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Abstract

The most efficient and precise method for separation of absorption and reflection contributions in the ATR (attenuated
total reflection) spectrum is the calculation of pure absorption spectrum from optical constants. However, the precision
of calculated optical constants depends on the alignment of the optical component of an ATR attachment. The arrange-
ment of the ATR attachment always produces imperfections in optical path alignment. Therefore, we calculated the ex-
pected error analytically. The calculated error of R and R, is in the range between 3%—8% per deviation of the inciden-
ce angle of 1°. To reduce the error of calculated reflectivities, a new procedure for recording the ATR spectrum is pro-
posed. It is based on the calibration of the number of reflection by probing the spectrum of pure liquid water. The pro-
posed procedure significantly reduces the error (< 2%) due to a divergence of the incidence angle. This approach is inc-
Iuded in the program for routine calculation of the optical constants and absorption spectra of anisotropic solutions. A
structural analysis of three dipeptides in water solutions is shown as an example of the application of an ATR attachment
and the calculation of the absorption spectrum. The calculated spectra of dipeptides and bulk water provide ideal condi-
tions for reliable subtraction. The OH stretching region in the difference spectrum of the leucine dipeptide shows cha-
racteristic patterns of rearranged water molecules in the vicinity of solutes. From the positions of negative and positive
bands we hypothesize that the presence of leucine molecules creates a denser structure of water molecules near the so-
lutes. The modelling of the amide III band shape in the spectra of the methionine and asparagine dipeptide in water re-
veals the conformation of the dipeptide backbone. The methionine dipeptide possesses mainly the PP, conformation,
while the asparagine dipeptide is mostly in the 8 conformation. The population of ¢, is small in both dipeptides.

Keywords: Infrared spectroscopy, ATR experiment, calculation of optical constants, anisotropic solutions, preferential
dipeptide conformations

1. Introduction

The use of infrared spectroscopy for the study of
chemical and biophysical systems has accelerated in the
past few years. Besides its very simple application and
universality, the frequencies of bands and the band sha-
pes are directly related to microscopic physical quanti-
ties. The growth in these areas, and especially in the field
of solution chemistry and biochemistry, has been mainly
due to the application of ATR (attenuated total reflection)
techniques. With the proper use of ATR attachments, so-
lutions can be studied in very low concentrations without
solvent saturation. The biologically relevant systems can
be studied in physiological environments with excellent
reproducibility and sensitivity. The origin of ATR spec-

troscopy is rooted in the existence of an evanescent wave
of infrared radiation in a lower index of refraction me-
dium in contact with an optically denser medium in
which a propagating wave undergoes total internal reflec-
tion. The infrared beam is partially absorbed in the me-
dium with a lower index of refraction yielding a typical
ATR spectrum. However, an ATR spectrum possesses ref-
lection features in addition to the absorption features'—.
Moreover, wavelength dependence is observed for thick
samples where spectra are recorded at angles greater than
the critical one. In order to avoid the described spectral
distortions in recorded ATR spectra, the pure absorption
spectrum should be calculated. Therefore, we need an ac-
curate method for calculation of the pure absorption
spectrum.
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In this paper we will describe a program for calcula-
ting the optical constants written in the Matlab environ-
ment. In addition to the program description, an analysis
of the expected error of calculation will be presented. Wa-
ter solutions of leucine, methionine and asparagine dipep-
tide will be used as examples of the calculation of an ab-
sorption spectrum using these techniques.

2. Materials and Methods

Asparagine, leucine and methionine amino acids,
blocked by CH,-~CO- and -NH-CH groups (N-acetyl-
amino acid-N’-methyl amides; dipeptides), were purcha-
sed from Bachem. The samples were prepared in mQ H,O
in concentrations of 0.1 M (methionine, leucine), and 0.03
M (asparagine). The spectra were measured on Perkin-El-
mer System 2000 and Bruker FTS-66 infrared spectrome-
ters. Spectra were recorded in the region between the
7000 cm™ and 370 cm™. Typically, 256 scans were avera-
ged and apodized with a triangular function. The spectra
were recorded at 30 °C using a diamond ATR cell equip-
ped with KRS-5 lenses. The subtraction of the spectrum
of bulk water was carried out using Grams® software. The
amide III band was analyzed using the Grams® and Ra-
zor® band fitting procedures. The shape of individual
components is modeled with the convolution of a Lorent-
zian and Gaussian profile, leading to a so-called Voigt
profile. The Voigt profile of band shape in a spectrum of
solutions is a result of the time scale of the interactions
with which vibration relaxation occurs®.

