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ABSTRACT: The 1−v″ progression of the Ångström band system, so far unobserved in
the rare 13C17O isotopologue, was obtained under high resolution as an emission spectrum
using a high accuracy dispersive optical spectroscopy. In the studied region 22 700−24 500
cm−1, 146 spectral lines were observed, among which 118 were interpreted as belonging to
the 1−0 and 1−1 bands of B−A system, and the next 28 were interpreted as extra lines
belonging to the 1−1 band of B1Σ+−e3Σ− intercombination system, also unobserved in the
13C17O molecule so far. All those lines were precisely measured with an estimated accuracy
better than 0.0025 cm−1, and rotationally analyzed. As a result the following in the 13C17O
molecule were calculated for the first time: the merged rotational constants B1 = 1.790
227(23) cm−1, D1 = 6.233(47) × 10−6 cm−1, and ΔG1/2 = 2010.9622 (69) cm−1 and the
equilibrium constants, ωe = 2076.04(57) cm−1, ωexe = 32.54(28) cm−1, Be = 1.824 678(15) cm−1, αe = 2.2967(24) × 10−2 cm−1,
De = 5.226(25) × 10−6 cm−1, and βe = 6.71(48) × 10−7 cm−1 for the B1Σ+ Rydberg state, as well as the individual rotational
constant B0 = 1.504 85(78) cm−1, and the equilibrium constants ωe = 1463.340(21) cm−1, Be = 1.499 02(12) cm−1, αe = 1.778
2(49) × 10−2 cm−1, De = 7.36(56) × 10−6 cm−1 for the A1Π state, and σe = 21 854.015(51) cm−1, RKR turning points, Franck−
Condon factors (FCF), relative intensities, and r centroids for the Ångström band system. With the help of the strong and vast
A1Π (v = 0) ∼ e3Σ− (v = 1) interaction, the experimental parameters of the e3Σ− (v = 1) perturbing state were established in the
13C17O molecule for the first time.

I. INTRODUCTION

It is true that the carbon monoxide molecule plays an important
role in astrophysical research on outer space because of its
widespread occurrence in cosmic space. From this respect only
molecular hydrogen outweighs it. Carbon monoxide has been
discovered in comet tails, interstellar space, planets, solar and
stellar atmospheres, the solar spectrum and in the spectra of
different cosmic objects.1−18 Isotopologues of the CO are very
often used as tracers to determine the hydrogen-containing
molecular clouds, to map the distribution of matter.19−22

Special significance is attached to the discovery and
quantification of different natural isotopologues of the CO
molecule to model the evolution of stars and interstellar
clouds.23 The spectrum of the Sun recorded at high resolution
with the ATMOS infrared Fourier transform interferometer,
indicates the presence of all natural isotopes of the CO
molecule, including a most rare one, that is, 13C17O.24

The CO molecule is also important in other branches of
science, including research on chemical physics, microbiology,
molecular biology, environment of Earth, technology of new
materials, metallurgy, engineering processes, etc.25−40 Due to
this fact, it is an important and open issue to thoroughly and
comprehensively study all natural isotopologues of the CO
molecule to derive precise values of quantum-mechanical
parameters and molecular constants of all excited states of
the molecule under consideration. In this respect, high
resolution spectroscopy based on a high accuracy dispersive

optical method is very useful. This method was applied to
obtain results described in the frame of the present work.
The B1Σ+ Rydberg state, taking part in different rovibronic

transitions within the energetic structure of carbon monoxide,
has been the subject of preliminary and more advanced
experimental analyses in the ordinary 12C16O molecule, using
conventional as well as laser methods.41−65 Far fewer
experimental studies have been carried out taking into account
this state in other CO isotopologues.45,63,66−72 The above-
mentioned publications also indicate that only the v = 0, 1
vibrational levels are involved in emission from the B1Σ+ state,
whereas, the remaining existing vibrational levels take part only
in absorption transitions: B1Σ+(v = 2),45 B1Σ+(v = 3),55

