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ABSTRACT Polarized attenuated total reflection infrared spectroscopy of aligned membranes provides essential informa-
tion on the secondary structure content and orientation of the associated membrane proteins. Quantitation of the relative
content of different secondary structures, however, requires allowance for geometric relations of the electric field components
(Ex, Ey, Ez) of the evanescent wave, and of the components of the infrared transition moments, in combining absorbances (AF
and A�) measured with radiation polarized parallel with and perpendicular to, respectively, the plane of incidence. This has
hitherto not been done. The appropriate combination for exact evaluation of relative integrated absorbances is AF � (2Ez

2/Ey
2

� Ex
2/Ey

2)A�, where z is the axis of ordering that is normal to the membrane plane, and the x-axis lies in the membrane plane
within the plane of incidence. This combination can take values in the range approximately from AF � 0.4A� to AF � 2.7A�,
depending on experimental conditions and the attenuated total reflection crystal used. With unpolarized radiation, this
correction is not possible. Similar considerations apply to the dichroic ratios of multicomponent bands, which are also treated.

INTRODUCTION

Polarized attenuated total reflection (ATR), as implemented
in Fourier transfer infrared (FTIR) spectroscopy, finds wide
application in determining the orientation of the different
secondary structural elements of both integral and periph-
eral proteins in aligned membrane samples (Tamm and
Tatulian, 1997). The inherently different dichroism of the
amide bands from the various secondary structures also
provides increased resolution that can be a valuable aid to
band fitting for quantitation of the relative secondary struc-
ture content of the protein involved. However, quantitation
of relative intensities in the ATR experiment requires taking
into account the different intensities of the electric field
components of the evanescent radiation absorbed by the
oriented sample and also the different vector components of
the transition moments of the infrared absorption. Whereas
this has been well recognized in the calculation of molecular
orientation from ATR dichroic ratios (Fringeli and
Günthard, 1981), quite unaccountably, the same issue has
been largely ignored when it comes to fitting component
band intensities. Although attention has been drawn to these
complications in determining surface concentrations (Frin-
geli, 1980) and lipid/protein ratios (Tamm and Tatulian,
1993) by quantitative ATR spectroscopy, this matter has, so
far, not been taken up in the field of protein secondary
structure.

For rigorous quantitation, it is necessary to combine the
absorption spectra (AF and A�) recorded with radiation
polarized parallel with and perpendicular to, respectively,
the plane of incidence, and then to perform band fitting on
the resultant. In general, it is insufficient to fit only the

spectrum obtained with a single polarization (cf. Tatulian et
al., 1995a, 1998; Gray et al., 1996). With a fiber orientation
in transmission spectroscopy, the required combination of
polarized spectra is simply AF � 2A� (Suzuki, 1967). This
combination, however, is inappropriate and generally is not
expected to perform well in ATR spectroscopy (cf. Raus-
sens et al., 1997, 1998; Bechinger et al., 1999). Likewise,
the combination AF � A� is not generally valid in ATR
spectroscopy and corresponds only to one particular case
(see later). Similar considerations apply equally to the use of
unpolarized radiation with oriented ATR samples (cf., Ca-
biaux et al., 1989; Goormaghtigh et al., 1990; Lüneburg et
al., 1995). In the latter case, however, an exact correction is
not possible.

The combination of AF and A� that is appropriate to
band fitting in polarized ATR spectroscopy with aligned
samples is derived here for two common orientations of the
director axis. The correct combination depends in detail on
the electric field components of the evanescent radiation,
just as does the evaluation of dichroic ratios. Potentially, the
errors arising from fitting an incorrect combination, or from
using unpolarized radiation, could be rather large. Straight-
forward application of the results presented here should
therefore provide a substantial improvement in accuracy of
secondary structure determinations by polarized ATR-FTIR
spectroscopy. Similar considerations apply also to the anal-
ysis of dichroic ratios and orientations of different second-
ary structural elements with multicomponent amide bands.

