions in a part of the molecule because
2D-IR spectra yield information about intra- and intermolecular interactions of functional
groups. Another important advantage is the increase of wavenumber resolution because in
the asynchronous spectrum strongly overlapping bands are separated when a phase
difference between the measured vibrations exists.

Light-Induced 2D-IR Spectroscopy of BacterioRhodopsin

4.2.1

85

2D-IR signal processing

A convenient way to perform 2D-IR spectroscopy is to apply a periodic perturbation to the
system and to use a Lock-In Amplifier, tuned to the frequency of the perturbation, to
measure the in-phase and quadrature signal.
The absorption of IR light of a system responding to a sinusoidal perturbation with
frequency ω can be described as:
∆A (ν, t ) = ∆A (ν) sin[ωt + β(ν )]

(4.1)

where ν is the wavenumber, ∆A is the change in absorption and β is the phase difference to
the perturbation.
Eq. 4.1 can also be expressed in the form of a sum of two orthogonal components:
∆A(ν, t ) = ∆A' (ν ) sin(ωt ) + ∆A" (ν) cos(ωt )

(4.2)

with ∆A' (ν ) = ∆A(ν) cos β(ν) and ∆A" (ν) = ∆A (ν ) sin β(ν) .
These two signals describe the in-phase and quadrature signal output of the Lock-In
Amplifier, respectively.
The signals as obtained by the Lock-In Amplifier can be treated in several ways. In 2D-IR,
a correlation function is used to display the relation between the absorption of different
vibrations:
T

1 2
∆A(ν 1 , t ) ⋅ ∆A(ν 2 , t + τ)dt
T →∞ T ∫
−T

X (τ) = lim

(4.3)

2

This correlation function can be combined with the description of the measured signal from
Eq. 4.2 and gives:
X (τ) = Φ (ν 1 , ν 2 ) cos(ωτ ) + Ψ (ν1 , ν 2 ) sin(ωτ )

(4.4)

1
[∆A' (ν1 )⋅ ∆A' (ν 2 ) + ∆A" (ν1 )⋅ ∆A" (ν 2 )]
2
1
Ψ (ν 1 , ν 2 ) = [∆A" (ν 1 ) ⋅ ∆A' (ν 2 ) − ∆A' (ν1 ) ⋅ ∆A" (ν 2 )]
2

(4.5)

with:
Φ (ν 1 , ν 2 ) =

Φ and Ψ are called the synchronous and asynchronous spectrum, respectively, and yield
information about the correlation between vibrations during the photocycle4,5,12,13.
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Interpreting 2D-IR spectra

The most convenient way to explain the interpretation of the synchronous and
asynchronous spectrum is with an example. Therefore fictive in-phase and quadrature
spectra are created with three Lorentzian shaped absorption bands, see Fig. 4.1. These
bands are situated in the region where ethylenic stretching bands of bR are expected. The
in-phase and quadrature spectra are converted into the asynchronous and synchronous
spectrum and the interpretation of the correlation spectra is illustrated with these calculated
fictive 2D-IR spectra.
4.2.2.1

The synchronous spectrum

The synchronous spectrum calculated from the fictive spectra shown in Fig. 4.1 is shown in
Fig. 4.2. Peaks in this spectrum indicate a correlation at a wavenumber ν1 (x-axis) with
another wavenumber ν2 (y-axis).
From the definition of the synchronous spectrum (Eq. 4.5) it is evident that
Φ(ν1,ν2)=Φ(ν2,ν1), and thus is the spectrum symmetric over the diagonal. The diagonal
gives the correlation of the signal with itself and values on the diagonal represent the square
of the change in absorption due to the perturbation for that wavenumber. The absorption
peaks on the diagonal are called auto-peaks, while the other peaks are called cross-peaks.
Cross peaks only occur when two vibrations are phase-correlated with each other. The
peakheight that is given for each peak is dependent on the degree of synchronicity and the
change in absorption of the two vibrations due to the perturbation. Cross-peaks indicate the
degree of intra- and inter-molecular interactions between various functional groups.
The calculated synchronous spectrum shows three autopeaks at 1520 cm-1, 1550 cm-1 and
1580 cm-1. These are the absorption bands of vibrations that are affected by the
perturbation. Vibrations that are not affected don’t show up in the spectrum. A big cross
peak can be seen for the absorption bands at 1520 and 1580 cm-1, indicating that these
absorptions are highly synchronized. In most cases, this suggests a connectivity between
the functional groups that cause these absorption bands. The 1550 cm-1 vibration has no or
just a small value for the cross peaks suggesting that this vibration is out of phase with the

Figure 4.1: Simulated in-phase (A) and
quadrature (B) spectra.

Figure 4.2: Calculated fictive synchronous
spectrum; numbers denote the relative
amplitudes.
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other two vibrations.
Special care should be taken for the sign of the values. A negative peak in the synchronous
spectrum may indicate a phase difference of π rad when compared to the situation that this
peak would be positive. However, it can also be caused by two vibrations that have inverted
signs for the change in absorption measured. Phase differences therefore always have an
uncertainty of mπ rad, with m an integer. This uncertainty can be resolved when the sign of
the change in absorption is already known for the different peaks. This will be illustrated be
in paragraph 4.3.2 for the bR photocycle. Another solution is variation of the frequency of
the perturbation and measurement of the time difference at multiple frequencies. The
measured phase differences are valid when the time difference remains the same for the
different frequencies but must be corrected with mπ rad when the time difference is
dependent on the frequency of the perturbation.
4.2.2.2

The asynchronous spectrum

The calculated fictive asynchronous spectrum is shown in Fig. 4.3. In this spectrum crosspeaks show up when two vibrations are to some degree out of phase with each other. Again,
peak height is dependent on the autopeaks of the synchronous spectrum and the correlation
between the two vibrations. No autopeaks are visible on the diagonal because a vibration is
always in phase with itself. Although the 2D-IR spectra rather show the phase difference
between two vibrations rather than a difference in time, one can say that a positive cross
peak in the asynchronous spectrum means that the change in absorption at wavenumber ν1
occurs earlier than the change in absorption at wavenumber ν2 and vice versa. However,
this time dependence is opposite when the two vibrations have inverted signs for the change
in absorption
Indeed no autopeaks are visible in the calculated asynchronous spectrum of Fig. 4.3. Six
cross peaks are visible and it is clear that the vibrations at 1550 and 1520 cm-1 are out of
phase because of their high cross peak value. The change in absorption at 1520 cm-1 occurs
earlier than the change in absorption at 1550 cm-1. The change in absorption at 1520 cm-1
also occurs before the change in absorption at 1580 cm-1, but their cross-peak height, and
therefore phase difference, is less. The change in absorption at 1580 cm-1 occurs also earlier
than the change in absorption at 1550 cm-1.
Thus, the asynchronous spectrum complements the information from the synchronous
spectrum whether two vibrations are in phase with each other.

Figure 4.3: Calculated fictive asynchronous
spectrum; numbers denote the relative peak
amplitudes.

88

Chapter 4

The asynchronous spectrum can also be very useful in separating strongly overlapping
absorption bands besides providing information about the dynamic behavior of the system
under study. Two absorption bands always show cross peaks in the asynchronous spectrum
unless the vibrations are highly synchronized. These strongly overlapping bands will then
show two cross peaks that are opposite in sign near the diagonal and can be separated.
4.2.3

Phase information

A qualitative indication about phase differences can be obtained from 2D-IR spectra.
However, for our purposes the exact phase difference is required. We therefore developed a
method that yields the phase differences in a 2D spectrum. We also show that the phase
determination can also be obtained directly from the in-phase and quadrature spectra.
The analysis of synchronous and asynchronous spectrum already showed that the phase
difference and change in absorption of the two vibrations determine the cross-peak height.
This can also be found from the definition of the synchronous and asynchronous spectrum,
when these are rewritten with the help of Eq. 4.1, Eq. 4.2 and Eq. 4.5 as:
1
[∆A(ν1 ) ⋅ ∆A(ν 2 ) ⋅ cos(β(ν1 ) − β(ν 2 ) )]
2
1
Ψ (ν 1 , ν 2 ) = [∆A (ν 1 ) ⋅ ∆A (ν 2 ) ⋅ sin (β(ν 1 ) − β(ν 2 ) )]
2

Φ (ν 1 , ν 2 ) =

(4.6)

Eq. 4.6 clearly shows that the peaks in the synchronous spectrum will be maximum when
the phases of the two vibrations are the same, and the asynchronous spectrum peaks will be
maximum when the two vibrations are out of phase. 2D-IR shows the phase difference
between the response of two vibrations on a perturbation rather than the time difference
between the maxima in change of absorption for the two vibrations.
The phase difference β1,2(ν1,ν2)≡β(ν1)-β(ν2) between two vibrations can be
straightforwardly obtained from Eq. 4.6:
 Ψ (ν 1 , ν 2 

β1, 2 (ν1 , ν 2 ) = arctan
 Φ (ν 1 , ν 2 ) 

(4.7)