together with the recently analyzed B1Σ+(v = 6) state, recorded
in the 6−0 band of the transition from the X1Σ+ ground state of
the following isotopologues: 12C16O, 13C16O, and 13C18O by
Eidelsberg et al.63 As regards the analysis of B1Σ+ state in the
very rare 12C17O and 13C17O isotopologues, pioneering and
experimental works have been recently published by Hakalla et
al.73 for the 13C17O molecule and by Hakalla et al.74 for the
12C17O molecule.
The B1Σ+−A1Π band system was the subject of many studies

for the 12C16O molecule beginning with its discovery by
Ångström,75 as well as in other works.76−79 Far fewer
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discoveries accompanied this system in other isotopologues of
the CO molecule, such as: 12C18O,68,80 13C16O,81−83
13C18O,66,84,85 14C16O,67,86 and 14C18O.68 However, when it
comes to the studies that concern this system in the rarest,
natural isotopologues of carbon monoxide, there are only those
conducted by Hakalla et al.74 and by Hakalla et al.73 for the
12C17O and 13C17O molecules, respectively. Both works have
been based on the analysis of the 0−v″ progression of B−A
system. However, the 1−v″ progression of the Ångström
(B1Σ+−A1Π) band system has not been so far observed in any
of those rare isotopologues of the CO molecule.
In this work we present a comprehensive description of the

experiment and quantum-mechanical analyses on the 1−v″
progression of the Ångström (B1Σ+−A1Π) system in the rarest
molecule among all natural and stable isotopologues of the CO
molecule, that is, in 13C17O.

II. EXPERIMENT

The experimental details are almost the same as described in
our previous paper,73 so some parts of this work have been
included with the consent of Elsevier License (number
3198791136656).
As the emission spectra sources of the B−A band system in

the 13C17O molecule, like in the earlier work on this system in
our laboratory,73 the water-cooled, hollow-cathode lamp with
two anodes was used.87 It was initially filled with a mixture of
helium and acetylene 13C2D2 (99.98% purity of 13C) under
pressure of about 6 Torr plus 1 Torr of the helium. Next an
electric current was run through the mixture for about 100 h.
After formation of satisfactory amount of carbon 13C on the
electrodes, the lamp was pumped out and into this space
molecular oxygen was placed in, including 70% of the 17O2
isotope, as nonflowing gas under pressure of about 2 Torr. At
this time the electrodes worked live with 2 × 650 V, and the
direct current flowing through the mixture was 2 × 35 mA.
Such conditions were tested and recognized as optimal for
obtaining the most intense 1−0 and 1−1 bands of the 1−v″
progression of the Ångström system in the rare 13C17O
molecule.
The measurement system that enables us to obtain and

record emission spectra using methods of high accuracy
dispersive optical spectroscopy has been built in our laboratory
in recent years73,74,83,88−92 (Figure 1). In those publications the
conditions of its calibration were precisely described. The
molecular spectra were observed in m = 6 and 5 order,
respectively, for 1−0 and 1−1 bands of the Ångström system in
the 13C17O molecule by means of a 2 m Ebert plane grating
PGS-2 spectrograph equipped with 651 grooves/mm grating
with a total of 45 600 grooves, blazed at 1.0 μm. The reciprocal
dispersion was in the range of 0.07−0.11 nm/mm, and the
theoretical resolving power was approximately 273 000 and
228 000 for the 1−0 and 1−1 bands, respectively.
The spectrum of the CO molecule was recorded by means of

a photomultiplier tube (HAMAMATSU R943-02) on a linear
stage (HIWIN KK5002) along the focal curve of the
spectrograph. The input and exit slit were 35 μm in width.
The intensity of lines was measured by means of photon
counting (HAMAMATSU C3866 photon counting unit and
M8784 photon counting board) with a counter gate time of
500 ms (no dead time between the gates). The position of the
exit slit was measured by means of a He−Ne laser
interferometer (LASERTEX) synchronized with the photon

counting board. During one exposure of the counter gate, the
position was measured 64 times and mean value with the
number of counts were transmitted to a PC as a measurement
point.
The optical alignment of the CO and Th reference lamps

were corrected to obtain the same light distribution along the
exit slit. The repeatability of the line position measurements
was measured to be 0.2−0.5 μm, according to variations in
atmospheric pressure. The atomic spectrum of thorium was
used as a calibration spectrum93 obtained from a few
overlapping orders received in the water cooled hollow-cathode
tube with the cathode lined with thin Th foil.
The positions of peaks of spectral lines were calculated by