3. Results and Discussion

3. 1. Calculation of Optical Constants

The utilization of the ATR set up with one internal
reflection (Golden Gate) or with three internal reflections
(CIRCLE cell) allows the examination of the complete
mid infrared region without the saturation of the water OH
stretching band. However, an anomalous dispersion signi-
ficantly alters the spectrum recorded in ATR mode. The
frequency differences between the calculated and original
ATR bands are large, especially for strong bands (v OH of
water shifts for 56 cm™ and Amide I band shifts for 9
cm™!, see ref.’). Moreover, the band shape is also modi-
fied. Therefore, it is necessary to calculate a pure absorp-
tion spectrum. The optical constants of materials can be
precisely determined by combining measurements made
at different angles of incidence. Most commercially avai-
lable ATR accessories have a fixed position for the inci-
dent angle. However, instead of two independent measu-
rements at two different angles, an alternative procedure
called the Kramers-Kronig (K-K) method was used. Opti-
cal constants and the related absorption or £”” spectra we-
re calculated using a method proposed by Bertie and Lan®

and Bertie and Eysel’ in a Matlab® environment. The mis-
sing part of the spectra in the far-infrared region was sub-
stituted by a descent Gaussian function. The method is ba-
sed on the interdependence of the optical constants by an
integral relationship and on the use of Fresnel’s equations.
In general, the K-K transformation connects the fre-
quency dependent imaginary and real physical quantities
using integral equations.

For a detailed analysis and a comparison between
the calculated reflectivity (R) and experimental ATR spec-
trum we have to know their interdependence. The most
easily solved equations are known for the geometry of
CIRCLE and Golden gate ATR cells, where 6, the angle of
incidence, is 45° and where reflectivity in both polariza-
tions are related as R = R (Ref.*). This relationship is
used during an iterative procedure of calculating the n and
k by K—K transformation and by comparing the calculated
values with the original ATR spectrum. In general, the
system of Fresnel equations must be solved for the given
optical system in order to obtain the relationship between
the spectrum and reflectivity. Equations 1 to 10 describe
the typical approach used to calculate the optical con-
stants from the experimental spectrum.

- 2
n; cos” @ —2an cos@+Y

R, =—1—; : (1)
n; cos” @+ 2an, cos@+Y
where
2 4 2 2 - 242 A
Y = ((n; — k5 —n; sin” 9)‘ + 41:;!{5}“ (2)
a= i X+Y 3)
V2

and

X =n;—k, —nsin’ 6. “)
R, is expressed as

R =R n; (SII‘I' f)}g‘@ +Y —2an,(sin kgl )

" ni(sin® 0)g’0 + Y +2an (sinO)gb

The experimental ATR spectrum, where 6 = 45° is
expressed as a function of R (R = Rsz) as:

ATR = — mg,‘,[W} . 6)

n, and k, are the optical constant of bearing crystal, and n,
and k, the optical constants of sample. A complex dielec-
tric constant (&, = &, + ig,”) is connected with a complex
optical constant (A, = n, + ik,) as:

=8, @)

& = 2k, ()
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and

’r _ 2 2
g,=n,"—k,".

©)

Equation (6) is valid for both the Golden gate and
CIRCLE ATR attachment. The absorption spectrum is fi-
nally calculated as

A =2mk,Vd (10)
where d is sample thickness and Vv is wavenumber (cm™).
The program used for the calculation of optical constants
and absorption spectrum is available on request.

3. 2. Calculation of the Main Contribution
to the Error of Determined Optical
Constants

The main source of error in applying the described
procedure is the deviation in the incidence angle of the in-
frared light. This type of error cannot be avoided even
with accurate tuning of the optical path of the infrared
beam. Therefore, the calculation of the resulting error is
important in estimating the overall accuracy of the presen-
ted calculation. The expression for reflectivity is expan-
ded around the 6 angle. Thus we get two equations for R
and R reflectivities.

OR, 2

- l ~
dcos(6) > n +Y+ '\/5(”?]