A positive β1,2 indicates a phase lead, while a negative β1,2 indicates a phase delay when the
change in absorption of both wavenumbers of interest is not inverse. One should also regard
that a phase lead means a delay in the time domain.
The resulting phase difference spectrum thus combines the information of the synchronous
and asynchronous spectrum. The phase difference in non-absorbing regions is not defined
and will have an arbitrary value. Therefore, the phase difference in non-absorbing regions is
set to zero.
The calculated fictive phase difference spectrum as presented in Fig. 4.4 seems to be the
best tool to present the 2D results because it shows all the information that can be obtained
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from the 2D spectra. Besides, the sequence of changes in absorption is more easily
determined because the phase difference value is not influenced by autopeak heights. This
is especially useful when several absorption bands with large autopeak value differences
are studied. The peakvalues yield the phase differences between the vibrations in π rad.
However, the 2D synchronous and asynchronous spectra should always be checked on
overlapping bands, because an overlap in the synchronous spectrum will result in an illdefined phase difference. The phase difference can be determined modulo π rad. This phase
difference uncertainty π rad can not be distinguished from the phase difference spectrum
and should always be regarded. The phase difference uncertainty can be resolved with a
steady state experiment or with multiple experiments at several frequencies as explained in
paragraph 4.2.2.2.
The phase difference between two vibrations does not necessarily have to be obtained from
the 2D calculations but can also be obtained directly from the measured in-phase and
quadrature spectra. For each wavenumber ν a phase can be defined as:

β(ν ) = arctan ∆A' (ν)
∆A" (ν )


(4.8)

The phase value is arbitrary in non-absorbing regions but for absorbing regions, a welldefined phase can be determined. This phase will have an offset that depends on the
settings of the lock-in amplifier and the adjustments of the perturbation. This offset is the
same for each absorption band, so the phase difference between two vibrations can be
determined by subtracting their phase values. This method is called the phase/amplitude
calculation, because it gives both the phase and total amplitude for each absorption band.
The same drawbacks as for the 2D-IR phase determination holds for phase differences
obtained in this way. There has to be a check for overlapping absorption bands in the
synchronous and asynchronous 2D-IR spectrum and for an inverted change in absorption of
the vibrations.
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β

Figure 4.4: Calculated fictive phase
difference spectrum; numbers denote the
phase differences in radians.
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Figure 4.5: Error ∆β in the determination
of the phase difference β1,2 with 2D-IR (- -)
and phase/amplitude calculations ().
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The phase difference β1,2 between two vibrations can thus be calculated in two ways but
both calculations are based on the same data: the in-phase and quadrature spectra. In the
phase/amplitude calculations the phases of different vibrations are calculated and subtracted
while in 2D-IR phase difference calculations the phase difference between two vibrations is
determined directly. The error ∆β in the phase difference determination can be simulated by
passing on the relative error in the measured in-phase and quadrature spectrum to the error
in the phase difference for two vibrations with rather straightforward noise calculations.
The simulated error in the phase difference calculations is compared for both methods,
depending on the phase difference between the two vibrations, see Fig. 4.5. The signal to
noise ratio (SNR) of the change in absorption, ∆A(ν), is taken to be 3.5 for ν1 and ν2. Noise
calculations show that both methods have an equal error for phase differences at 0, 0.5π, π
and 1.5π rad for all SNR’s. The phase difference regions in-between these points of equal
phase error show a lower error for the phase/amplitude calculations. The phase/amplitude
method is preferential in these regions for increasing SNR. However, simulations show that
phase difference determination in these regions is of the same accuracy for both methods in
case of a low SNR.
So generally spoken the phase difference determination is more accurate with the
phase/amplitude calculations and the 2D phase difference determination gives a better
overview of the correlation between different vibrations. The 2D calculations are also
necessary to separate highly overlapping absorption bands.

4.3

BacterioRhodopsin

BR is a small membrane protein with a molecular weight of 26 kiloDaltons14 that amongst
others can be found in the membrane of Halobacterium Halobium. BacterioRhodopsin is
composed of one peptide chain of 248 amino acids and consists of seven hydrophobic αhelices that create a tube through a lipid bilayer6, see Fig. 4.6. It acts as a light-driven
proton pump, transporting protons across the cell wall from the inside of the cell to the
outside. The resulting proton current creates a potential difference over the cell membrane
that is used by other proteins in the cell to create ATP. In this way, light energy is
converted in chemical energy. A central role in the whole process is played by the
chromophore retinal that initiates the bR photocycle when absorbing a photon with a
wavelength of 568 nm.
H

+

e xtracellu lar

cytop la sm ic

H

+

Figure 4.6: Model for bR in a membrane. Diameter
and height of bR are 4 and 6 nm, respectively.

Figure 4.7: bR photocycle model.
Time constants are explained in text.

Light-Induced 2D-IR Spectroscopy of BacterioRhodopsin

4.3.1

91

BR photocycle

The bR photocycle shows a number of spectroscopically distinct intermediates, see Fig. 4.7.
This photocycle is initiated when bR in rest (bR groundstate) absorbs a photon. This
rearranges the electronic structure of the retinal and starts a chain of thermal reactions in
which the molecule passes the K, L, M1, M2, N, and O state and returns to the bR state.
The M1 and M2 state are often considered as one single M state. A proton is translocated
across the membrane during this process. The time constants in Fig. 4.7 give typical times
in which a state is maximum filled after absorption of a proton by bR 7,8,9,19. Generally
spoken, following the absorption of a photon the K and L state are reached 1 and 10 µs,
respectively, after absorption of a photon by bR. The M1 state is maximum filled after 100
µs, the M2 state after 300 µs and the N state after approximately 3 ms. The O state is
reached 3.5 ms after the initiation of the bR photocycle and the return to the initial bR state
is believed to be within about 10 ms after initiation of the bR photocycle7,8,9. Note that
among the various reports, describing the bR photocycle kinetics, these numbers vary
somewhat because of the dependency of the bR photocycle on several parameters such as
temperature and pH8,15. Water is essential for the proton pump mechanism because it
supports the transport of the proton from the cytoplasma to the retinal and from the retinal
to the extracellular side. A poor hydration will therefore alter the photocycle kinetics and
proton transfer reaction too16,17.
The current model for the proton pump mechanism is illustrated in Fig. 4.8 for the different
states. The retinal chromophore is linked to the tube at the Lys amino acid via a protonated
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Schiff base. The amino acids Asp85 and Asp96, situated on the extracellular and
cytoplasmic side, respectively, also play a keyrole in the proton transfer6,9,19.
The retinal has an all-trans conformation in the bR groundstate. The retinal transforms to
the 13-cis conformation when a photon of 568 nm is absorbed (K state). This isomerization
around the C13-C14 bond reduces the proton affinity of the charged Schiff base nitrogen
and alters its orientation, also causing a change in orientation in one of the helices (L state).
The proton of the Schiff base is then transferred to the negative charged Asp85. In the same
time span another proton is released at the extracellular side of the membrane by the amino
acids Glu204 and Arg82, that are connected to Asp85 by a crystal structure of H-bounded
water (M1 state). The Schiff base is reoriented from the proton release side to the proton
uptake side in the M2 state, restoring the original orientation of the helices. The Schiff base
is reprotonated by Asp96 via a crystal structure of H bounded water (N state). The Asp96 is
reprotonated and the chromophore retinal reisomerizes to the all-trans state in the N to O
transition. The last, O to bR transition is caused by Asp85 that reprotonates the area around
Glu204 and Arg82. In this chapter the M1 and M2 state are considered to be one single M
state.
The transitions of the bR photocycle can be illustrated in a six level model, see Fig. 4.9.
State transitions occur spontaneously (parameters A) but can also occur due to radiation
(parameters B). All these parameters have typical constants. A typical value for BKbR and
BbRK is 3.4*107 for our experimental conditions and this value is specified in paragraph
4.4.1. The parameters A are coupled to typical time constants of the corresponding states in
the bR photocycle, and are taken in agreement with the values found by Souvignier19.
We then describe the model by a set of differential equations:
dN bR
= N K A KbR + N O A ObR − (N bR − N K )B KbR W
dt
dN K
= N K (A KbR + A KL ) + (N bR − N K )B KbR W
dt
dN L
= N K A KL − N L A LM
dt
dN M
= N L A LM − N M A MK + N N A NM
dt
dN N
= N M A MK − N N (A NM + A NO ) + N O A ON
dt
dN O
= N N A NO − N O (A ON + A ObR )
dt

(4.9)

These equations can be used to simulate the expected response of bR to the illumination.
These simulations are used in paragraph 4.4.2 for the determination of optimum
measurement conditions.
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Figure 4.9: Six level model for the bR
photocycle. Parameter values are taken as
BKbR=BbRK=3.4*107J-1 ,AKbR=105, AKL=106,
ALM=14.000, AMN=200, ANM=94, ANO=830,
AON=1430 and AObR=1250 s-1. Straight
lines give radiated transitions while dotted
lines give thermal transitions.

4.3.2

Infrared spectroscopy of bR

The specific conformational and orientational changes in bR during the photocycle can be
followed by vibrational techniques such as FT-IR spectroscopy. The complexity of the bR
molecule is illustrated in its IR spectrum, see Fig. 4.10. The broad Amide I (1660 cm-1) and
Amide II (1540 cm-1) bands are typical for large proteins and are caused by numerous small
absorption bands with slightly different peakpositions. The bR molecule undergoes specific
changes during the photocycle that give slight changes in the IR spectrum. The total
wavenumber-resolved change during the whole process can be followed when the spectrum
of bR under illumination is ratioed against the spectrum of bR under dark conditions, see
Fig. 4.11. The appearance of absorption bands is an indication of conformational or
orientational changes of bR molecules during the photocycle. Negative bands are caused by
groundstate vibrations that temporarily disappear and positive bands are caused by nongroundstate vibrations that appear during the bR photocycle. The same absorption bands
should be visible with 2D-IR spectroscopy, but then with additional information about the
phase differences between different vibrations. Besides that 2D-IR might separate
overlapping absorption bands.
Information about the changes in bR in time can also be obtained when the spectrum of bR
is measured at specific times during the photocycle and compared to the non-illuminated
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Figure 4.10: IR spectrum of bR.
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Figure 4.11: IR wavenumber-resolved change
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ν (cm-1)
1166
1188
1201
1214
1255
1390
1505
1527
1542
1557
1562

state
M
N
M
M
M
N
O
M
L
M
L

conformational changes
chromophore retinal
reprotonation Schiff base
chromophore retinal
chromophore retinal
chromophore retinal
?
ethylenic stretching
ethylenic stretching all-trans retinal
ethylenic stretching retinal
ethylenic stretching cis-retinal
ethylenic stretching retinal

reference
7,8
7,8,9,19
7,8
7
7,8
19
19
8
9
8
9

Table 4.1 Vibrations
and
corresponding
states
during
bR
photocycle.

situation. This technique, called time-resolved FT-IR spectroscopy, has given a lot of
information about the bR photocycle7,8,9. Time-resolved spectroscopy has developed from
the rapid-scan technique, which gives millisecond time resolution18, to the stroboscopic
technique with microsecond time resolution19. Presently it is possible to reach nanosecond
time resolution with the step-scan technique20,21. The changes in absorption for the different
transition dipole moments of bR on illumination in the region of interest, as obtained from
time-resolved spectroscopy, are summarized in Table 4.1.
Most of these vibrations are already visible in Fig. 4.11. Some additional changes around
1700 cm-1 can also be seen in Fig. 4.11, but these are not treated in this 2D-IR study and are
therefore neglected.