means of a least-squares procedure assuming a Gaussian line-
shape for each spectral contour (30 points per line), with an
uncertainty of the peak position for a single line of
approximately 0.1−0.2 μm. To calculate the wavenumbers of
the CO molecule, fifth- and sixth-order interpolation
polynomials were used for the 1−0 and 1−1 bands,
respectively. The typical standard deviation of the least-squares
fit for the 20−30 calibration lines was approximately 0.0015−
0.0017 cm−1. The calibration procedure was tested (with two
Th lamps simultaneously: one as an examination light source
and the second one to provide the reference spectrum) to be
±0.0015 cm−1. The spectral widths of strong and isolated lines
of the CO was 0.15 cm−1 and their maximum signal-to-noise
ratio amounted to about 60:1 and 70:1 for the 1−0 and 1−1
bands of the B−A system for the 13C17O isotopologue,
respectively. The most intense lines produce count rates of
the order of 8 000 photons/s for 1−0 band and 10 000
photons/s for 1−1 band.

Figure 1. Experimental setup (Elsevier license no. 3198790976666).
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Consequently, the measurements of strong and unblended
lines of the examined spectrum are expected to be accurate to
better than 0.0025 cm−1. However, some of the weaker and
blended lines were measured with lower accuracy, which
amounted to 0.006 cm−1. The summary of observations and
analyses of the 1−v″ progression of the Ångström band system
(B1Σ+−A1Π) for the 13C17O isotopologue is given in Table 1.

In summary 146 emission lines were measured, among which
118 belonged to the most intense from the 1−v″ progression,
1−0 and 1−1 bands of the Ångström system in the 13C17O
molecule, and 28 extra lines belonged to the 1−1 band of the
B1Σ+−e3Σ− intercombination transition, which were the result
of the interaction of the A1Π (v = 0) level with the e3Σ− (v = 1)
perturbing one. Their wavenumbers are given in Tables 2 and
3.

III. DESCRIPTION OF THE SPECTRA
In the emission spectrum of the rare 13C17O molecule two
rovibronic bands were observed in the region 22 700−24 500
cm−1. The bands with heads at 24 166.64 and 22 729.97 cm−1

were recognized as 1−0 and 1−1 bands of the B−A transition,

respectively. The 1−1 band is more intense than the 1−0 one
by a ratio of 70 to 60.
The general characteristics of the rotational structure of a

1Σ+−1Π transition are very well-known. However, in the case of
the examined spectra, a major complication in their
interpretation was caused by the fact that each of the examined
bands was overlapped with the analogous spectrum of the
13C16O molecule band, which was a little less intense than the
examined one. The reason for this was the use of 17O2
molecular gas in the experiment, which was of the purity not
exceeding 70%. The next very important complication was
caused by overlap between the examined 1−0 band of the
Ångström system with and the 0−2 band of the Herzberg (C−
A) system, for both the 13C17O and 13C16O isotopologues. The
band heads of these bands appear in the region of further J-
values of the 1−0 band of the B−A system, which causes a
significant impact on the weak lines of the Ångström system
being in this place. In turn, fortunately, the bands of the B−A
system from the 12C17O and 12C16O molecules are negligibly
weak because of a very high spectral purity of 13C carbon
(99.98%) that formed as a deposit on the cathode of the source
lamp (see section II). However, the biggest complication that
made the interpretation of the examined bands difficult was the
strong perturbation concerning rotational levels of the A1Π (v =
0, 1) lower state of the Ångström system, for both the e and f
component of the Λ-doubling.
Before a preliminary rotational interpretation of the

examined 1−0 and 1−1 bands of the Ångström system in the
13C17O molecule, we identified the lines belonging to the 1−0
and 1−1 bands of 13C16O molecule on the basis of the data
provided by Rytel,81 and the lines belonging to the 0−2 band
head of the Herzberg (C−A) system in the 13C16O molecule on
the basis of data provided by Kep̨a,94 to eliminate their impact

Table 1. Summary of Observations and Analyses of the
Ångström (B1Σ+−A1Π) Band System in the Rare 13C17O
Isotopologue

band
no. of
lines

no. of extra
lines

band head
(cm−1) Jmax

103σa

(cm−1)

1−0 60 28 24166.636 21 2.35
1−1 58 22729.973 21 1.03

aStandard deviation of the fit for the individual band analysis.