From the known relationship between R, and R, we
can calculate a similar expression for

6{:05(9):

oR, 2R

5e0s® (1. o = )
ocos(0) [;nl‘ +Y+ \Erml]

It is inconvenient to estimate the magnitude of error
from the long analytical expressions presented in equa-
tions (11) and (12). The expansion of Fresnel equation for
absorbing media round 6 = 45° yields for both polariza-
tions the following expression:

) R, , &
R, =R p(45°)+ .p 0Ocos@
F i dcos(@) a6

] AG, (13)
H=45°

which can be rearranged as

2a 5
= an’ —2Yn, + > [.‘?5

4a A
- —Zanl" +4¥n, +?nf n; —k; pumrae g [

R I OR,, Ocos@

1=
R, (45°) R, ,(45°) dcos(0) 00

AG. (14)

The maximal error in the calculation of R and R, is
relatively small. A variation of incident angle by 1° produ-
ces the maximal relative error in R_ at slightly above 3%.
It is even smaller for k, values round 0.3 (Fig. 2 ), which
are characteristic for water solutions. However, the relati-
ve error is small only if deviations in the angle of inciden-
ce beam are small. In practices, the value of A0 is, rather
than 1°, closer to several degrees, which already signifi-
cantly alters the values of the calculated optical constants.
Therefore, a reduction in the described error is necessary
for accurate determination of the absorption spectrum.

3. 3. Optimization of the Number
of Reflections m

Equation (6) is valid only for an incidence angle 6 =
45°, where RS2 =R, (Ref.®). The parameter m gives the
number of internal reflections. Theoretically, in the case
of the ATR diamond attachment (Golden gate), m should
be equal to 1 and 3 in the case of CIRCLE ATR attach-
ment. However, in practice, the value of m is always less
than expected by theory. The reason lies in imperfect

_kl_i =
.

alignment of the ATR accessories. The incidence beam is
not completely parallel and thus the incidence angle de-
viates from the ideal value. However, this divergence in
the incidence angle can be used for fine-tuning of the cal-
culations for the optical constants.

n n n - _7
2a 2 Y

: N - s
n, m s 9
Y

2_0(}/-}—? (11)

5 (12)

To achieve a better description of the optical path of
the infrared beam in the ATR experiment, the spectrum of
mQ H,O was recorded prior every recording. The optical
constants for bulk water are precisely known’ and therefo-
re can be used as a calibration standard for calculating the
actual number of internal reflections. We use Equation (8)
and optimize the calculated ATR spectrum from the
known optical constants of water by applying equation (1)
and the relationship between the dielectric functions and
optical constants. The only fitting parameter is m, the
number of internal reflections. In an aligned ATR dia-
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Rs"/Rs-1

k2

Rp polarization

Figure 1. The R "/R -1 and R /R -1 as a function of k, for germanium (n, = 4.0, upper line) and diamond (1,=2.4, lower line) bearing crystals. The

n, is equal 1.33 (liquid water). The incident angle (6) is 45° and Afis +1°.

5000 6000 7000

wavenumber

Figure 2. Calculated n, and k, for asparagine dipeptide in H,O.

mond attachment m appears to be between 0.89 and 0.97.
The optimized number of internal reflections for the CIR-
CLE ATR attachment lies in a range between 2.78 to 2.92.
By applying the corrected number of internal reflections,
the absolute errors of n and k are significantly reduced.
They stay in the range up to 2%.

3. 4. Spectrum of Leucine Dipeptide
in Water
Water is known as extremely good absorber and thus

classical transmission techniques often lead to saturation
of absorption bands. The saturation makes the OH stretc-

hing region of no use in original as well as difference
spectra of water solutions and bulk water. The saturation
of the most intense bands leads to nonlinearity in the in-
frared detector and prevents the proper subtraction of sol-
vent. The application of ATR technique eliminates satura-
tion and allows accurate subtraction even in the region of
OH stretchings.

