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Abstract: Absorption spectrum to gaseous mixtures of Oxygen —Nitrogen (zero air) were
observed under the oxygen (always 20% oxygen in 80% nitrogen) pressure range 1-5 bar and
a total pressure range 5-25 bar with temperatures of 298 K, 323 K, 348 k, 373 K.

Data analysis by Viogt deconvolution method indicate to the presence of competition
between the two types of spectrum, the first belong to a discrete absorption line around 1268
nm came from O, monomer spectrum , and the second from both O,-O, (O, dimol) and O, -
N; collision complexes with a continuous absorption band around 1264 nm.

Gaussian width, Lorentzian width, Voigt full width at half-maximum height (Voigt FWHM),
absolute area (integrated absorbance) under the spectral line for each line and some physical
constants were calculated.

Keywords: O, monomer, O, dimol, Gaussian width, Lorentzian width, Voigt FWHM,
Integrated absorbance. PACS: 32.30.Bv, 33.20.Ea, 33.20.-t, 34.50.-s, 34.50.Ez, 51.30. +I .
87.64. km.

Introduction

The absorption spectrum of molecular Oxygen and Nitrogen gas, according to the HITRAN database '
emphasizes that there is no overlap between the spectrum of oxygen and nitrogen between 1200 -1300 nm
wavelengths. It seems that the role of Nitrogen gas only as a collisional mediator in the mixtures of Oxygen-

Nitrogen gas.

The Spectral Calculator (www.spectralcalc.com ) to the spectra of Nitrogen gas as is shown in figure
(1) indicates that it does not have any spectral lines in the region between 1200 to 1330 nm and also ozone(O3)
2
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Figure 1. Plot of nitrogen spectrum intensity as function of wavelength in the range of 1 to 1.5
micrometer

Whereas The Spectral Calculator (www.spectralcalc.com) to the spectra of oxygen gas as is shown in
figure (2) indicates that it is filled with the spectral lines in the region between 1200 to 1330 nm *.
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Figure 2. Plot of oxygen spectrum intensity as function of wavelength in the range of 1.2 to 1.3
micrometer

The spectra of oxygen and oxygen-nitrogen mixtures were extensively studied, but the most important
researches were by Smith and Newnham et. al. *®,

In the near-IR, experimental lines of oxygen-nitrogen mixtures absorption at 1270 nm band show two
kinds of absorptions: the first is a discrete lines from individual O, molecules (O, monomer), and the second is
a continuum band, which arise from collision complexes of O,, such as 0,-O, (O, dimol(oxygen binary of O,-
0,)), O,-N,. A continuous absorption band is characterized by O, dimol and O,-N, spectrum, which is a
consequence of collision-induced absorption (CIA) by two O2 or O»-N, in the electrically excited states **.

Monomer oxygen molecule (O;) is characterized by a zero electric dipole moment, and paramagnetic
triplet ground state’0,[x ’ Y, (@®,m, 0,%l] with nearly 5.1 ev dissociation energy (D.), and shows the rotational
structure characteristic of P and R branches. The lowest singlet electronic excitation energies from the O,
ground state are:

a'A,(0) <X * X, (0)+hv(1268.4 nm) )

The ground state of 0,-O, is 32; (L=0) 32; (b=0) , and the first lowest electronic excitation
energies from the O, dimol ground state due to the following processes:

Y (0=0)'A, (0=0)«1264.5mm + L (b=0)"T (b=0)  (2)

The aim of this paper is to analyze the experimental results of zero air spectrum at 1270 nm band by
Voigt deconvolution method, and find Gaussian, Lorentzian width, Voigt FWHM, integrated absorbance, and
get the relation between widths and integrated absorbance as a function of pressure, and some semi empirical
expression, which explain some spectral facts.
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Theoretical background

Mathematically, the following Beer-Lambert law describes Light-absorption by gas molecules. The

ratio of transmitted intensity (/ ) to incident intensity ( / o) at a given frequency (wavelength 1) is called the

transmittance ( 7 ) and given by **:

, 1
T:IL e ™= 10" =>4 -logzt lengO octloge ect
0
£=043430 06 =230225:  (3)

A4 is the absorbance at a given wavelength A ,0 is the absorption cross section, and £ is the

absorptivity, / is the optical path length, . = % is the concentration, where p is the total gas pressure, f is the

absorber gas fraction is the gas constant and T is the gas temperature . If the concentration ¢ is measured in
mol.L™, the absorptivity is called the molar absorptivity.