Table 2. Observed Wavenumbers and Their Rotational Assignments for the 1−0 Band of the Ångström (B1Σ+−A1Π) Band
System in the Rare 13C17O Isotopologuea,b

J P11ee(J) Q11ef(J) R11ee(J)

1 24172.1748 c 24174.2516 (0) 24182.9163 (0)
2 24168.4667 (3) 24175.5448 (0) 24186.3675 (−3)
3 24167.1138 (−6) 24177.5281 (0) 24192.1760 (7)
4 24166.6353 (3) 24152.9541 (60) 24180.2237 (0) 24198.8542 (−2) 24185.1721 (60)
5 24167.4801 (6) 24155.5275 (60) 24183.6768 (0) 24161.0172 (60) 24206.8554 (−6) 24194.9034 (60)
6 24170.3259 (25) 24158.2386 (−25) 24187.9954 (0) 24167.7574 (25) 24216.8568 (60) 24204.7756 (25)
7 24175.2497 (60) 24160.9820 (2) 24193.4038 (0) 24175.2497 (25) 24228.9338 (60) 24214.6671 (−2)
8 24163.3820 (5) 24200.0815 (0) 24183.1933 (25) 24224.2178 (−4)
9 24165.9759 (7) 24208.5450 (25) 24191.2362 (0) 24233.9601 (−7)
10 24169.1065 (4) 24218.9954 (25) 24199.1433 (0) 24244.2372 (−4)
11 24158.2736 (60) 24173.0132 (−13) 24231.3667 (25) 24206.9869 (0) 24240.5467 (25) 24255.2898 (12)
12 24165.8731 (60) 24178.1242 (3) 24245.3490 (60) 24214.9737 (0) 24255.2878 (60) 24267.5370 (−4)
13 24173.3064 (60) 24185.1712 (4) 24260.7579 (60) 24223.2940 (0) 24269.8541 (60) 24281.7195 (−4)
14 24180.1545 (8) 24194.4116 (60) 24277.6982 (60) 24232.0441 (0) 24283.8334 (−9) 24298.0934 (60)
15 24186.6524 (6) 24205.6554 (60) 24241.2986 (0) 24297.4590 (−6) 24316.4609 (60)
16 24193.2803 (8) 24251.0876 (0) 24311.2089 (−9)
17 24200.3536 (−62) 24261.4570 (0) 24325.4139 (61)
18 24207.8575 (−1) 24272.4366 (0) 24340.0182 (2)
19 24215.9986 (1) 24284.0494 (0) 24355.2657 (0)
20 24225.0703 (0) 24296.6122 (0)
21 24233.0793 (0)

aIn cm−1, values in parentheses denote observed minus calculated values in units of 10−4 cm−1 (apart from values given with extra lines). bExtra lines
are marked in bold; 1σ in parentheses. cLess accurate lines not used in the evaluation of individual rotational constants of the states under
consideration.
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on further interpretation process. For the same purpose, we
also carried out the preliminary and partial rotational
interpretation of the region of the 0−2 band head of the
Herzberg (C−A) system in the 13C17O molecule. We also
evaluated rotational molecular constants for the upper and
lower states of the Ångström system in the 13C17O molecule on
the basis of the data provided by Kep̨a79 for the 12C16O

molecule by means of the Dunham’s isotopic relationship. The
appropriate formulas were given by Dunham95 and Brown et
al.96 On this basis, theoretical values of wavenumbers of the
bands lines, which interest us, were calculated. Then, we carried
out the preliminary assignment of rotational quantum numbers
of the lines belonging to the 1−0 and 1−1 bands of the
examined system in the 13C17O molecule, and assigned them to

Table 3. Observed Wavenumbers and Their Rotational Assignments for the 1−1 Band of the Ångström (B1Σ+−A1Π) Band
System in the Rare 13C17O Isotopologuea