Figure 3 shows the spectrum of leucine dipeptide in
water after the subtraction of bulk water (the subtraction
factor is 0.938). The main guides to proper water subtrac-
tion were intensity and shape of the baseline in the regions
with no significant contributions of absorption bands. In
these regions the baseline should be flat and close to zero
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Figure 3. The difference spectrum of leucine in H,O solution after subtraction of bulk water.

intensity. The original ATR spectra of leucine solution and
bulk water were used to calculate the absorbance spectra,
which were further applied in the subtraction procedure.
Elimination of the bands due to the presence of bulk water
in solution simplifies the infrared spectrum. Moreover, the
subtraction reveals the typical differential bands in the re-
gion of OH stretching (VOH) between 3000 cm™ and
3600 cm™'. This structure of VOH bands with positive and
negative intensities is characteristic for showing the chan-
ges in the strength of intermolecular interactions between
the particular vibrating groups'®'2. The band at 3620
cm™!, characteristic for very loosely hydrogen-bonded or
almost free OH groups, is more intense in the spectrum of
bulk water than in the spectrum of dipeptide solution. In
contrast, the band at 3290 cm™' is more intense in the
spectrum of the dipeptide solution than in the spectrum of
bulk water. This band represents the vibration of OH
groups, which participate in hydrogen bonds of moderate
strength. Note that the maximum vOH of bulk water” is at
3406 cm™'. The appearance of both negative and positive
bands in the vibrational spectrum can be explained in
terms of the changing strength of hydrogen bonds of those
OH groups of water, which are near the dipeptide molecu-
les. The solvation of the dipeptide in water reduces the
number of weakly hydrogen bonded or almost free OH
groups. These OH groups form hydrogen bonds of mode-
rate strength; the OH stretching band red shifts by 330
cm'. The OH stretching band with positive intensity is
even red shifted with respect to the vOH band in bulk wa-
ter (116 cm™). Therefore, the reformatted hydrogen
bonds, which appear only in the solution of the dipeptide,
are stronger than those that are the most populated in bulk
water. The interaction with the dipeptide proton donors
and acceptors and the formation of the cage-like structu-
res around the hydrophobic part of the dipeptide causes an

overall denser packing of water molecules. Such a denser
water structure can also be found at protein surfaces.'> '

The subtraction can also reveals the most significant
bands of the dipeptide. The side chain stretching and de-
formation modes can easily be assigned to particular vi-
brations (see Fig. 3). Moreover, the amide I, amide II and
amide III bands, which are the most characteristic bands
of peptides and proteins, can be used for detailed structu-
ral analysis."?

3. 5. Preferential Conformations
of Dipeptides

Recent NMR'® and vibrational studies of dipepti-
des have shown that dipeptides in water possess confor-
mational preferences for the dihedral angles ¢ and ¥ (8 or
C5: ¢ =-120° ¥ = 120°, PPl : @ =-75°, ¥ = 145°, o
¢ =-60°, ¥ = 60°). These studies have shown that back-
bone conformational preferences vary striking among di-
peptides. The physical background for the preferential
conformations of dipeptides can be explained by the elec-
trostatic screening (ES) model.'> '"-?2 In the ES model, it
is assumed that the total free energy of an amino acid resi-
due is determined predominantly by the local electrostatic
energy of the backbone dipole moments (N-H and C=0)
due to interactions with neighboring peptide groups and
by the solvation free energy of the backbone dipole mo-
ments.'” According to this model, the 3 conformer is ener-
getically more favorable than the o, state of a residue in
gas phase. The anti-parallel orientation of the backbone
dipole moments stabilizes the 8 conformer and the paral-
lel orientation of dipole moments destabilizes the o, con-
former. However, the parallel arrangement of dipole mo-
ments in the o, state has advantages in a polar solvent be-
cause of favorable interactions with the solvent. Conse-
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quently, the solvation of backbone atoms is much larger
for the ¢, than for the 8 conformers. Solvent stabilization
thus screens the destabilization of the ¢, state due to pep-
tide dipole moments. Modulation of the screening of
backbone electrostatic interactions by side chains thereby
cause different conformational preferences of residues in
aqueous solutions.

3. 6. Amide III Region

The Amide III bands (Fig. 4) appear in the spectrum
of proteins as moderately intensive band(s) in the region
between 1320 cm™' and 1240 cm™. This vibration arises
mainly due to the N-H in-plane bending coupled to some
other peptide modes (C—-N stretching, C—C stretching, and
C-0 in-plane bending). Sensitivity of the Amide III band
components to the change in conformation has been pro-
ven by numerous experimental and theoretical studies.'
2329 These studies show that the frequency of the Amide
III band depends on both dihedral angle ¢ and V.