ATR ABSORBANCES FOR ORIENTED SAMPLES

The conventional definition of laboratory-fixed axes in an
ATR experiment is indicated in Fig. 1. The z-axis is the
normal to the ATR plate, and the x- and y-axes are parallel
to the plane of the ATR plate where the x-axis lies within
the plane of incidence. The infrared absorbance is given by

A � k��M � E�2�, (1)
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where k is a constant, M � (Mx, My, Mz) is the transition
moment of the particular band component and E � (Ex, Ey,
Ez) is the electric field vector of the ATR evanescent wave.
The components of E are normalized to those of the incident
beam in the ATR plate. Angular brackets indicate summa-
tion over the orientational distribution in the sample. For
radiation polarized perpendicular to the plane of incidence
(E�, see Fig. 1), the absorbance is given simply by

A� � k��M � E��2� � k�My
2�Ey

2 , (2)

because Ex and Ez are identically zero. For radiation polar-
ized parallel with the plane of incidence (EF, see Fig. 1),
the absorbance is similarly given by

AF � k��M � EF�2� � k��Mx
2�Ex

2 � �Mz
2�Ez

2�, (3)

where uniaxial symmetry about the z-axis director causes
cross-terms to drop out. The axial symmetry, i.e., rotational
disorder within the membrane plane, further results in
�Mx

2� � �My
2� (see Fig. 1). Eq. 3 may, therefore, be rewritten

as

AF � k��My
2�Ex

2 � �Mz
2�Ez

2�, (4)

which, together with Eq. 2, yields �Mz
2�.

The magnitude of the total transition moment squared,
�M2�z for ordering along the z-axis, is related directly to the
total absorbance (for an isotropic sample). This is given,
from Eqs. 2 and 4, by the vector sum of the Cartesian
components,

k�M2�z � k��Mx
2�z � �My

2�z � �Mz
2�z�

� 	AF � A��2Ez
2 � Ex

2�/Ey
2
/Ez

2 , (5)

which makes full allowance for the different orientations
and polarizations of the transition moments. This equation
gives the combination of AF and A�, in an ATR experiment

with oriented membranes, that is required for quantitation of
the relative integrated intensities of amide bands from dif-
ferent secondary structures. The contribution from A�, rel-
ative to AF, is scaled by a factor Gz � (2Ez

2 � Ex
2)/Ey

2. This
treatment applies generally to the individual band compo-
nents and, by summation, applies equally to the integrated
absorbance of the entire band. If the various components j
have different extinction coefficients or integrated molar
absorbances �j then the component absorbances must be
scaled by the factor 1/�j in finally evaluating the fractional
populations of the contributing component species (see Ap-
pendix A). Note that, in terms of effective penetration
depths, dex

iso, dey
iso and dez

iso, for an isotropic sample with the
ATR evanescent wave polarized along the x, y, and z direc-
tions, respectively (Fringeli, 1992, 1993), the scaling factor
is correspondingly given by simply Gz � (2dez

iso � dex
iso)/dey

iso

(see Appendix B).
Although not especially of relevance for membrane ap-

plications, it is useful to give the corresponding result for
the director lying in the plane of the ATR plate. This is the
preferred orientation for fibrous protein or peptide samples.
For the director along the y-axis (i.e., �Mx

2� � �Mz
2�) one gets

k�M2�y � 	2AF � RISOA�
/�Ex
2 � Ez

2�, (6)

where RISO � (Ex
2 � Ez

2)/Ey
2 is the ATR dichroic ratio for an

isotropic sample. In this case, the factor scaling A� is Gy �
1⁄2RISO. For the x-axis as director, i.e., �Mz

2� � �My
2�, the

situation is analogous to the membrane case. By exchanging
the x and z indices, the scaling factor is then Gx � (2Ex

2 �
Ez

2)/Ey
2.

A SIMPLE EXAMPLE

A straightforward example, not involving the unrelated
complications that accompany band fitting, is afforded by
polarized ATR measurements on a modified polyglutamate
block copolymer (Schmitt and Müller, 1997). The side-
chain ester carbonyl band at 1737 cm�1 provides an internal
reference for comparing the intensities of the �-helix amide
I band at 1653 cm�1 from samples with different degrees of
order. These two bands are both relatively sharp but have
quite different orientations and polarizations. For a disor-
dered sample viewed in transmission with unpolarized ra-
diation, the ratio of amide I to ester carbonyl peak absor-
bances is AI/ACO � 1.98 (Duda et al., 1988). [Note that the
integrated absorbance of the amide I band of polyglutamic
acid is approximately twice that of the CAO stretching
band of the protonated side chain (Venyaminov and Kalnin,
1990a,b).] The ratios of peak ATR absorbances, AF,I/
AF,CO and A�,I/A�,CO, obtained with parallel and perpen-
dicularly polarized radiation, respectively, are given in Ta-
ble 1 for three samples with order parameters varying from
S � 0.1 to S � 0.8. The different degrees of order are seen
immediately from the different relative values of AF,I/
AF,CO and A�,I/A�,CO in the three samples. Neither the
ratio obtained with parallel polarized radiation nor that