4.4

Simulated response of bR for experimental conditions

The photocycle of bR, starting when a photon is absorbed, has been described in paragraph
4.3. The population of the different states has been described in time, where the calculated
populations are an average over a large number of molecules. Given a certain molar
concentration, the total number of molecules in one of the excited states is dependent on the
area that is illuminated by the lightsource, lightsource power and pulse width. Optimum
measurement conditions are expected when as many bR molecules as possible are in one of
the excited states. In this paragraph, the expected response of bR for the experimental
conditions that are used in the experiments is given and predictions are done about
optimum measurement conditions and the time scale that can be studied in our situation.
The main experimental conditions that can be adjusted in the set-up are the illuminated
surface area, pulse width and pulse period. An Argon Krypton laser with an output power
of 295 mW at 570 nm, which is the wavelength with maximum absorption by bR, is used
for illumination.
4.4.1

Optimum illuminated surface area

In the current set-up the illuminated surface area can be varied from a small focus to the
whole ATR-crystal surface area. Here we want to check what the optimum illuminated
surface area will be for 2D-IR measurements.
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Figure 4.12: Calculated relative number of
excited molecules in percentages as a function
of illuminated area and pulse period.

Figure 4.13: Calculated number of excited bR
molecules as a function of illuminated area
and pulse period (see text).

The amount of excited molecules is dependent on the laser power, the number of molecules
present and the illumination period. The efficiency of the excitation of the bR molecules
has to be known to realize optimum measurement conditions. The relative number of
excited molecules that are in one of the excited states under illumination is given as22:
N exc ( t )
BW
[1 − exp{− (A + 2BW )t}]
=
N
A + 2BW

(4.10)

where N is the total number of molecules, Nexc the number of excited molecules and W the
radiation flux that depends on illuminated surface area and laser power. The parameter A
indicates the spontaneous emission rate and B indicates the radiation induced excitation and
emission rates, that are equal for energy levels that are not degenerated.
For bR the values for A en B can be calculated as22:
1
= 100 (s −1 )
τ
cn
B=ε
ln(10) = 3.4 ⋅ 10 7
!ω
A=

(4.11)
−1

(J )

where τ is the lifetime of the excited bR molecule, ε is the extinction coefficient of bR, c is
 WKH 'LUDF FRQVWDQW DQG ω the angular
frequency of the light. Values for bR in these calculations are taken from Fleischer14. The
relative number of excited molecules can then be calculated with the help of Eq. 4.10 and
Eq. 4.11 when the laser output power and the estimated number of molecules (10-10
moles/cm2) are taken constant, see Fig. 4.12. This figure gives the relative saturation as a
function of pulse duration and illuminated area of the sample. This illuminated area can not
be smaller than the minimum laserspot size and not larger than the surface area of the
crystal used in the experiment.
The system gets saturated rather quickly for small illumination areas and a longer
illumination doesn’t increase the number of excited molecules anymore. A longer pulse
time is necessary to get as many molecules as possible excited when the laser power is
WKH OLJKW VSHHG Q LV WKH UHIUDFWLYH LQGH[ RI E5
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distributed over a larger area. At first hand a set-up with a small illumination spot and high
saturation seems to give a high contrast between dark and illuminated situation, and thus
probably a good signal to noise ratio.
In practice measurements are performed with an ATR crystal, both for optimum hydration
of the bR and the possibility to perform IR measurements in the strongly IR absorbing
water. The signal to noise ratio in the IR spectrum is dependent on the total number of
excited molecules that are in the evanescent field volume of the ATR crystal. This total
number of molecules is dependent on the illuminated surface area and pulse duration. Fig.
4.13 shows the total amount of excited molecules as a function of illuminated area and
pulse duration for the Argon-Krypton laser used in the experiment. In this figure the given
numbers are a measure for the absolute number of excited bR molecules. Fig. 4.13 clearly
indicates that saturation of the system lowers the efficiency of the use of the available laser
power and the IR absorbance in the spectrum.
Therefore, the illuminated surface area of the ATR crystal that is used should be as large as
possible for optimum measurement conditions.
4.4.2

Optimum pulse width and period for bR

A simple model describing the excitation of bR was used in the paragraph above. This
model considered bR to be in an excited or in a non-excited state. In practice, the excited
molecule returns to its groundstate through some other states. These states can be measured
with IR spectroscopy. The six-level model of Eq. 4.9 is used to yield the response of bR in
the different states under illumination. The number of bR molecules in the particular states
compared to the total number of bR molecules is simulated as a function of time, depending
on pulse width and period. These simulations are used to determine optimum pulse width
and period and also give an indication of the states that can expectedly be seen in the 2D-IR
spectra.
A pulsed illumination can be simulated by using a time dependent function for W. The
population of the various states can then be followed. A pulse period of 11 ms is simulated
so the whole bR photocycle, that is believed to take place within 10 ms7,8,9, is finished when
a new period is started. The pulsewidth has been set to 100 µs. The laser power is taken as
295 mW with an illuminated area of the ATR crystal of 4 cm2.
The response of the different states on this pulse is given in Fig. 4.14 and Fig. 4.15, where
the relative population of a particular state is given as a function of time. Fig. 4.14 gives the
relative population of the K and L state of bR in the first 0.5 ms of the period. The K state is
maximum within 4 µs after the start of the pulse and remains nearly constant until the end
of the pulse. The K state is drained rather fast and the population will contain maximum
5*10-3 of the available bR molecules. The population of the L state increases slowly,
without reaching equilibrium, until the end of the pulse and then slowly decreases. The
maximum population percentage is about 0.15, but this value is only reached in a small
period, so the total number of excited molecules in the whole period is rather small.
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Figure 4.14: Relative population of the K()
and L(- - -) state for a 100 µs pulse and 11 ms
period.

Figure 4.15: Relative population of the M(),
N(- - -) and O(-⋅ -⋅ -) state for a 100 µs pulse
and 11 ms period.

The M state is maximum filled at 0.3 ms after the pulse start. The relative M state
population ratio varies between 0.1 and 0.55 %. The N and the O state are maximum filled
after 3.3 and 3.7 ms respectively and their relative population variations are 0.03 and 0.08
% respectively. The non-zero level at the end of the period suggests that not all excited
molecules have finished their photocycle at the end of the period. Contrary to the general
belief, the bR photocycle is thus not finished after 11 ms but most of the excited molecules
have already returned to the bR groundstate in this period. No additional information is
expected from 2D-IR measurements for a longer pulse period.
Generally, the amount of molecules in the different states is rather low. For better signal to
noise ratios the population of the various states should be increased. The laserpower is
limited however and already taken maximum for the laser source used. Therefore, the pulse
width has to be increased.
A pulse width of 2 ms is simulated and shown in Fig. 4.16 and Fig. 4.17. In Fig. 4.16 the
first 3 ms of the period is shown for the K and L state. The K state is almost immediately
filled after the pulse start. The state is drained a little faster than the laser can fill it. The
population is very low with a maximum of 5*10-3 % of the molecules being in the K state.
The population reaches the zero-level very fast at the end of the illumination. The L state is
maximum filled after approximately 0.3 ms and reaches a maximum of about 0.15 %. It is
also slowly drained during illumination. At the end of the pulse, it reaches the zero-level in
approximately 0.3 ms.
The M state is filled with 9% of the available bR molecules at the end of the illumination,
and has a minimum level of 2% at the beginning of the illumination. The N and O state are
maximum filled after 4.1 and 4.5 ms respectively and have a fluctuation in the relative
population of 1.3 and 0.3 % respectively.
Further broadening of the peak to 5.5 ms gives an approximately 15% higher fluctuation of
the population for the N and the O state. The disadvantage is that almost 300% more energy
is transferred to the sample causing a heating of the sample. The optimum laser pulse width
for maximum fluctuation of the different bR states is determined on approximately 2 ms
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Figure 4.16: Relative population of the K()
and L(- - -) state for a 2 ms pulse and 11 ms
period.
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Figure 4.17: Relative population of the M(),
N(- - -) and O(-⋅ -⋅ -) state for a 2 ms pulse and
11 ms period.