In most cases, researchers usually use the Napierian absorbance, which is given by:
A =oct (4)

Absorbance is an additive function, the total absorbency of a mixture that contains more than one
absorbing species (i) at a given wavelength /4 is:

A =/io',c, (5)
i=1

It seems that the total cross-section (o) is the sum of the cross-sections due to absorption, scattering and
luminescence ...etc. The net absorption cross section for O,  (m * molecule "' or m ?) at the experimental

resolution is determined through the following relationship:

A
= 6
Gm(umm er N Y c l/ ( )

Na is the Avogadro constant. For the collision-induced oxygen absorption (O4) the net binary
absorption cross section (m’ molecule™ (or m®)) is dependent on the concentration of pairs of O> molecules and
the absorption cross-section of 02—02 collision pairs is determined from:

A
L= 7
dimol (NAc)zf ( )

O,

Broadening of line widths, which contribute to FWHM, may come from natural width according to
Heisenberg’s uncertainty principle that subject to Lorentzian or natural line. Collisional broadening contributes
to the collision line shape by Lorentz distribution function, and the Doppler broadening depends on the
Maxwell velocity distribution in a gas, where the Doppler line shape is Gaussian. A Lorentzian always arises
from homogeneous broadenings, If two homogeneous mechanisms overlap, the total line shape is another

Lorentzian with a bandwidth (T, =zrf ), but a Gaussian always arises from Inhomogeneous broadenings, If two
i
inhomogeneous mechanisms overlap, the total line shape is another Gaussian with a bandwidth (rG - zrl_Z ).
i

Doppler broadening most significant at low pressure and high temperature, whereas collision broadening most
significant at high Pressure and low temperature, in many sometimes, conditions require consideration of both
effects as the convolution of Voigt profile.

Statistical models dealt with gas through collisions, which is recognized from its effective collision time

15-20,
(T, )52

The relation between effective collision time and full width at half-maximum height (FWHM) was
found to be given by:

P 1 1
LGav —0oBKT /=u,)* Po(8/nu,KE)? (8)
[ KT
Where (P) is the pressure, (n) is the number density of the gas, (O) is collision cross-section (inelastic
collisions are responsible for all the electronic excitation processes), (V) is the average speed of reduced mass

(Hy,)-
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1
r@o) —— L2, kTy =BT 0)P
ﬁTe// T
or o 1
B,T,0)=—%=—(8/nu KT)? 9
»(,0) =2 =—(8/mu,KT) (9)

Where B,(T,o) is well defined the pressure broadening coefficient, and clarify the changes in the collision-

induced absorption states, so the change in line width is linear in pressure P (virial equilibrium). In addition,
Doppler broadening full width is given by:

L.T¥ 7.7x 10’71)(.\/Z [m =g/ moleg/mole of absorber |
m

v, =%,/l(. = central wavelength (10)
At high pressure, real gas inelastic collisions will prevail, and Lorentzian spectral lines will be
broadened >

The Gaussian temperature (Doppler or Gauss effect)-broadened profile and a collision (Lorentz or
Lorentz effect)-broadened profile is given as follows 25

LAY
s =1y (offset )+ ———=¢ 6 (Gaussian intensity profile)
r, %

24 r
Lorentz 0 (Offvet ) + Jn 4(1 ) )z + Fi

Whereas, a Voigt profile, mathematically, is the convolution of the Gaussian and the Lorentzian intensities:

(Lorentzian intensity profile ) (1 1)

22T, e’
L =1, (offvet ) +A4 3 Fé '[ . 5 T ~dt
T 2k | 4| VA2 S
FG FG
(Voigtian intensity profile) (12)

[=absorption intensity, Ip=offset absorption intensity, A=area, TG =Gaussian width, T'; = Lorentzian

width, T =Voigt FWHM , 2=wavelength, 4. =central wavelength.