FIGURE 1 Geometric relations of the incident radiation to the sample
axes in an ATR experiment. The z-axis lies along the normal to the ATR
plate, the x-axis is orthogonal to the z-axis and lies in the plane of
incidence, and the y-axis is perpendicular to the plane of incidence. The
radiation electric field vectors polarized parallel with and perpendicular to
the plane of incidence are EF and E�, respectively. For an oriented
membrane sample, there is uniaxial symmetry about the z-axis (i.e., mem-
brane normal) as indicated by the cylinder.
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obtained with perpendicularly polarized radiation gives a
reliable or even consistent estimate of the true ratio of band
intensities.

The ATR samples are oriented preferentially in the plane
of the ATR plate, with the y-axis as director in this case. The
ratios of the total absorbances, AI/ACO, obtained from com-
bining the absorbances measured with parallel and perpen-
dicularly polarized radiation according to Eq. 6 are also
given in Table 1. Two sets of values are presented corre-
sponding to calculations with the thin-film approximation
(i.e., RISO � 1.13) and the thick-film approximation (i.e.,
RISO � 2), respectively (see Harrick, 1967, and Eqs. 15 and
16 below). Both the thin- and thick-film approximations
yield values of AI/ACO that are reasonably consistent be-
tween the various samples with different degrees of order,
and are close to that obtained in the transmission experi-
ment. The results obtained with the thick-film approxima-
tion are somewhat better in this respect. Nonlinear least
squares fitting of Eq. 6 to the three independent ATR data
sets yields an optimized ratio of AI/ACO � 2.01 with RISO �
1.89. This latter value of AI/ACO is in good agreement with
that obtained from the unpolarized transmission experiment
with a disordered sample (i.e., AI/ACO � 1.98). The methods
introduced in the previous section therefore perform well in
this simple but definitive test case.

PRACTICAL IMPLEMENTATION

In practice, parallel and perpendicularly polarized spectra
can be combined according to Eq. 5 (or Eq. 6, as appropri-
ate), and then a single band-fitting operation performed on
the resultant. Alternatively, advantage may be taken of the
potentially increased resolution by fitting the parallel and
perpendicularly polarized spectra separately with a consis-
tent set of components, j (see e.g., Rodionova et al., 1995;
Silvestro and Axelsen, 1999). Calculation of the fractional
populations fj then requires additionally the dichroic ratio R
of the entire band fitted. The latter is given by

R � AF/A� � �
j

AF,j��
j

A�,j

where AF,j and A�,j are integrated absorbances of compo-
nent j in the parallel and perpendicularly polarized spectra,
respectively. If the combination of AF and A� required to
reflect the total intensity is AF � GA� (cf. Eqs. 5 and 6),
then the fractional populations are given by

fj �
AF,j � GA�,j�j �AF,j � GA�,j�

. (7)

In terms of the overall dichroic ratio R, this becomes

fj �
fF,j

1 � G/R
�

f�,j

1 � R/G
, (8)

where fF,j � AF,j/� AF,j and f�,j � A�,j/� A�,j are the
fractional intensities of component j that are obtained from
band fitting to the parallel and perpendicularly polarized
spectra, respectively. If required, Eq. 8 may be expressed in
terms of the dichroic ratios Rj � AF,j/A�,j of the individual
components j, where R � � f�,jRj or, alternatively, 1/R �
� fF,j/Rj. It should be emphasized that Eq. 8 provides a
mathematically simple and rigorous means for obtaining
fractional intensities (and secondary structural content)
from polarized FTIR spectroscopy on aligned samples,
where G for ATR is given by Eq. 5 or 6, as appropriate.

Eq. 8 may also be expressed in terms of the fractional
intensities, fF,j or f�,j, from a single polarization,

fj � fF,j

1 � G/Rj

1 � G/R
� f�,j

Rj � G

R � G
. (9)

These two equalities emphasize the fact that it is generally
not sufficient to perform band fitting on the spectrum with
a single polarization. Fitting the spectrum with complemen-
tary polarization is required simultaneously to obtain the
dichroic ratios Rj of the individual components.