when the whole bR photocycle is studied. L state absorption bands are not expected in the
2D-IR spectra because of the expected low population variations.
The time of maximum population is dependent on the pulse width. For a short pulse
maximum population of the M, N and O states agrees with the expectations as given in
paragraph 4.2.1. At increasing pulse width the M state maximum population is
approximately at the end of the illumination and the difference between M state maximum
population and N and O state maximum population is reduced.
In practice, the phase difference between the response of two different vibrations is
measured in stead of the time difference of maximum population of both vibrations. This
phase difference can easily be recalculated to a time difference when a sine perturbation
was applied. The phase difference can be recalculated to a time difference with the model
described in this paragraph for a pulse. Simulations of the measured phase differences
between the states as measured with 2D-IR show that the phase differences between the
maximum populations of the M, N and O states don’t depend on pulse width and the phase
difference values are the same as for a sine illumination function, as was expected12. The
time difference between maximum population of the different states can therefore not
directly be determined, but should be calculated with the help of the model described in this
paragraph.
The expected phase differences, as calculated with this model and a pulse frequency of 90
Hz, are 0.9 rad between M and N state and 0.3 rad between N and O state. A phase
difference of 1.3 rad is expected between the M state phase and the phase of the
illumination.
From the simulations no L state absorption bands are expected in the 2D-IR spectra when
the whole bR photocycle is studied, because of the low population variation of the L state.
The phase difference of the L and M state absorption bands is also very small when the
whole photocycle is studied. So the L state absorption bands probably can not be separated
from the M state absorption bands, even when the L state absorption bands are present in

Light-Induced 2D-IR Spectroscopy of BacterioRhodopsin

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

99

0.8

3.72
5
0.10

3.70

1

3.66
3.64
3.62

0
0.0

NN/N tot (%)

0.05
2

NL/Ntot (%)

3.68
3

-3

N K/N tot (10 %)

4

0.00
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

time (ms)

Figure 4.18: Relative population of the K()
and L(- - -) state for a 50 µs pulse and 400 µs
period.

3.60
0.0

0.2

0.4

0.6

0.8

time (ms)

Figure 4.19: Relative population of the M state
for a 50 µs pulse and 400 µs period.

the spectra. An increase of the frequency has two advantages, the phase difference between
L and M state will be higher and the L state absorption bands in the 2D spectra will have a
higher signal to noise ratio.
Fig. 4.18 and Fig. 4.19 illustrate this for a pulse width of 50 µs and a period of 400 µs. The
K state has a low population ratio variation again and is filled during illumination only, see
Fig. 4.18. The L state shows the same population rate distribution as for a 11 ms periods,
but now the new period starts after 0.4 ms when the L state reaches its zero-level. The
population rate of the L state shows the same variation as for the 11 ms period, but this
fluctuation is repeated approximately 30 times in the time span that is needed for the whole
bR photocycle. The signal to noise ratio of the L state absorption bands is expected to
increase due to this higher repetition rate.
The disadvantage of increasing the repeat frequency is visible for the M state population in
Fig. 4.19. This state now has a variation of 0.1 %, while the total variation for the whole bR
photocycle period was 7 %. Therefore the M state absorption bands will have a lower signal
to noise ratio in the 2D-IR spectra. The N and O state can’t follow the changes and reach
some kind of constant equilibrium population.
A phase difference of 1.6 rad between the L and the M state is expected for this experiment.
In conclusion one can say that the whole bR photocycle can be followed with a pulse period
of 11 ms and optimum signal to noise ratios are then expected for a pulse width of 2 ms. In
this way the M, N and O states can be followed. The L state can be followed for lower
pulse periods, but the expected signal to noise ratio for this state is less than for the M, N
and O state at longer pulse periods. Therefore, measurements are performed with a pulse
period of 11 ms and a pulse width of 2 ms.
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4.5

2D-IR measurements of bacterioRhodopsin

In this paragraph 2D-IR measurements of a bR sample adsorbed on a ZnSe crystal that is
perturbed by a 2 ms lightpulse with a repetition rate of 11 ms is described. Details about the
electronical and optical set-up are given. The measured 2D-IR spectra are very detailed and
are studied in three regions. The 2D-IR results for these regions and the applicability of
light-induced 2D-IR spectroscopy in the study of the bR photocycle are discussed.
4.5.1

Materials and method

Measurements were performed on a Bio-Rad FTS-60A spectrometer, operating in multi
channel step-scan mode. A KBr beamsplitter and a MCT detector were used. Experiments
were performed with a 450 ZnSe ATR crystal. The bR (Sigma) was dissolved in buffer
solution (10 mM KH2PO4/K2HPO4, 10 mM KCl) at a 1 mg/ml solution. A drop of 100 µl of
this solution was spread over the crystal and left to dry. This creates a very thin film (15
µm) with an area of about 5 * 50 mm2, which contains 0.1 mg bR. The bR layer was in
contact with 1 M KCl, 10 mM KH2PO4/K2HPO4 solution during measurement, because the
presence of water is needed for the bR photo-cycle to occur. The measured amount of bR
was reduced with 40% in comparison to that in dry conditions when this solution was used.
The reason of this is that the water penetrates the bR layer; consequently this layer swells
and an increased fraction of the bR molecules will be outside the IR evanescent wave
volume at the surface of the ATR crystal. Using a buffer solution rather than pure water
reduced this swelling. A homemade flow set-up was used to prevent evaporation of the
solution.
An Argon Krypton laser (COHERENT Innova 70) was used for illumination of the sample.
The laser output was tuned to a wavelength of 570 nm, which is the wavelength with
maximum absorption by bR, and gives an output power of 295 mW. Pulses were created by
using a chopper with a risetime of about 100 µs at a modulation frequency of 90 Hz and an
adjustable duty cycle of 0 to 20 %. An optical system transformed the circular laserbeam to
an elliptical spot of 7 by 60 mm, see Fig. 4.18. An optical filter (Barr Associates) with
transmission range 1160-1710 cm-1 was used to prevent detection of the illuminating laser
M irro rs
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f= 40
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Figure 4.18: Set-up for illumination of bR.
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Figure 4.19: Electronic set-up for bR experiments.

beam on the MCT-detector, see Fig. 4.19.
For 2D-IR experiments, the MCT detector signal was filtered by some homemade
electronics. These electronics prevent the Lock-In Implifier (see below) from an input
overload that is caused by the response of the filters on an interferometer step, by
grounding the signal at each interferometer step. In this way it proved possible to measure
the relatively small pulse-response signals (in the order of µVolts) of bR relatively fast (70
ms) after each interferometer step that generates a detector signal step in the order of Volts.
This signal is fed into a Stanford Research Systems SR830 DSP Lock-In Amplifier (LIA).
The reference frequency supplied by the chopper is used to obtain the in-phase and
quadrature signals. These signals are fed into the spectrometer and are sequentially
measured at each step of the interferometer, see Fig. 4.19.
Optimum measurement conditions were reached for a LIA filter time-constant of 300 ms
and a time delay of 1500 ms before measurement after each step. Measurements were
performed with 8 cm-1 resolution and a dwell time of 4 seconds for one step. One scan takes
approximately two hours of measurement time and 4 scans were added for each
measurement.
4.5.2

Results and discussion

2D-IR experimental results are limited to the range from 1160 to 1710 cm-1 because of the
use of the optical filter. The spectra in this limited wavenumber region are still very
complex. In this paragraph the 1500 cm-1 region from 1500 to 1600 cm-1 and the 1200 cm-1
region from 1160 to 1280 cm-1 are highlighted and explained around the diagonal. Finally,
the off-diagonal 2D-IR spectra between the 1200 cm-1 and 1500 cm-1 region are shown.
Phase differences are calculated both from 2D-IR spectra and from phase/amplitude
calculations. Measurements at higher frequencies, and thus smaller pulse periods, were
hampered by a low signal to noise ratio
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1500 cm-1 region

The 2D-IR synchronous spectrum of the 1500 cm-1 region is presented in Fig. 4.20A. One
can clearly distinguish two absorption bands at 1527 cm-1 and at 1562 cm-1, with high
negative cross peaks indicating a large phase difference or no phase difference and an
inverted change in absorption between the two vibrations. These absorption bands are
caused by ethylenic stretches of the retinal (cf. Table 4.1). The 1562 cm-1 band is probably
rather due to the M state than the L state, because no other L state IR absorption bands are
visible. Furthermore, the simulations of paragraph 4.4.2 show that no significant L state
absorption bands should be expected. Besides, the spectral resolution in this experiment is
rather low and repeated experiments (data not shown) show that this absorption band will
be around 1557 cm-1. The asynchronous spectrum, Fig. 4.20B, clearly shows an additional
band at 1536 cm-1 that is out of phase with the other two bands. No asynchronicity is found
between the 1527 cm-1 and the 1562 cm-1 absorption band, indicating that on a ms timescale
both vibrations have similar time responses to the light pulse. The large, negative cross
peaks in the synchronous spectrum can be explained when their change in IR absorption
upon capturing a visible photon is opposite.

Figure 4.20: Synchronous (A)
and asynchronous (B) 2D-IR
spectra of bR for the 1500
cm-1 region.
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Indeed the absorption band at 1527 cm-1 is a bR groundstate absorption band caused by the
all-trans retinal that is disappearing in the M state, while the absorption band at 1562 cm-1 is
due to a cis retinal absorption band appearing in the M state (see Table 4.1). Fig. 4.11
confirms that the light-induced changes in absorption are opposite for these two vibrations.
The phase spectrum is not shown because the phase difference between the 1527 and 1562
cm-1 vibrations is zero. A phase difference between the 1536 cm-1 and the 1527 and 1562
cm-1 vibrations is observed, but in paragraph 4.3.3 it was already explained that this phase
difference is not reliable because of the overlap of the 1536 cm-1 and the 1527 cm-1
absorption bands in the synchronous spectrum.