A Voigt profile was developed by Humli¢ek **, and gave the equation of the Voigt spectral line width (Voigt
FWHM) as follows:

1
=0.5346, +(0.2166I] +I°7 ) (13)

r FWHM

Where I, Lorentzian width and T; Gaussian width, when Doppler (Gaussian) component is constant and

small, Lorentzian distribution will prevail.
Instrumentation

With a brief description, all spectra measurements of oxygen —nitrogen gaseous mixtures were carried
out at the spectroscopy laboratory. Absorption spectrum in the NIR was recorded under the mode of baseline
corrections in the region of the electromagnet spectrum (1200-1300 nm), by using Cary5000 UV-VIS-NIR
spectrophotometer, VARIAN company, equipped with long-pathlength absorption cell (LPAC). The LPAC
contains multipass optics in the White cell configuration with a fixed path length of 9.6 m, and its constant
volume equal 1.7L. Temperatures range was between 298 to 373 K and pressures of gaseous mixtures between
1 to 5 bars. Experimental measurements was chosen to measure the absorptivity as a function of wavelength in
the near infrared region extended between 1200 -1300 nm.

Data analysis and method of spectral line analysis

Spectral measurements on zero air samples (20 % O,+80 % N,) was carried out, under the effect of
pressure and temperature in the region of the NIR spectrum at 1270 nm band. Origin pro Lab program was
used for all data analysis. The Gaussian and Lorentzian width in each spectral line were exactly defined through
the deconvolution method of the Voigt profile function.

Table (1) Contains a summary of experimental conditions for measurements of NIR absorption spectra
of zero air samples, pressure and temperature values belong to gaseous mixtures of zero air samples (20 %
0,+80 % N,) which subject to examine at various temperatures.
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Table 1. The main information of experimental conditions, where the first column is sample number, the
second is Oxygen pressure, the third is Nitrogen pressure, the fourth is the total pressure, and the fifth is
temperatures.

Sample | P(O,) (Bar) )flg;llf) (ll;;];‘) Temlzg)at“re
2 1.5 6 7.5 298
2 75 10 12.5 298
6 3.5 14 17.5 298
g 15 18 225 298
0 0 ) 5 323
= 5 2 10 323
3 3 B 15 323
5 n 16 20 323
o 5 20 25 323
3 0 4 5 348
% 5 2 10 348
= 3 B 15 348
3 n 16 20 348
o 5 20 25 348
2 0 4 5 373
o 5 2 10 373
> 3 B 15 373
3 n 16 20 373
o 5 20 25 373

Cary Spectrophotometer was adjusted to the mode of absorbance (dimensionless) as a function of
wavelength (nm), Figure (1) shows all spectral lines, which mentioned in the table (1) at various temperatures
and pressures.

In all plots , the wavelength at 1264 nm band belong to interaction mechanisms of O,-O, , O,-N, gas where the
CIA plays the main role in this band, and the wavelength at 1268 nm belong to O2 gas where a discrete line and
ro-vibrational effect plays the main role in this band.
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Figure 3. Absorption spectrum for many zero air samples

Method of spectral line analysis:

121

Each spectral line in figure (3) was subjected to Voigt deconvolution analysis method. For example,
Figure (4) shows all steps were made to the spectral line belong to (O, (1 bar) +N, (4bar) to separate O, and O,
absorption line from each other’s. Figure (4a) shows the mathematical absolute area (integrated absorbance)
under spectral line equal 0.05951. Figure (4b) shows Viogt deconvolution for a spectral line as a line with only
one peak, and its area equals 0.07301.

Figure (4c) shows Voigt deconvolution to the spectral line as it has two peaks at central wavelengths
belong to 1264 nm and 1268 nm band. Where implicitly each line contains contributions of Gaussian and
Lorentzian widths to Voigt full width at half-maximum height.

Figure (4d) shows cumulative (total) Voigt profile with absolute area equals to 0.05964. Figure (4e)
shows Voigt profile for 1264 nm band with absolute area equals to 0.0308. Figure (4f) shows Voigt profile for
1268 nm band with absolute area equals to 0.02622. One has to note that the absolute area of the figure (4a or
4d) nearly equal the sum of the absolute area of figures (4e and 4f). Moreover, Viogt area of the figure (4b)
nearly equal to the sum of the Voigt area in figure (4e and 4f).
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Figure 4. (a-f) The procedure to separate the O, monomer and O; binary absorbance intensity profile in
the 1.27 pm region. See text for a detailed description.
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All twenty four spectral lines in figure (3) were subjected to method of spectral line analysis as in figure
(4), and all values of absolute area, integrated absorptivity, Lorentzian width, Gaussian width, and Viogt
FWHM were tabulated in tables, each table belongs to its special temperature and its band. Because of that, the
tables will take a large space, so, they could not be put them in the text, but all tables are available upon request
from the authors.