Throughout this section, it has been assumed for simplic-
ity that the extinction coefficients, or integrated molar ab-
sorbances �j, are equal for all components j. Generalization
to allow for different values of �j is straightforward, al-
though tedious to implement. Details are given in Appen-
dix A.

LINEAR DICHROISM

The above considerations apply equally to the net dichroism
R measured experimentally for a multicomponent amide
band. It is not sufficient simply to sum over the component
absorbances weighted by fj (cf. Gremlich et al., 1983; Tatu-
lian et al., 1995b). From Eq. 9, with summation over j and
the condition � f�,j � 1, the net dichroism expressed in
terms of the fractional populations and dichroic ratios of the
individual components is given by

R �
1

�j fj/�Rj � G�
� G, (10)

TABLE 1 Ratios of amide I and ester carbonyl peak ATR
absorbances obtained with parallel and perpendicular
polarized radiation, AF,I/AF,CO and A�,I/A�,CO, respectively,
from �-helical samples of poly(methyl-L-glutamate)x-co-(�-n-
octadecyl-L-glutamate)y (x:y � 7:3) with different degrees of
orientation on a silicon ATR plate

AF,I/AF,CO A�,I/A�,CO

AI/ACO

(thin)
AI/ACO

(thick)

1.8 2.4 2.0 2.1
1.4 2.8 1.8 2.0
0.8 3.8 1.7 2.1

Data are taken from the spectra of Schmitt and Müller (1997). Ratios of the
total absorbances, AI/ACO, are calculated from Eq. 6 using the thin and
thick-film approximations (Harrick, 1967), respectively.

2632 Biophysical Journal Volume 77 November 1999



which depends in detail on the precise value of the scaling
factor G. The individual dichroic ratios Rj are related to the
orientation and structure of the molecular segments in the
usual way (see e.g., Marsh, 1997, 1998), which again in-
volves the components of the electric field vector of the
ATR evanescent wave. For the particular case of a band
analyzed in terms of solely two components (cf., Raussens
et al., 1997; 1998; Bechinger et al., 1999), the dichroic ratio
is given explicitly by

R �
R2 � G

1 � f1�R1 � R2�/�R1 � G�
� G, (11)

where R1 and R2 are the dichroic ratios of the two compo-
nents, and f1 is the fractional population of species 1 (f1 �
f2 � 1). The latter equation is useful for the case in which
one species, or part of the sample, is unoriented, i.e., R2 �
RISO (cf. Raussens et al., 1997), or of two titrating species
where f1 is given by the Henderson–Hasselbach equation
(cf., Bechinger et al., 1999). Eqs. 10 and 11 hold if the
extinction coefficients of the different components are
equal. The generalization to allow for differences in extinc-
tion coefficients is given in Appendix A.

It is noted in passing that these considerations do not
affect the validity of dichroic difference spectra, which are
defined by (Fringeli, 1992; Bechinger et al., 1999)

�A � AF � RISOA� , (12)

and apply to any orientation of the director. From Eqs. 2 and
4, for a z-axis director, the dichroic difference spectrum is
given by

��A�z � kEz
2��Mz

2� � �My
2�� (13)

and, correspondingly, when the y-axis is the director,

��A�y � k�Ex
2 � Ez

2���Mz
2� � �My

2��. (14)

Both, therefore, directly reflect the difference in magnitude
of the components of the transition moments parallel with
and perpendicular to the director axis. Similarly, when the
x-axis is the director, the situation is analogous to the
membrane case and the dichroic difference spectrum is
obtained by substituting x for z in the indices of Eq. 13.

VALUES OF THE SCALING FACTOR

The appropriate combination of polarized absorbance mea-
surements for secondary structure determination in mem-
brane ATR spectroscopy is

AF � 	�2Ez
2 � Ex

2�/Ey
2
A�

(see Eq. 5). The values of the electric field components
depend in detail on the refractive indices of the ATR plate
(n1), sample (n2), and upper phase (n3), and on the sample

thickness (Harrick, 1967),

Ex
2

Ey
2 �

n1
2 � 2n3

2

n1
2 � n3

2 (15)

Ez
2

Ey
2 �

n1
2�n3/n2�

2

n1
2 � n3

2 , (16)

where a 45°-cut ATR plate is assumed. Eqs. 15 and 16 apply
to the so-called thin-film approximation in which the sam-
ple thickness is much less than the penetration depth (dp 

0.4 �m) of the evanescent infrared wave. If the sample is
appreciably thicker than dp, then the upper phase is the
sample itself, i.e., n3 � n2 in Eqs. 15 and 16, which is
referred to as the thick-film approximation (see also Citra
and Axelsen, 1996; Picard et al., 1999).