J P11ee(J) Q11ef(J) R11ee(J)

1 22734.9945 c 22738.5346 (0) 22745.7343 (0)
2 22732.8002 (6) 22739.7552 (0) 22750.7005 (−5)
3 22731.2289 (5) 22741.7116 (0) 22756.2889 (−4)
4 22730.2725 (−3) 22744.3408 (0) 22762.4925 (3)
5 22729.9734 (−4) 22747.6461 (0) 22769.3507 (4)
6 22730.2725 (3) 22751.6279 (0) 22776.8039 (−3)
7 22731.2289 c 22756.1842 (0) 22784.9101 (0)
8 22732.8002 (−9) 22761.3376 (0) 22793.6387 (9)
9 22734.9945 (5) 22767.1413 (0) 22802.9790 (−6)
10 22737.8182 (0) 22773.5475 (0) 22812.9444 c
11 22741.2568 (6) 22780.5719 (0) 22823.5297 (−6)
12 22745.3620 c 22788.2375 (0) 22834.7690 (0)
13 22750.0588 (0) 22796.5364 (0) 22846.6130 c
14 22755.4190 (−11) 22805.4712 (0) 22859.1017 (10)
15 22761.4135 (6) 22815.0387 (0) 22872.2201 (−6)
16 22768.0439 (−7) 22825.2076 (0) 22885.9756 (7)
17 22775.3228 (15) 22836.0402 (0) 22900.3678 (−15)
18 22783.2229 (0) 22847.5075 (0)
19 22791.7560 (0) 22859.5994 (0)
20 22800.9285 (0) 22872.3288 (0)
21 22885.6859 (0)

aIn cm−1, values in parentheses denote observed minus calculated values in units of 10−4 cm−1. cThe less accurate lines not used in the evaluation of
individual rotational constants of the states under consideration.

Figure 2. Expanded view of the 1−0 band of the Ångström (B1Σ+−A1Π) system in the rare 13C17O isotopologue together with the rotational
assignments. The dotted lines indicate the tips of the relatively very strong Th calibration lines. The band−head regions of the less intense 1−0 band
of the Ångström (B1Σ+−A1Π) system in the 13C16O molecule and for the first time recorded in molecule 13C17O the part of the (0−2) band of the
Herzberg (C1Σ+−A1Π) system are indicated at the bottom of the figure. An asterisk indicates extra lines belonging to the 1−1 band of the (B1Σ+−
e3Σ−) intercombination system, which is the result of the strong interaction A1Π (v = 0) ∼ e3Σ− (v = 1).
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the correct branch: P, Q, or R. Some of the lines were
interpreted as extra lines belonging to the B1Σ+(v = 1)−e3Σ− (v
= 1) transition. The extra lines brought relevant information on
the e3Σ− state, so far unobserved for the rare 13C17O molecule.
The method of a final verification of the correctness of the

examined bands interpretation was described in the next
section. A high quality, expanded view of the 1−0 and 1−1
bands of the Ångström (B−A) system in 13C17O molecule
together with the rotational interpretation is presented in
Figures 2 and 3, respectively.

IV. ANALYSIS AND RESULTS
Due to the strong and vast perturbation (described in detail in
section V) appearing in the A1Π state (especially in the v = 0
vibrational level) reduction of the wavenumbers of the
examined molecular lines of the 1−0 and 1−1 bands of the
B−A system in the 13C17O molecule to rovibronic parameters
was carried out by means of an individual band-by-band
analysis, using the linear least-squares method proposed by
Curl and Dane97 and Watson.98 This method allowed us to
separate molecular information about the regular B1Σ+(v = 1)
upper state from the one that concerned the strongly perturbed
A1Π (v = 0, 1) lower state of the Ångström system. In this
method the B1Σ+ state was represented by the effective
Hamiltonian proposed by Brown et al.96 (a widely known
theoretical model, shown and described in our previous
work73). This procedure allowed us to obtain two series of
individual rotational molecular constants for the B1Σ+(v = 1)
state, received from separate fits of the 1−0 and 1−1 bands of
the Ångström system in the 13C17O molecule. During this
procedure we also obtained real (perturbed) T(v;J)obs term
values for the (v = 0, 1) vibrational levels of the A1Π state in the
rare 13C17O isotopologue.
The calculation of the final rotational molecular constants of

the B1Σ+ state in the rare 13C17O isotopologue was carried out
by means of the least-squares merge fit method proposed by
Albritton et al.99 and Coxon100 with the use of the 1−0 and 1−
1 bands, analyzed in this work. The estimated variance of the
merging and the numbers of degrees of freedom were σM