Results and discussion

First of all, Because of parity between the absorbance and absorption cross-section (4 =oc/), all
results and values were taken based on the absorbance intensity.

All plots for calculating spectral values according to methods above-mentioned were treated by using
the method of least squares to get the “best fit” lines to the data, where the slopes of the plots of all figures are
calculated to give some physical coefficients.

So, Gaussian width, Lorentzian width, Voigt FWHM at central wavelengths belong to 1264nm and
1268 nm were plotted as a function of oxygen, nitrogen, and total pressures at 298 k, 323 k ,348 and 373K.

The points of Gaussian and Lorentzian widths were more disorder distribution than Voigt FWHM
points, Although, Voigt FWHM values came mathematically from Gaussian and Lorentzian width
values(equation 13). In addition, mathematical absolute area (integrated absorbance) values as a function of
pressure gave good results to discriminate between O, discrete spectral lines and O,-O, continuum spectral
lines.

Results could be divided as following:

1. Pressure dependence of widths at 298 K

Figure (5) shows (at 298 K) the conflict between Gauss and Lorentz effect. The values of Gaussian and
Lorentzian width seem to be disorder distributed, whereas the Voigt FWHM values appear to be in most order.

Figure (5) indicates to increase of Lorentzian width with pressure, whereas the Gaussian width has the
opposite behavior at 1264 nm band, and Voigt FWHM increase with increasing of all kinds of pressures. Linear
relations at the figure (5) show the pressure broadening coefficients for various O,, N,, O,+N; pressures.

1 = we
E 20 : V\\jL< Voigt FWHM = 1.81126 +3.48418 P kc=1264 nm
@ 151 oigt FWHM | &
£ T=298 K
3
3 5
0
1 2 3 A‘t 5
p(OZ) bar
T T
254
£ 20 : V\\/lv(i Voigt FWHM = 4.81126 + 0.87105 P
S 5] Voigt FWHM A=1264 nm
£, T=208 K
5 10
ER
o]
4 8 12 p(N,) bar 16 20
254 m WG ]
c20] o WL Voigt FWHM = 4.81126 + 0.69684 P 1
€ ,5] A Viogt FWHM 1.=1264 nm
2 T=298 K
5101 ]
2] ]
0 -
T T T T
5 10 15 20 25
P, bar

Figure 5. Voigt FWHM, Gaussian, and Lorentzian width as a function of pressure of oxygen, nitrogen
and oxygen-nitrogen mixture at 298 K for 1264 nm central wavelength.

In addition, figure (6) at ,also, 298 K shows the behavior at 1268 nm band seems to have inversely
values in comparison with 1264 nm band. In other words, at the same time, Lorentzian width increases at 1264
nm band, whereas Lorentzian width decreases at 1268 nm band, and Gaussian width exactly behaves the
opposite behavior of the Lorentzian width.



Muhammad A. AL-Jalali et a/ /Int.J. ChemTech Res. 2015,8(7),pp 116-127.

22

18
16
144

= WG
e WL
4 Voigt FWHM

067 -

widths nm
"

0.00
-0.67

T T T

-
\\p\h\%zm%nm:
Ly . 3

voigt FWHM = 21.45094 - 138647 T=298K 3

\

Loy

20

T

1

18
16
14 A
12 =

widths nm

u WG
o WL
A Voigt FWHM

falalal

20

12
p(N,) bar

18
164

= WG
e WL

144

A Voigt FWHM

widths nm
85
Ly

0754

o

S

8
!

T T

L
voigt FWHM= 22.29851 - 0.3451P

T
1.=1268nm

-
T=298 K

-0.75

[T S
t

T
10 Ptm bar 15 25

Figure 6. Voigt FWHM, Gaussian, and Lorentzian width as a function of pressure of oxygen, nitrogen
and oxygen-nitrogen mixture at 298 K for 1268 nm central wavelength.