For a germanium ATR plate (n1 � 4.0), the appropriate
combination is AF� 0.78A� in the thin-film approximation
with water (n3 � 1.325) as the upper phase, and is AF �
1.44A� for a thick film. With a dry sample, i.e., air (n3 � 1)
as the upper phase, the thin-film approximation yields the
even more extreme combination AF � 0.42A�, where the
refractive index of the sample is n2 � 1.43 in each case. For
germanium ATR crystals, these combinations never reach
the value AF � 2A�. The latter is applicable uniquely only
to a transmission experiment in which the director is ori-
ented in the sample plane normal to the incident beam, and
lies in the plane of incidence. It does not apply generally to
an ATR experiment. Even with the x-axis as director in the
ATR experiment, the appropriate combination is restricted
to the range from AF � 0.56A� to AF � 1.61A� with a
germanium ATR crystal, and never actually reaches that
applicable to a transmission experiment with the same sub-
strate-fixed director orientation. Note that, for a y-axis di-
rector (see Eq. 6), the allowed combinations are even more
restricted, ranging from �AF � 1⁄2A� to AF � A� because
1 � RISO � 2, where the upper limit corresponds to the
thick-film approximation.

Figure 2 gives values of the scaling factor, Gz � (2Ez
2 �

Ex
2)/Ey

2, for germanium and zinc selenide ATR crystals with
both dried (n3 � 1.0) and fully hydrated (n3 � 1.325)
samples. The values are given as a function of the sample
thickness d by the interpolation formula for the electric field
components (Fringeli, 1992),

Ek�d� � Ek
thin � �1 � e�d/dp��Ek

thick � Ek
thin�, (17)

where Ek
thick and Ek

thin (k � x, y, z) are the values given by
the thick and thin film approximations, respectively, and dp

is the penetration depth of the evanescent field into the
sample. The latter is given by (Harrick, 1967)

dp � 	/	2
�n1
2/2 � n2

2
, (18)

where 	 is the vacuum wavelength of the incident radiation.
For a germanium ATR crystal, the scaling factor varies
between the extreme values given above. For zinc selenide
ATR crystals, the scaling factors are, in general, larger and
vary between values of Gz � 1.56 or �0.21 for a thin film
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with water or air, respectively, as the upper bulk medium
and Gz � 2.65 for a thick film. In this case, a value of Gz �
2 (or larger) can be obtained but only for a particular sample
film of intermediate thickness, which differs depending on
whether the film is dried or hydrated with excess water.

APPLICATION TO ANNEXIN V

For recombinant rat annexin V bound to supported mono-
layers composed of dimyristoyl phosphatidylserine/dimyr-
istoyl phosphatidylcholine (1:1 mol/mol), the amide I band
has been recorded by ATR spectroscopy with both parallel
and perpendicular polarized radiation (Silvestro and Ax-
elsen, 1999). Simultaneous band fitting was performed for
both polarizations by using linked analysis. This latter tech-
nique is optimally suited for applying the present methods.
The fractional absorbances, fF,j and f�,j, obtained for the
two polarizations are given in Table 2. Considerable differ-
ences are found between the values of fF,j and f�,j that give
rise to uncertainty in the relative secondary structural con-
tent, if the appropriate combination of the two is not used.

Using the two-phase approximation (i.e., a thick film of
water) adopted by the authors, the value of the scaling factor
is Gz � 1.37, for a germanium 45°-ATR plate. Table 2 gives
the values of the fractional combined absorbances fj of the
different components that are obtained from Eq. 8 with the
above value of Gz and the value of R � 2.20 reported for the
entire amide I band. Using the thin film approximation
(Gz � 0.779) changes these values, by at most less than
0.015, in the direction of a slightly higher proportion of
�-sheet relative to �-helix. The values of fj make no allow-
ance for differences in extinction coefficient between the
various components. Corrected values f j

corr that are obtained
from Eq. A2 by using the relative molar absorptivities �j

rel

given by de Jongh et al. (1996) are also presented in Table
2. From this, it is deduced that the membrane-bound an-
nexin V has approximately 58 � 5% of �-helix and 31 � 2
to 36 � 4% (antiparallel) �-sheet. The unassigned very
weak band at 1601.0 cm�1 has arbitrarily been assigned a
value of �j

rel � 1.0 for this calculation.