Figure 4.21: Synchronous (A),
asynchronous (B) and phase
difference (C) 2D-IR spectra
of bR for the 1200 cm-1
region.
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1200 cm-1 region

2D-IR results of the 1200 cm-1 region are presented in Fig. 4.21A-C, which represent the
synchronous, the asynchronous and the phase difference spectrum, respectively.
In Fig. 4.21A, the synchronous spectrum shows five peaks on its diagonal. The peaks at
1171, 1204, 1214 and 1259 cm-1 are typical M state C-C stretching vibrations of the
groundstate retinal. The C-C stretching due to the deprotonation of the Schiff base in the
13-cis state of the retinal causes the N state band at 1191 cm-1, see Table 4.1. An
asynchronicity is expected with the other bands because the crosspeaks of the 1191 cm-1
absorption band are rather small in the synchronous spectrum, see Fig. 4.21A. This
asynchronicity can clearly be seen in the asynchronous spectrum, depicted in Fig. 4.21B.
The phase difference spectrum of Fig. 4.21C makes it more easy to compare the order of
events because the phase difference does not depend on the autopeak values in the
synchronous spectrum while the cross peaks in the synchronous and asynchronous
spectrum are dependent on the phase difference and the autopeak values of the vibrations.
The phase difference spectrum for this experiment gives a phase difference of 0.6 radians
between the 1191 cm-1 and the 1204 cm-1 vibration. The phase differences of the 1191 cm-1
vibration with the other vibration in the 1200 cm-1 region are comparable. Between the
other vibrations only small, noisy phase differences are observed, indicating that there are
no phase differences on ms time scale between the M state absorption bands. For a single
experiment the error in the phase difference between the M and the N state was found to be
relatively large (≈ 0.4 rad); we therefore decided to use the average result of nine
experiments to reduce the error. This resulted in a phase difference of 0.9 rad with an error
of ≈ 0.1 rad. This is in agreement with the expected phase differences as found with the
simulations in paragraph 4.4.2.
4.5.2.3

Off-diagonal region

The phase differences between the vibrations of the 1200 cm-1 region and the 1500 cm-1
region can be found when the off-diagonal area of these two regions is studied in the
synchronous and asynchronous spectrum, see Fig. 4.22. Note that these figures are, unlike
Fig. 4.21 and Fig. 4.21, an enlargement of an off-diagonal region. The change in sign of the
1191 cm-1 vibration in comparison to the 1204, 1214 and 1172 cm-1 absorption bands in the
synchronous spectrum, see Fig. 4.22A, is caused by an opposite change of IR absorption.
The 1191 cm-1 peak is caused by the appearance of a N state vibration, while the other
peaks are caused by ground state vibrations that disappear in the M state.
From the asynchronous spectrum, Fig. 4.22B, one can derive that the M state absorption
bands at 1171, 1204 and 1214 cm-1 are in phase with the M state absorption bands at 1562
and 1527 cm-1, as was expected from Table 4.1. There is an asynchronicity between the
typical N state 1191 cm-1 absorption band and the M state absorption bands around 1540
cm-1 and also between the M state absorption bands around 1200 cm-1 and the hidden 1536
cm-1 absorption band. The most interesting observation is however that there is no
observable phase difference between the 1191 cm-1 N state absorption band and the 1536
cm-1 absorption band. This indicates that the 1536 cm-1 vibration is due to a N state
associated change in absorption.
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B

Figure 4.22: Synchronous (A)
and asynchronous (B) 2D-IR
spectra of bR for the offdiagonal region.

4.5.2.4

Phase difference calculations

The measured in-phase and quadrature spectra give the time-dependent behaviour of bR in
the IR region. The phase values for the single experiment described above are also
calculated from the measured in-phase and quadrature spectra in the regions with a change
in absorption, see Table 4.2. In this way the phase difference of a vibration relative to the
perturbation can be found, instead of the phase difference between two vibrations that is
obtained from 2D-spectra. The phase difference between two vibrations can be calculated
by subtracting their respective phases.
However, ground state absorption bands that disappear during the bR photocycle have a π
rad offset in the phase. One should correct the phase of these absorption bands before one
can derive the proper phase difference between two absorption bands that have opposite
change of absorption. The corrected values for this experiment are also given in Table 4.2.
In this way, the 1527 cm-1 and the 1562 cm-1 absorption band have nearly the same phase,
as should be the case, and not a phase difference of π rad. The phase/amplitude calculations
should also always be checked carefully for an overlap of absorption bands with 2D-IR that
could lead to a misinterpretation of the phase. This is clearly illustrated for the 1536 cm-1
absorption band that should be in phase with the 1191 cm-1 absorption band, but has a phase
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ν (cm-1)
Illumination#
1171
1191
1204
1259
1505
1527
1536
1561

measured phase (rad)
2.16
-2.35
0.25
-2.30
-2.42
-0.03
-2.31
-2.65
0.85

corrected phase (rad)
2.16
0.79
0.25
0.84
0.73
-0.03
0.83
0.49
0.85

error (rad)
0.01
0.18
0.15
0.19
0.19
0.25
0.05
0.08
0.07

state
M
N
M
M
O
M
N
M

Table 4.2: Phases from the phase/amplitude calculations for a single bR experiment.

difference according to the phase/amplitude calculations. This illustrates that the phase of
an absorption band that can be distinguished in the 2D asynchronous spectrum but that has
an overlap with another absorption band on the diagonal of the synchronous spectrum, can
not be determined properly with these phase/amplitude calculations.
Phase calculations for this single experiment [Table 4.2] show that the M state has a phase
delay of 1.3 radians compared to the onset of the illumination, as was expected from
simulations in paragraph 4.4.2. The phase of the illumination was determined by measuring
the in-phase and quadrature spectrum of an intensity-modulated signal with the chopper in
the IR lightbeam. One can also derive that the 1191 cm-1 absorption band has a phase delay
of 0.6 +/- 0.3 radians compared to the typical M state vibrations in the 1200 cm-1 region.
This value is in agreement with the 2D-IR value found and agrees within the error margin,
with the value expected from simulations of the bR photocycle. The phase of the 1505 cm-1
O state absorption band is also determined, though this absorption is not visible in the 2DIR spectra because of the low change in absorption when compared to the 1527 and 1562
cm-1 absorption bands.
However, the strength of 2D-IR spectroscopy is that the sequence of the absorption changes
can still be found in the asynchronous spectrum, even when two absorptions can not be
separated in phase because of their high phase error. An example is the phase difference
between the 1191 cm-1 N state and the 1505 cm-1 O state absorption band. From Table 4.2
one can see that the error in the phase difference is higher than the phase difference itself.
However, the asynchronous spectrum reveals that the 1191 cm-1 vibration precedes the
1505 cm-1 vibration.
Multiple measurements give an average value of 0.9 +/- 0.1 radians between the 1191 cm-1
N state absorption band and the M state absorption bands in the 1200 cm-1 region. This
means that the N state population maximum is reached 3 ms after the population maximum
of the M state, which is in agreement with previous reports7,8,19.
4.5.3

Conclusions

To our knowledge, this is the first 2D FT-IR experiment where light is being used as
perturbation. The M, N and O states of the bR photocycle are investigated; a time delay
between the appearance of the M and the N state population maxima of 3 ms is found. The
2D-IR spectra reveal a N state absorption band at 1536 cm-1 that was not found from timeresolved spectra because of the overlap with the strong and broad 1527 cm-1 retinal
absorption band. The conformational change within bR that causes this 1536 cm-1
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absorption band can not be resolved from these measurements. This conformational change
can possibly be obtained by performing 2D-IR measurements on bR with some specific
alterations. The measurements show that 2D FT-IR can supply additional information when
compared to time-resolved FT-IR spectroscopy.
2D-IR results are also presented in a more useful manner with a phase spectrum that makes
it easier to compare phase differences than by using the asynchronous spectrum.
Phase/amplitude calculations can give additional information about the phase of a vibration
and give a better determination of the phase difference between two vibrations.
The signal to noise ratio in the spectra can be improved with spectrometer electronics that
give less noise or with increased spectrometer stability23. Higher laser output power will
also improve the signal to noise ratio. With these two improvements it might be possible to
measure the earlier bR photocycle states or to get a better signal to noise ratio in the spectra
that are presented in this chapter. The bR photocycle can then be studied more accurate.
Although 2D-spectra give additional information, the individual spectra of time resolved
measurements in literature7,8,9,18,19 seem to have equal or even better signal to noise ratios
for individual spectra than the measured in-phase and quadrature spectra of 2D FT-IR have
at this moment. Combining time resolved and 2D FT-IR by using generalized 2D FT-IR on
time resolved spectra of a specific time region, might even resolve more peaks that can not
be found from 1D time-resolved spectra or the 2D-IR spectra with the current noise-level.
In this way, one can examine the faster states of the bR photocycle with 2D FT-IR. Note
that the time-resolved measurements in literature are performed with a laser that can
provide more energy per pulse than the Argon Krypton laser used in these experiments.
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Chapter 5
Perspectives in FT-IR spectroscopy

We discuss some possible extensions of the FT-IR work described in
previous chapters. Main challenges are believed to be found in a combination
of FT-IR techniques.
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A main advantage of IR spectroscopy, and of vibrational spectroscopy in general, is the fact
that the interaction between probe and molecule is very well understood, and that the
interpretation of the experimental data is relatively straightforward, at least in comparison
to those obtained from emerging techniques such as atomic force and scanning tunneling
microscopy.
In contrast to these techniques, large numbers of molecules are always involved in FT-IR
experiments. We have seen that in situations where the number of probed molecules is
limited, such as in a monolayer, SNR- or signal-to-background considerations can be very
important in designing the optimum strategy to obtain a signal that can be interpreted. It is
therefore not surprising that most developments in FT-IR are aimed at a better suppression
of non-wanted signals and/or at obtaining a better SNR.