0.016

side chain vC=0—0_

amide 11

amide I11

g

absorbance
=
=
o
o0
1

side chain
vibrations

0.004 4
—~~—

0.000
1200

1400 1600

-1
wavenumber (cm )

1800

Figure 4. The amide I, II and III spectral regions of asparagine (up-
per spectrum) and methionine (lower spectrum) dipeptides after
subtraction of bulk H,O.
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The spectra of the Amide III regions of methionine
and asparagines dipeptides (Fig. 5.) show three compo-
nents near 1310 cm™, 1300 cm™, and 1280 cm™. A theo-
retical study by Mirkin and Krimm® predicts the charac-
teristic frequency of the Amide III band of the ¢, confor-
mation to be near 1290 cm™'; therefore, we assigned the
band at 1300 cm™ to the o, conformation. Analogous to
other studies,'> %2> 2729731 ye assigned the low frequency
component to the § conformation and the high frequency
component to the PP, conformation. Assuming equal va-
lues of extinction coefficients for all three components,
we can calculate the conformational populations from the
band areas. Thus, the methionine dipeptide possesses
mainly PP, conformation (50%), while B and o are less
populated (47% B and 3% o). The structural analysis of
Amide III bands revealed that there was a distinct distri-
bution of populations of conformers in asparagine. The
most populated is the 8 conformer (58%) followed by PP,
(40%) and o, 2%).

4. Conclusions

The application of the ATR set up in this experiment
has allowed very accurate measurements of substances
with high absorption coefficients. With the appropriate
calculation of the absorption spectra as presented in this
paper, the spectra can be applied for comprehensive con-
formational studies. This is even true for systems, which
have been known as a “poison” for infrared spectroscopy.
Typical examples are water solutions. The high absorption
coefficient of liquid water causes saturation effects of the
OH stretching bands in spectra measured by the classical
transmission technique. The application of the ATR at-
tachment, with the appropriate selection of the bearing
crystals, allows the saturation effects to be easily avoided.
Thus, the whole mid infrared region is available for struc-
tural or analytical studies even in cases where the subtrac-
tion of the bulk solvent is required. By applying the pro-

3.0x10"

g

=

=

=
1

absorbance

/\

A4
1400

125 1300 1350
A1
wavenumber (cm’)

Figure 5. The decomposition of the amide III region of the asparagine dipeptide (right figure) and methionine dipeptide (left figure). Right filled
components correspond to S, blacl to ¢t and left filled to PP, conformers. The line at the top of spectra corresponds to the difference between the

calculated and measured spectra.
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posed program for calculation of the absorption spectrum,
these spectra can also be correlated with the ordinary ab-
sorption spectra measured in transmission mode. We cal-
culated the expected error of reflectivity due to imperfec-
tions in describing the optical path of the infrared beam
for both polarizations. The calculated error is between 3
and 8% per change in the incident angle 8 by 1°. The pro-
posed application of water as the internal standard and the
optimization of the calculation procedure both signifi-
cantly improve the reliability of the calculated absorption
spectrum. The optimization of the number of internal ref-
lections drops the error below 2% even in cases where the
deviation of the incident angle is on the order of several
degrees.

The excellent quality of recorded and processed
spectra allows the detailed application of the vibrational
bands for structural and/or analytical studies. The presen-
ted examples show the applicability of ATR and calcula-
ted spectra for structural studies. The ATR study of dipep-
tide solutions in water reveals not only the conformation
of the dipeptide backbone as a function of the type of side
chain, but also the change in the hydrogen bond network
of water molecules near the dipeptide molecule.
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Najucinkovitej$a in zelo to¢na metoda za locbo absorbcijskih in refleksijskih prispevkov v ATR (Attenuated Total Ref-
lection) spektrih je izracun Cistega absorbcijskega spektra iz opti¢nih constant. Uporaba ATR nam dovoljuje merjenje
snovi z visokimi absorbcijskimi koeficienti. Z ustreznim izra¢unom absorbcijskih spektrov te lahko uporabimo za na-
daljnjo konformacijsko analizo tudi v primerih teZavnih spektrov. Tipi¢ni primeri so vodne raztopine.
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