IMPLICATIONS

The above considerations do not apply, of course, to an
isotropic distribution of membranes. This is unlikely to be
achieved completely, however, in an ATR experiment be-
cause membrane vesicles will tend to adsorb and orient
spontaneously on the ATR plate. For a truly isotropic dis-

FIGURE 2 ATR scaling factor Gz � (2Ez
2 � Ex

2)/Ey
2 calculated for

different membrane sample thicknesses d and germanium or zinc selenide
ATR plates with water or air as the upper bulk phase. Standard expressions
for the electric field intensities, Eqs. 15 and 16, (Harrick, 1967), and the
interpolation formula Eq. 17 (Fringeli, 1992), were used in the calculation.
(——, � � � �), n1 � 4.0 (germanium); (- - -, - � � -), n1 � 2.4 (zinc selenide);
(� � � �, - � � -), n3 � 1.0 (air); (——, - - -), n3 � 1.325 (water). In each case,
n2 � 1.43 for the sample.

TABLE 2 Fractional ATR absorbances of the ṽj components of the amide I band with parallel and perpendicular polarized
radiation, fF,j and f�,j, respectively, for annexin V bound to a supported dimyristoyl phosphatidylserine/dimyristoyl
phosphatidylcholine (1:1 mol/mol) monolayer (Silvestro and Axelsen, 1999)*,#

ṽj

(cm�1) fF, j f�, j fj �j
rel f j

corr

1601.0 0.018 (0.007) 0.019 (0.010) 0.02 (0.01) 1.0 0.06 (0.01)
1633.6 0.352 (0.012) 0.467 (0.042) 0.40 (0.02) 4.27 (0.28) 0.31 (0.02)
1651.8 0.560 (0.012) 0.456 (0.038) 0.52 (0.02) 2.96 (0.20) 0.58 (�0.05)
1672.3 0.070 (0.013) 0.057 (0.005) 0.065 (0.01) 4.27 (0.28) 0.05 (0.02)

*The total fractional integrated absorbances fj are calculated according to Eq. 8. The fractional populations fj
corr of the contributing secondary structures are

calculated according to Eq. A2 by using the relative integrated molar absorbances, �j
rel, from de Jongh et al. (1996).

#Values in parentheses are mean deviations.
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tribution: AF � RISOA�, and Eq. 5 reduces to

k�M2�ISO �
3A�

Ey
2 �

3AF
Ex

2 � Ez
2 .

Either polarized or unpolarized radiation may then be used
with equivalent results. Unpolarized radiation is not useful,
however, in the case of (partially) oriented samples. The
absorbance is then given by Aunpol � k(�Mx

2�Ez
2 � �My

2�Ey
2 �

�Mz
2�Ez

2) and a value for �M2� cannot be extracted when the
distribution is not isotropic (i.e., when �Mx

2� � �My
2� � �Mz

2�
does not hold). For aligned samples, polarized radiation is
obligatory (cf. Fringeli, 1993) and the appropriate combi-
nation of polarized absorbances must be used for band
fitting.

Errors that might arise on band fitting to inappropriate
combinations of AF and A�, or to AF or A� alone, depend
on the degree of orientation of the various secondary-struc-
ture elements. For wide orientational distributions (Tatulian
et al., 1997), these errors are likely to be small, but, for
narrow orientational distributions, they may be appreciable.
In cases where band fitting to the parallel and perpendicu-
larly polarized spectra separately yield very similar relative
results (Rodionova et al., 1995), the errors clearly cannot be
great. For the extreme situation of two bands with transition
moments oriented parallel with or distributed randomly
perpendicular to the director, the relative intensity of the
two bands is reduced erroneously by a factor Ez

2/(1⁄2Ex
2 �

Ey
2), on taking the combination AF� 2A�. For the thin-film

situation, this factor is 0.58, and is 0.80 for a thick film,
when a germanium ATR plate is used and water is the upper
bulk phase. For a dried thin film, with air as the upper phase,
this factor is reduced even more drastically to 0.17. Corre-
spondingly, the relative intensities of the two components
obtained by fitting unpolarized ATR spectra would be
wrong by a factor of 2Ez

2/(Ex
2 � Ey

2). When the upper bulk
phase is air (water), this amounts to a multiplicative error of
0.26 (0.88) in the thin-film approximation and to 1.24 for a
thick film, with a germanium ATR crystal in all cases. In
extreme cases, therefore, the error involved in taking an
incorrect combination of polarized absorbances, or in using
unpolarized radiation, can be very large.