5.1

Polarization modulation

As we have seen in Chapter 2, polarization modulation is a tool to reduce the AD-converter
noise. The measurement of thin films on dielectric substrates can thus be done with an
improved signal to noise ratio. Also the watervapour contribution to the spectra can be
quasi-perfectly compensated for by measuring the labeled and reference signal
simultaneously. This also allows longer measurement times.
In this way, it is found possible to measure the spectra of thin films on a dielectric substrate,
and to measure the whole IR spectrum without watervapour absorption bands. It was even
demonstrated that the technique could be successfully applied in the detection of
monolayers on water1,2.
The correction of watervapour is nowadays also possible by a watervapour absorption
bands calculation based on a least square analysis and the use of high-resolution spectral
data of watervapour. However, some spectral information is needed beforehand, especially
for broad band structures of multi-atom systems3.
A combination of IR microspectroscopy and polarization modulation might also be useful
in the study of lipid domains. These domains of approximately 10 µm diameter can not be
studied with conventional FT-IR microspectroscopy because of the low absorbance of a
lipid monolayer. Polarization modulation can improve the signal to noise ratio when the
noise due to the spectrometer electronics is reduced and enough IR light intensity can be
transmitted through the microscope. Reflection measurements of a lipid adsorbed on a
metal substrate at grazing incidence of a surface area in the order of a domain surface area
might be too ambitious with FT-IR microspectroscopy because the spot size of the
lightbeam on the sample is expanded too much in one direction. These lipid domain surface
areas can possibly be reached by applying a transmission experiment with a tilted sample,
when the lipid that is studied can be adsorbed on an IR-transparent substrate; extensions of
the calculations in Chapter 3 show that at fairly low tilt angles a SNR can be obtained,
sufficient for monolayer detection.
Polarization modulation is also used in the study of relaxation of polymers. The static and
linear dynamic dichroism of oriented polymer films can be measured with high sensitivity.
In this way, the technique enables the direct and quantitative determination of the
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orientation and relaxation kinetics of polymers during and after macroscopic deformation.
Ensembles of time-resolved spectra can be obtained and these are convenient for 2D-IR
analysis. In this way, the spectra of multi-component systems can be measured with
enhanced spectral resolution and valuable information about the relative movement of
different groups of the studied system can be obtained4.

5.2

2D-IR spectroscopy

2D-IR spectroscopy is a technique that has only recently been introduced in FT-IR
spectroscopy. It is a technique with which the response of a system on an external
perturbation can be followed in time. This technique has mainly been used for mechanical
and electrical perturbations of the system that is studied. The advantage of the technique is
the fact that it gives the absorption bands of groups in a complex molecule that change due
to the perturbation. In addition, a good separation of overlapping absorption bands is
obtained which improves the spectral resolution when compared to 1-D measurements. One
also gets a good oversight of the correlation between different vibrations and with that the
changes of different groups in the molecule that are connected to each other. We applied
2D-IR with light being used as a perturbation and bacterioRhodopsin as a system.
At this moment, applications of the 2D-IR technique have expanded greatly, especially
after the introduction of generalized 2D-IR5. Generalized 2D-IR is based on the same
principle as normal 2D-IR spectroscopy, but now 2D-IR spectra are constructed from a set
of spectral data collected from a system under an external perturbation, which induces
selective alterations in the system. These data can be time dependent but also be dependent
on other parameters such as pressure and temperature. This technique depends heavily on
baseline stability and the number of spectra that can be measured. In addition, the range
with which the perturbation is varied should not be too broad when these conditions are
met. Related changes in the system studied can be monitored. The interpretation of 2D-IR
spectra as given in this thesis (paragraph 4.2) is just a simple illustration. Czarnecki6
described the complexity of 2D-IR spectroscopy from a series of simulated spectra. One of
the advantages found in that study was the fact that it is possible to discriminate between
the shift of peakposition and the in- and decrease of two overlapping absorption bands.
These two features are hard to separate in one-dimensional IR spectroscopy but give a
different response in the asynchronous spectrum.
Generalized 2D-IR spectroscopy can also be used in the study of the binding of water to
lipids as was described in Chapter 3. 2D-IR spectroscopy can be very helpful in the
separation of highly overlapping absorption bands, as was shown in Chapter 4, and
generalized 2D-IR spectroscopy can be applied to a series of spectra as a function of an
external perturbation. The perturbation for the binding of water to lipids is the relative
humidity and in the labeled polarization modulation spectrum, highly overlapping water
absorption bands are observed that have a different response to hydration. With generalized
2D-IR spectroscopy these bands can possibly be separated and the response of the different
bands to the change in RH can be monitored. The asynchronous spectrum might also reveal
whether the peak absorption shift of the synchronous and asynchronous phosphate
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stretching and the carboxyl stretching vibrations are caused by a gradual change of
peakposition due to the closening of the headgroup or by the in- and decease of two
overlapping absorption bands of which one is caused by the groups with a hydrogen bond
and the other one by non-hydrogen bound groups.
2D-IR spectroscopy may also be used in the study of switch molecules, like calixarenes.
These molecules can be used as a molecular memory, when some part of the molecule is
switched between two orientations by applying an electric field over the molecule. It is
interesting to find out whether 2D-IR spectroscopy, where the electric field is the
perturbation, can assist in understanding the molecular changes that occur during switching.

5.3

FT-IR microspectroscopy

The introduction of a combination of a focal plane array MCT-detector7 made it possible to
start FT-IR microspectral imaging. This technique is now applied in the area of art
preservation research, biology and medicine8,9.
However, in this technique distortions can occur in the images because of optical effects
such as diffraction. Multivariate statistical analysis such as multivariate curve resolution10
and principal components analysis11 can be used to separate the distortions from the true
information, but the spatial resolution of the technique remains diffraction limited to a
spatial resolution of approximately 5 µm in the fingerprint region.
FT-IR microspectroscopy of surface areas that are smaller than those determined by the
diffraction limit is more difficult. A solution can be found in the use of near field optics that
is not hindered by the diffraction limit. Sub-wavelength structures can be measured in the
evanescent wave field that exists at distances from the sample surface much smaller than
the wavelength. Scanning Optical Near-field Microscopy (SNOM) uses a metal coated
optical fiber with a nanometer sized hole in the tip apex. For IR light typical resolutions for
Si fibers are around 50 nm but the efficiency of the power injected in the fiber is rather
low12. Another drawback is that Si fibers have a limited transmission range and fibers of
other materials have only been reported with micron range resolution13. The latter drawback
can be circumvented by using an AFM-tip that is irradiated by a plane wave. The local field
in the very near field of the tip is enhanced and this technique gives a good spatial
resolution, depending on the size of the tip14. High-energy lasers such as the free electron
lasers14, CO2 lasers15 or even synchrotron radiation16 are used for higher light intensities
because of the low light efficiency of these methods.
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Appendix A

Lipid Layer Models

In this Appendix some models are described that are used for the
interpretation of the measured dichroic ratios of lipid bilayers. The first
model given is the order parameter model. The second model that is
described is the one rotational axis model. A two rotational axes model is
also treated.
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Order parameter model

The absorption observed in an ordinary experiment will always be the average of the
absorption of millions of molecules. The probability that a transition dipole moment has a
certain orientation relative to a certain frame can be calculated provided that the
orientational distribution function f(Ω) is known where Ω(θ,φ) gives the angle in space.
This orientation distribution function can be expanded in a series of orthonormal
goniometric functions Di(Ω), each weighted by its average value <D*i>1:
f ( Ω ) = ∑ < D * i > D i (Ω )

(A.1)

i

The averages <D*i> are called the order parameters. The functions Di(Ω) are determined by
the orientation of the transition dipole moment in a frame coupled to the lipid bilayer, while
the absorption of the bilayer is measured in a frame coupled to the laboratory. It is therefore
necessary to know the orientation of the dipole transition moment in order to relate the
measured absorbance to the order parameters of the distribution function. It is possible to
transform the orientation from one frame to another by making use of Wigners functions
using spherical coordinates2. These Wigner functions will reduce to Legendre polynomials
for an uni-axial system with a cylindersymmetrical distribution, as is given in Fig. A.1. The
orientation distribution function for such a system is only dependent on the angle θ between
transition dipole moment and cylindersymmetrical axis and can be described as3:
f (θ) =

∞

1
2

∑ (2L + 1) < P
L =0

L

> PL (cos θ)

(A.2)

where PL are Legendre polynomials. L will only have even terms because of the uniaxiality of the system. This approach is valid in case of lipid bilayers4. The orientational
distribution function f(θ) is fully characterized if all order parameters <PL> are known.
Knowledge of f(θ) gives information on orientational parameters such as the degree of
orientation [width of f(θ)] and the preferential orientation of the measured molecules
[maximum of f(θ)].
A simple set-up for a transmission experiment is given in Fig. A.2. A plate with a lipid
bilayer transmits an IR lightbeam in the z’-direction with the electrical vector in either x’or y’-direction, called x’- and y’-polarized light respectively. The plate makes is tilted
around the x-axis with an angle α0.
The absorbance, A, of a thin layer can be defined as:

A = εl < ( e i ⋅ µ ) 2 >

(A.3)
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Figure A.1: Cylindersymmetrical distribution
around z-axis.

Figure A.2:
experiment.