2. Pressure dependence of widths at 323 K

Figures (7, 8) at 323 K show the behavior of Voigt FWHM at 1264 nm and 1268 nm, where both Voigt
FWHM increase with pressure increasing. Whereas other widths at 1264 nm band seems to have an inversely
behavior in comparison with 1268 nm band. In other words, at the same time, Lorentzian width decreases at
1264 nm band with pressure, whereas Lorentzian width increases at 1268 nm band with pressure, and Gaussian
width exactly behaves the opposite behavior of the Lorentzian width. Results at 323 K in comparison with the
results at 298 K appear to be strange and inconsistent with 298 K results.
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Figure 7. Voigt FWHM, Gaussian, and Lorentzian width as a function of pressure of oxygen, nitrogen
and oxygen-nitrogen mixture at 323 K for 1264 nm central wavelength.
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Figure 8. Voigt FWHM, Gaussian, and Lorentzian width as a function of pressure of oxygen, nitrogen
and oxygen-nitrogen mixture at 323 K for 1268 nm central wavelength.

3. Pressure dependence of widths at 348 K

Figures (9, 10) show the behavior of widths at 348 K as a function of pressure, it is almost like the widths
behavior at 298 k
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Figure 9. Voigt FWHM, Gaussian, and Lorentzian width as a function of pressure of oxygen, nitrogen
and oxygen-nitrogen mixture at 348 K for 1264 nm central wavelength.
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Figure 10. Voigt FWHM, Gaussian, and Lorentzian width as a function of pressure of oxygen, nitrogen
and oxygen-nitrogen mixture at 348 K for 1268 nm central wavelength.
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4. Pressure dependence of widths at 373 K

At 373 K there are a difficult to get suit fitting between widths and pressures, because the high noisy at
373 k. One could not guess which distribution has to use, figure (11) shows three analysis for each line (a, b, c,
d, e) belong to Gauss, Lorentz, and Viogt deconvolution function. The figure shows all subfigures for one peak,
at the same time, subject to Gauss, Lorentz and Viogt analysis functions. Where, the last figure (11e) at 25 bar
total pressure may be subject to Voigt deconvolution for two peaks, which mean that the two peaks at higher
pressure go to reappear.
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Figure 11. Comparison between the Voigtian, Gaussian and Lorentzian profiles at 373 K.
5. Pressure dependence of integrated absorbance at 298 K, 323K, 348K

Theoretically. The integrated absorbance components have linear (A (1268 nm)) and quadratic (A
(1264 nm)) dependence on pressure of O2 (P (0O,)).

Experimentally, figures (12,13,14) indicate to effect of oxygen, nitrogen, and total pressures at
integrated absorbance that gave a quadratic pressure dependence of integrated absorbance for 1264 nm band for
all temperatures (298 k, 323 k, 348 k), whereas for 1268 nm band only at 348K has a linear pressure
dependence of integrated absorbance, but different from others.
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Figure 12. Integrated absorbance as a function of pressures at 298 K
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Figure 14. Integrated absorbance as a function of pressures at 348 K

Finally , Figure (12,13,14) show two components of integrated absorbance : one , nearly, with a linear
dependence on O, ,N, partial pressure and total pressure at 1268 nm band , and two with a quadratic pressure
dependence for all pressures at 1264 nm band, which agree with theoretical studies.

Conclusion

Voigt deconvolution method to separate two peaks from each other’s is a very successful method,
because not only separate but also give the values of contribution of Gaussian, Lorentzian widths, and Voigt
FWHM for each peak, and the integrated absorbance intensity for two peaks as well.

The widths for zero air confirms that foreign gas (Nitrogen) has a weak effect on the continuum in the
1264 nm region (O, dimol), and discrete in the 1268 nm region (O, monomer), because Voigt FWHM,
Gaussian and Lorentzian widths have the same pressure dependence for all widths although the difference in the
0O,, N,, and total pressures. All widths figures have inversely behaviors between 1264 nm band and 1268 nm
band.

The integrated absorbance intensity of continuum absorption at 1264 nm band has quadratic pressure
dependence of integrated absorbance for all kinds of partial pressures, which arising from collision-induced or
dimol absorption. Whereas for 1268 nm band, which arising from O2 monomer, only at 348K has a linear
pressure function with integrated absorbance, but they have a different behavior for others, which need more
depth study.

Disorder from thermal and collisional effects was clearly appearing from Gauss and Lorentz effects in
all figures.
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