Finally, it should be mentioned that the above results
apply equally to band fitting in polarized transmission ex-
periments with nonzero angles of incidence i for oriented
membrane samples. The factor scaling A� is then given
simply by Snell’s law, Gz � 3(sin2i/n2

2) � 1 (see e.g.,
Marsh, 1997, 1999). Typically, for i � 45�, the scaling
factor is Gz � �0.27 with n2 � 1.43. For a zero angle of
incidence in transmission (cf., Arkin et al., 1995, 1996), the
correction for oriented samples is not possible because
AF � A� as a result of the in-plane membrane disorder.
Neither polarization is then sensitive to the �Mz

2� component
of the transition moment, with an oriented membrane.

As is well known, a source of uncertainty in the deter-
mination of secondary structure from FTIR measurements
is, and still remains, the band-fitting and band-assignment

procedures. This general problem applies equally to mea-
surements on unoriented samples and measurements with
aligned samples. The present work can, however, contribute
to alleviating these difficulties. This is because the avail-
ability of mathematically rigorous corrections for the inten-
sities in polarized FTIR measurements on oriented samples
allows one to exploit both the improved resolution and the
additional information for assignments that comes from the
spectral dichroism of the amide bands.

APPENDIX A: UNEQUAL
EXTINCTION COEFFICIENTS

If the extinction coefficients or more usefully integrated molar absorbances
�j of the various components differ, then the individual absorbances must
be weighted by a factor 1/�j to obtain the correct normalization for the
relative populations. Note that �j is a scalar quantity because all vectorial
properties of the transition moment already have been taken explicitly into
account by treating the vector components of M separately. Eq. 7 for the
fractional population of component j then becomes

fj �
�AF,j � GA�,j�/�j�j �AF,j � GA�,j�/�j

�
fT,j/�j�j fT,j/�j

, (A1)

where fT,j is the fractional absorbance of component j that is obtained by
band fitting to the combined total absorbance AF � GA�. The second
expression on the right of Eq. A1 gives the weighting and summation
required to obtain the fractional population of species j from band fitting.

In the case of separate band fitting to the parallel and perpendicular
polarized spectra, Eq. 8 correspondingly becomes

fj �
fF,j/�j � �G/R��f�,j/�j��j fF,j/�j � �G/R��j f�,j/�j

, (A2)

where the definitions given previously are retained. It can readily be seen
that this reduces to Eq. 8 for the case that all values of �j are equal, because
� fF, j � 1 and � f�, j � 1. Determination of the fractional populations fj
correspondingly requires weighting the values of fF, j and f�, j obtained by
separate band fitting. The generalized analogs of Eq. 9 similarly become

fj �
fF,j

�j

1 � G/Rj�j fF,j/�j � �G/R��j f�,j/�j

�
f�,j

�j

Rj � G

R �j fF,j/�j � G �j f�,j/�j
,

(A3)

where the dichroic ratios Rj of the individual components retain their
original definition.

The net dichroic ratio R for the entire band, when expressed in terms of
the fractional populations and dichroic ratios of the individual components,
is given by

R �
�j �j fj

�j �j fj/�Rj � G�
� G. (A4)

This represents the modification to Eq. 10 that is necessary to allow for
differences in the extinction coefficients. It may readily be verified by
evaluating the two summations on the right-hand side with the help of Eq.
A3. For the case of just two components, 1 and 2, the analog of Eq. 11
becomes

R �
�R2 � G�	1 � f1��1/�2 � 1�


1 � f1	1 � ��1/�2��R2 � G�/�R1 � G�

� G. (A5)
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Values for the integrated molar absorbances �j of the amide bands from
different secondary structures may be found in Chirgadze et al. (1973), and
in Chirgadze and Brazhnikov (1974), and Venyaminov and Kalnin
(1990b), for deuterated and protonated amides, respectively. Relative val-
ues for a more extended range of secondary structures are given by de
Jongh et al. (1996).