Set-up

for

a

transmission

where ε depends on material constants and the concentration of the lipids and l is the
pathlength of the light in the sample. The unit vectors ei and µ denote the direction of
polarization of the incident beam and the orientation of the transition dipole moment
respectively. Eq. A.3 can be rewritten in terms of the second rank Legendre polynomial
P2 (cos θ) = 1 2 (3 cos 2 θ − 1) as:

A = 13 εl[2 < P2 {cos(e i ⋅ µ )} > +1]

(A.4)

< P2 {cos(ei ⋅ µ )} > can be rewritten for light with polarization in x’- or y’-direction1:
< P2 {cos( e x ' ⋅ µ )} >= − 12 < P2 (cos θ) >

{

}

< P2 cos( e y ' ⋅ µ ) >= 12 (3 sin 2 α − 1) < P2 (cos θ) >

(A.5)

where α is the angle of the incident IR lightbeam in the lipid bilayer and can be calculated
with Snell’s law when refractive index n of the lipid layer and α0 are known.
Substitution of these values in Eq. A.3 gives for the absorption of x’- or y’-polarized
light1,5:
A x ' = 13 εl{− < P2 (cos θ) > +1}

{(

)

}

A y ' = 13 εl 3 sin 2 α − 1 < P2 (cos θ) > +1

(A.6)

The x’- and y’-direction are perpendicular and parallel to the plane of reflectance at the
sample, respectively. In practice, the absorbance in the x’z’- and y’z’-plane are therefore
called the absorbance of parallel (p) or perpendicular (s) polarized light, respectively. The
dichroic ratio Rps is then defined as:
R ps = 1 +

3S θ
sin 2 α
1 − Sθ

(A.7)
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where Sθ is the second order parameter of the absorption moment, < P2 (cos θ) > .
The orientation distribution function f(θ) of the transition dipole moment with the z-axis
can be obtained from Eq. A.2 by the measurement of the infrared dichroism when the
refractive index n of the bilayer and α0 are known, since Snell’s law gives:
sin α 0
sin α =
.
n

A.2

One rotational axis model

Transformation of the dipole transition moment frame to a laboratory frame is essential in a
model for the absorption of a bilayer. Cartesian co-ordinates (x,y,z), called the lipid frame,
for the bilayer surface and Cartesian co-ordinates (a,b,c), called the molecular frame, for the
dipole transition moment are defined as in Fig. A.3. The z-direction is defined
perpendicular to the bilayer surface. Another frame, called the laboratory frame, with
Cartesian co-ordinates (x’,y’,z’) is defined as the frame in which the absorption of the
transition dipole moments is measured, see Fig. A.4.
The components of a transition dipole moment M, located in the a-c plane, can be rewritten
as a function of the lipid frame, see Fig. A.3:
M a = M sin θ
Mb = 0

(A.8)

M c = M cos θ
where θ is the angle between transition dipole moment and the z-axis.
A simple case is a system where the transition dipole moments distribute equally around the
z-axis (Fig. A.4) where the z-axis is again perpendicular to the bilayer surface. This
cylindersymmetry corresponds to the assumption about the bilayer structure made in
paragraph A.1, but now all transition dipole moments have the same angle θ with the z-

Figure A.3: Dipole transition moment in
Cartesian co-ordinate system (x,y,z).

Figure A.4: Cylindersymmetrical distribution
around z-axis.
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axis.
The absorption intensity for light travelling in the z-direction is given as:
2π

A x , y = εl ∫ M 2x , y dφ

(A.9)

0

when the bilayer system is irradiated with polarized IR light with the electrical vector
vibrating in the x- or y-direction, respectively. As previously mentioned, l is the pathlength
of the light through the lipid bilayer and ε is a constant depending on density and
magnitude of the transition dipole moments. The laboratory and lipid frames are the same
for this situation.
The components of the transition dipole moment for this system can be described in
Cartesian co-ordinates by means of the following co-ordinate transformation:
M x   cos φ sin φ 0 M a 
M  = − sin φ cos φ 0 M 
 y 
 b 
 M z   0
0
1   M c 

(A.10)

and when this is combined with Eq. A.8 and Eq. A.9 one obtains:
A x = πεl' sin 2 θ
A y = πεl' sin 2 θ

(A.11)

with l’ the pathlength of the light through the film. Therefore, the infrared dichroism
A
R yx = y
for perpendicular incidence on a cylindersymmetrical system is always one.
Ax
The case of a non-perpendicular incidence can be described by rotating the film α0 degrees
around the x-axis, see Fig. A.5. Cartesian coordinates (x’,y’,z’) are taken for the laboratory
frame so that the incident light becomes parallel to the z’-axis, while (x,y,z) coordinates are
still fixed to the lipid bilayer. This transformation can be described as:
0
0  M x 
 M x '  1
M  = 0 cos α sin α   M 
 y'  
 y 
 M z '  0 − sin α cos α   M z 

(A.12)

Combining with Eq. A.10 gives:
sin φ
0  M a 
M x '   cos φ
M  = − cos α sin φ cos α cos φ sin α  M 
 b 
 y'  
 M z '   − sin α sin φ − sin α cos φ cos α   M c 

(A.13)
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Figure A.5: Cylindersymmetrical model for
non-perpendicular incidence.

Figure A.6: Cylindersymmetrical model,
additional chain axis cylindersymmetry.

The absorbance in both x- and y-direction, calculated with Eq. A.8 and Eq. A.9 gives:
A x ' = πεl" sin 2 θ
A y ' = πεl" (cos 2 α sin 2 θ + 2 sin 2 α cos 2 θ)

(A.14)

with l” the effective pathlength of the light through the film. The linear dichroism is then
given as:
R y 'x ' = 1 + sin 2 α (2

cos 2 θ
− 1)
sin 2 θ

(A.15)

The x’- and y’-direction are perpendicular and parallel to the plane of reflectance at the
sample, respectively. In practice, the absorbance in the x’z’- and y’z’-plane are therefore
called the absorbance of parallel (p) or perpendicular (s) polarized light, respectively. Ry’x’
is then called Rps. The angle θ of the transition dipole moment with the z-axis can be
obtained by the measurement of the infrared dichroism when the refractive index n of the
sin α 0
.
bilayer and α0 are known, since Snell’s law gives: sin α =
n

A.3

Two rotational axes model

For some cases the one rotational axis model is not sufficient. When the molecules have a
cylindersymmetrical orientation distribution with an angle γ to the z-axis, there might be
another cylindersymmetrical orientation distribution of a vibration with an angle θ to the
chain axis. In the case of phospholipid bilayers this means that the hydrocarbon chains have
a tilt angle γ and the plane perpendicular to the hydrocarbon chains distributes around the
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chain axis with angles of various η in the range of 0-2π, see Fig. A.6. The coordinate
transformation is then given as6:
M x   cos φ sin φ 0  cos γ 0 sin γ   cos η sin η 0 M a 
M  = − sin φ cos φ 0  0
1
0  − sin η cos η 0 M b 

 y 
 M z   0
0
1 − sin γ 0 cos γ   0
0
1   M c 

(A.16)

With Eq. A.8 and Eq. A.9 the absorbance is calculated as:

[
= π εl' [2 sin

]
γ]

A x ' = π 2 εl' 2 sin 2 θ + (2 − 3 sin 2 θ) sin 2 γ
A y'

2

2

θ + (2 − 3 sin 2 θ) sin 2

(A.17)

So the linear dichroism ratio is unity for this situation.
The lipid bilayer system can be rotated around the x-axis as in Fig. A.5. The transformation
to a coordinate frame (x’,y’,z’) can then be determined with the help of Eq. A.12 and Eq.
A.16:
 M x '  1

 
 M y '  = 0
 M z '  0
 cos γ 0
×  0
1
− sin γ 0

0   cos φ sin φ 0


cos α sin α  − sin φ cos φ 0
− sin α cos α   0
0
1 
sin γ   cos η sin η 0  M a 
0  − sin η cos η 0 M b 
cos γ   0
0
1   M c 
0

(A.18)

The absorbance in both x- and y-direction can again be obtained with Eq. A.8 and Eq. A.9
while noting that there is not only integration over φ but also over η:

[
= π εl" [2{sin

]
θ − 1)}− (3 sin

A x ' = π 2 εl" 2 sin 2 θ + (2 − 3 sin 2 θ) sin 2 γ
A y'

2

2

θ + sin α(3 cos
2

2

2

α − 1)(3 cos 2 θ − 1) sin 2 γ

]

(A.19)

For the two rotational axes model the dichroic ratio becomes:
R ps =

[2{sin

2

}

θ + sin 2 α(3 cos 2 θ − 1) − (3 sin 2 α − 1)(3 cos 2 θ − 1) sin 2 γ
2 sin 2 θ + (2 − 3 sin 2 θ) sin 2 γ

[

]

when a cylindersymmetrical spread around the chain axis is assumed.