APPENDIX B: EFFECTIVE
PENETRATION DEPTHS

The present analysis concentrates solely on fractional populations contrib-
uting to band components, as is the case in analysis of protein secondary
structure. Corresponding simplifications therefore ensue. Absolute or sur-
face concentrations are conventionally handled in quantitative ATR spec-
troscopy by means of effective penetration depths (Harrick, 1967; Fringeli,
1992). The extension to multicomponent bands is given here for oriented
membranes. For the z-axis as director, the effective penetration depths for
component j with radiation polarized along the x, y, or z-axis, dex,j, dey,j,
and dez,j, respectively, are given by (cf., Fringeli, 1992, 1993)

dex,j � �1 � 1⁄2�j�dex
iso , (B1)

dey,j � �1 � 1⁄2�j�dey
iso , (B2)

dez,j � �1 � �j�dez
iso . (B3)

Here, dek
iso is the penetration depth for an isotropic sample with radiation

polarized along the k-axis (k � x, y, or z), which is given by (Fringeli,
1992)

dek
iso �

1

�2

n2

n1
dpEk

2 , (B4)

in the thin-film approximation, where dp (see Eq. 18) is the actual pene-
tration depth, and Ek (k � x, y, or z) are the electric field ratio components
given by the thin-film approximation. Refractive indices n1 and n2 are as
defined previously, and a 45°-cut ATR plate is assumed. Correspondingly,
in the thick-film approximation, the effective penetration depths are given
by (Fringeli, 1992)

dek
iso � �2 �

n2

n1
dEk

2 , (B5)

where d is the actual sample thickness, and Ek are the electric field ratio
components given by the thick-film approximation. The parameter in Eqs.
B1–B3 that differs between the components j is given by (Fringeli, 1992)

�j � Sj�3 cos2�j � 1�, (B6)

where Sj is the order parameter of the molecular axis (e.g., helix axis) of
component j and �j is the angle that the transition moment of component
j makes with its molecular axis.

From Eqs. B1 to B3, it is clear that the different effective penetration
depths dek,j are interrelated. Axial symmetry about the z-axis director,
reflected by Eqs. B1 and B2, results in

dex,j � �dex
iso/dey

iso�dey,j (B7)

for all j. Similarly, eliminating �j between Eqs. B2 and B3 results in

dez,j � 3dez
iso � 2�dez

iso/dey
iso�dey,j (B8)

for all j.
With the z-axis as director, the absorbances of component j with

radiation polarized parallel with and perpendicular to the plane of inci-
dence, AF, j � Ax,j � Az,j and A�, j � Ay,j, respectively, are given by

AF,j � �j�dex,j � dez,j�fjc, (B9)

A�,j � �jdey,jfjc, (B10)

where c is the overall molar concentration, fj is the fractional population of
component j, and �j is the extinction coefficient or integrated molar
absorbance of band component j. Substituting Eq. B10 in Eq. B9 by using
Eqs. B7 and B8, the parallel polarized absorbance is given in terms of the
perpendicular polarized absorbance by

AF,j �
A�,j	dex

iso � 2dez
iso


dey
iso � 3�jdez

isofjc, (B11)

or, rearranging

AF,j �
A�,j	2dez

iso � dex
iso


dey
iso � 3�jdez

isofjc. (B12)

Therefore, the required combination of AF, j and A�, j that is directly
proportional to the concentration cj � fjc of component j is given by

AF,j � �2dez
iso

dey
iso �

dex
iso

dey
iso�A�,j .

It can be seen from Eq. B4, or, equivalently, Eq. B5, that the resulting value
of Gz is in agreement with Eq. 5 as derived originally for the z-axis as
director.

To determine the total concentration c, it is necessary to rearrange Eq.
B12 and sum over all components j. The result is

AF �
j

�fF,j/�j� � GzA� �
j

�f�,j/�j� � 3dez
iso c, (B13)

where AF� � AF, j and A� � � A�, j are the integrated absorbances of the
whole band measured with parallel and perpendicular polarized radiation,
respectively. The quantities fF, j � AF, j/AF and f�, j � A�, j/A� are
fractional integrated absorbances of component j obtained from fitting the
bands recorded with parallel and perpendicular polarized radiation, respec-
tively. Band fitting is necessary to be able to weight the component
absorbances with the individual integrated molar absorbances �j. Eq. B13
is the most straightforward way to determine the total absolute concentra-
tion for a multicomponent band with heterogeneous extinction coefficients,
i.e., without having to calculate the individual orientation factors �j.
Rearranging Eq. B12 and dividing by Eq. B13 yields Eq. A2 for the
fractional population, fj, as it must for consistency.
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