]

(A.20)
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Summary

The use of FT-IR spectroscopy as a non-destructive, structure specific technique in the
study of thin biological layers is described in this thesis.
Some background about FT-IR spectroscopy, the absorption of IR light and the principles
of operation of a FT-IR spectrometer are given in Chapter 1.
An introduction to Fourier Transform Infrared Reflection Absorption Spectroscopy (FTIRRAS) of thin layers is the subject of Chapter 2. Unfortunately FT-IRRAS spectroscopy is
hampered by a rather low sensitivity for layers of monolayer thickness. Metals are often
used as a substrate because of the enhancement of absorbance of the thin layer on a metal.
The absorbance of a thin layer on a dielectric substrate differs from the absorbance on a
metal, and is explained both for isotropic and anisotropic layers. Optimum measurement
conditions are obtained for maximum SNR rather than maximum absorbance, especially for
thin layers on dielectric substrates. These findings are illustrated for a 14 nm thick
polystyrene layer on a glass substrate. Optimum measurement conditions for the
determination of an isotropic film can be determined, depending on the refractive index of
the substrate. Optimum measurement conditions for the determination of the orientation of
transition dipole moments of a thin layer on a dielectric substrate are calculated for
substrates with a refractive index between 1.7 and 3.0.
The signal to noise ratio of the measurements can be improved by applying polarization
modulation. In addition, polarization modulation is a tool to compensate for the disturbing
watervapour absorption bands in the spectrum. The principles behind this technique are
described and the results for the absorbance of an 11-mercaptoundecanoic acid monolayer
are compared with those from conventional reflection absorption spectroscopy. The SNR in
polarization modulation spectra improves with a factor two to three and is limited because
of the noise of spectrometer electronics or thermal instability of the FT-IR spectrometer.
The spectrum in the fingerprint region improved considerably because of the removed
watervapour absorption bands.
Chapter 3 treats the binding of water molecules to lipid molecules, ordered in a
multibilayer, and the use of polarization modulation in this study. In order to interpret the
absorbance of these highly structured layers, a model is required linking the experimentally
determined dichroic ratios to spatial orientations of the various lipid vibrational dipole
transition moments. A delta function spread of the transition dipole moments gives a better
description of the actual situation in the layer than an approach based on the use of the
second rank order parameter. It is demonstrated that the delta function spread describes the
actual situation in the layer fairly well when the spread in the layer is not more than ten
degrees, which is the maximum spread of lipids as found in literature from X-ray
diffraction measurements. It is also argued that transmission measurements will in practice
give less distorted absorption spectra when compared to reflection experiments; therefore,
for our purposes transmission experiments are preferential. Measurements were done for a
dipalmitoylphosphatidylcholine (DPPC) multi-bilayer. The structure of the DPPC layer was
determined and compared to values found in literature. The binding of water molecules to
DPPC was studied by exposing the DPPC multibilayer to several relative humidities. The
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amount of water in the layer and the peakshifts of phosphate and carboxyl absorption bands
depending on relative humidity were also comparable with literature. The peakshift of the
asymmetric phosphate absorption band could be determined more accurately in the
polarization modulation experiment than in literature. The binding of water to DPPC was
obtained from the polarization modulation spectra. At least four different groups of water
could be distinguished, all with a different binding strength with DPPC. These spectra also
give an indication of the orientation of the water transition dipole moments, and these
orientations are also different for the various groups of water. These measurements clearly
show the use of polarization modulation FT-IR spectroscopy in the study of the binding of
water to lipids.
In Chapter 4 another technique, two-dimensional (2D) FT-IR spectroscopy is introduced;
its use is demonstrated in following the photocycle of bacterioRhodopsin. 2D-IR
spectroscopy is a technique that is especially appropriate to follow the reactions of a
complex system to an external perturbation. Related changes in the system studied are
clearly visible and the spectral resolution is increased when compared to one-dimensional
techniques. A short introduction to 2D-IR spectroscopy is given and the interpretation of
2D-IR spectra and especially the gathering of phase information is explained. The
application of 2D-IR with light as a perturbation is studied using bacterioRhodopsin as a
model system. The bR photocycle is initiated with the absorption of a photon, and the bR
molecule passes several states before returning to its groundstate. Only the slower states of
the bR photocycle are studied. The absorption bands of the different states could be
determined and an additional N state absorption band, that has not been resolved before
from time-resolved measurements, was found.
The advantages of, progress in and perspectives of polarization modulation and 2D-IR
spectroscopy are given in Chapter 5. Besides of that the perspectives of FT-IR
microspectroscopy are given.

Samenvatting

Dunne biologische lagen zijn bestudeerd met behulp van FT-IR spectroscopie; een structuur
specifieke techniek die samples niet beschadigd.
Enige achtergrond betreffende FT-IR spectroscopie, absorptie van IR licht en de principes
van de werking van een FT-IR spectrometer zijn gegeven in Hoofdstuk 1.
Een introductie tot Fourier Transformatie InfraRood Reflectie Absorptie Spectroscopie
(FT-IRRAS) van dunne lagen is het onderwerp in Hoofdstuk 2. Helaas wordt FT-IRRAS
beperkt door een tamelijk lage gevoeligheid voor lagen met monolaag dikte. Metalen
worden vaak gebruikt als ondergrond vanwege de grotere absorptie van de dunne laag op
een metaal. De absorptie van IR licht door een dunne laag op een dielectrische ondergrond
verschilt van de absorptie van IR licht door een dunne laag op een metaal, en is verklaard
voor zowel isotrope als anisotrope lagen. Optimale meetcondities worden verkregen bij een
maximale signaal ruis verhouding in plaats van bij een maximale absorptie. Vooral voor
dunne lagen op een dielectrische ondergrond is een optimale signaal ruis verhouding van
belang. Optimale meetcondities voor de meting van een isotrope laag kunnen worden
bepaald en zijn mede afhankelijk van de de brekingsindex van de ondergrond. Optimale
meetcondities voor de bepaling van de orientaties van overgangs dipool momenten van een
dunne laag op een dielectrische ondergrond zijn gevonden voor ondergronden met een
brekingsindex tussen de 1.7 en 3.0.
De signaal ruis verhouding van de meting kan worden verbeterd door het gebruik van
polarisatie modulatie. Bovendien kunnen de verstorende waterdamp absorptie banden in het
spectrum met polarisatie modulatie worden gecompenseerd. De principes van deze techniek
zijn beschreven en de resulaten van een 11-mercaptoundecanoic acid monolaag zijn
vergeleken met de resultaten verkregen met conventionele FT-IRRAS. De signaal ruis
verhouding is verbeterd met een factor twee tot drie en wordt beperkt door ruis van de
electronica of door ruis veroorzaakt door een thermische instabiliteit van de FT-IR
spectrometer. Het spectrum in het vingerafdruk gebied van 1100-1800 cm-1 is aanzienlijk
verbeterd, voornamelijk vanwege de gecorrigeerde waterdamp absorptie banden.
Hoofdstuk 3 behandelt de binding van water moleculen aan lipide moleculen, die geordend
zijn in een lipide multidubbellaag. Om de absorptie van deze sterk gestructureerde lagen te
interpreteren is een model nodig dat de experimenteel bepaalde dichroische verhoudingen
in verband brengt met de oriëntaties van de verscheidene overgangs dipool momenten. Een
delta-functie achtige spreiding van de transitie dipool momenten geeft een betere
beschrijving van de toestand in zo’n multidubbellaag dan een benadering die is gebaseerd
op orde parameters. Er is duidelijk gemaakt dat deze delta-functie spreiding de situatie in
een multidubbellaag goed beschrijft zolang de spreiding van de oriëntatie niet groter is dan
10 graden. Dit is de maximale spreiding van lipiden die in literatuur wordt gevonden voor
röntgen diffractie experimenten. Er is ook duidelijk gemaak dat transmissie metingen in
praktijk minder verstoorde spectra geven in vergelijking met reflectie metingen; daarom
hebben transmissie metingen voor onze doelstelling de voorkeur. Metingen zijn verricht
aan een dipamitoylphosphatidylcholine (DPPC) multidubbellaag. De structuur van de
DPPC laag is bepaald en vergeleken met literatuur. De binding van watermoleculen met
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DPPC is bestudeerd door de DPPC laag bloot te stellen aan verscheidene relatieve
luchtvochtigheden (RH). De hoeveelheid water in de laag en de piekverschuivingen van de
fosfaat- en carboxyl-groep als functie van de RH zijn ook vergelijkbaar met literatuur. De
piekverschuiving van de asymmetrische fosfaat absorptie band kon nauwkeuriger gemeten
worden met het polarisatie modulatie experiment dan experimenten in de literatuur zonder
polarisatie modulatie. De binding van de watermoleculen met DPPC moleculen is
verkregen van de gelabelde polarisatie modulatie spectra. Ten minste 4 verschillende water
groepen kunnen worden onderscheden, allemaal met een verschillende bindingssterkte met
DPPC. Deze spectra geven ook een indicatie van de oriëntatie van de overgangs dipool
momenten van water, en deze orientaties verschillen voor de verschillende groepen water.
Deze metingen geven duidelijk de voordelen aan van het gebruik van polarisatie modulatie
bij het bestuderen van de water-lipide binding.
Een andere techniek namelijk twee-dimensionaal (2D) FT-IR spectroscopie is
geïntroduceerd in Hoofdstuk 4. Het gebruik van deze techniek is gedemonsteerd met het
bestuderen van de bacterioRhodopsine (bR) photocyclus. 2D-IR is een techniek die
uitermate geschikt is om de reacties van een systeem op een externe verstoring te volgen.
Gerelateerde veranderingen in het bestudeerde systeem zijn duidelijk zichtbaar en de
spectrale resolutie is vergroot in vergelijking met 1-dimensionale technieken. Een korte
introductie in 2D-IR spectroscopie is gegeven en de interpretatie van 2D spectra, met de
nadruk op het verkrijgen van fase informatie, is beschreven. De toepassing van 2D-IR met
licht als verstorende factor is bestudeerd met bacterioRhodopsine als een model systeem.
De bR photocyclus begint als een photon wordt geabsorbeerd, en het bR molecuul
doorloopt verschillende toestanden voordat het terugkeert naar zijn grondtoestand. De
langzamere toestanden van de bR photocyclus zijn bestudeerd. De absorptie banden van de
verschillende toestanden zijn bepaald en een extra absorptie band van de N toestand, die
niet eerder bepaald was met tijdsopgeloste IR metingen, is gevonden.
De voordelen van, progressie in en de toekomstmogelijkheden van polarisatie modulatie en
2D-IR spectroscopie zijn beschreven in Hoofdstuk 5. Daarnaast zijn de
toekomstmogelijkheden in FT-IR microspectroscopie gegeven.
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