2 =
0.94 and fM = 2, respectively. Constants of the B1Σ+ state for
the 13C17O molecule were obtained for the first time. The
results are shown in Table 4.

Next, the individual rotational constants of the strongly
perturbed A1Π (v = 0,1) lower state and the 1−0 and 1−1 band
origins of the Ångström system in the rare 13C17O molecule
were calculated by means of the linear least-squares method, in
which both states taking part in transitions were represented by
the effective Hamiltonian of Brown et al.96 However, for the
perturbed A1Π state, this model was simplified to the version in
which additional perturbing matrix elements were disregarded
and only the wavenumbers of regular spectral lines were used in
this fit by means of the computer program described by
Bembenek et al.101 Therefore, molecular constants obtained in
this way for the A1Π state are effective ones. Those constants
for the (v = 0) vibrational level of A1Π state in the rare 13C17O
molecule are presented for the first time. During this fit,
constants of the regular B1Σ+(v = 1) upper state were
constrained to the very precise and well described, merged
molecular constants, calculated in the previous stage. The
results are presented in Table 5. The band origins of the 1−0
and 1−1 bands of the B−A system, unknown so far in the
13C17O molecule, are presented in Table 6. During this

Figure 3. Expanded view of the 1−1 band of the Ångström (B1Σ+−A1Π) system in the rare 13C17O isotopologue together with the rotational
interpretation. The dotted lines indicate the tips of the relatively very strong Th calibration lines. The band−head regions of the less intense 1−1
band of the Ångström (B1Σ+−A1Π) system in the 13C16O molecule and for the first time recorded in molecule 13C17O the part of the (0−3) band of
the Herzberg (C1Σ+−A1Π) system are indicated at the bottom of the figure.

Table 4. Molecular Constants of the B1Σ+ Rydberg State in
the Rare 13C17O Isotopologuea

individual constant

B1Σ+ from 1 to 0 band from 1 to 1 band merged constant

B1 1.790 216 (42) 1.790 238 (27) 1.790 227 (23)
106D1 6.181 (79) 6.271 (58) 6.233 (47)

aIn cm−1, 1σ in parentheses.

Table 5. Molecular Constants of the A1Π (v = 0) State in the
Rare 13C17O Isotopologuea

A1Π individual effective constant

B0 1.504 85 (78)
D0 × 106 7.52b

aIn cm−1, 1σ in parentheses. bObtained from the deperturbed
molecular constants of the 12C16O molecule given by Field102 by
using standard isotope relations and constrained during the evaluation
of the individual effective molecular constants to determine the
rotational constants B0 with greater precision.

The Journal of Physical Chemistry A Article

dx.doi.org/10.1021/jp4077239 | J. Phys. Chem. A 2013, 117, 12299−1231212303



procedure the unperturbed T(v;J)calc term values of the A1Π (v
= 0, and 1) state were also calculated.

The rotational equilibrium constants in the rare 13C17O
molecule were determined for both the B1Σ+ and A1Π states in
this work for the first time. Those calculations were made by
means of the weighted least-squares method on the basis of the
merged rovibronic constant values, determined in this work and
in the work of Hakalla et al.,73 assuming their traditionally
recognized polynomial dependence on the vibrational quantum
number.
Calculating the rotational equilibrium constants for the A1Π

state, highly precise, deperturbed rotational constants of this
state were used, given by Field et al.102 for the 12C16O molecule
(recalculated by means of the standard isotopic relations to the
examined 13C17O molecule, and constrained in the calculation
giving the final equilibrium constants). The results are
highlighted in Table 7.
Similarly, the vibrational equilibrium constants in the rare

13C17O molecule were determined for both the B1Σ+ and A1Π
states in this work for the first time. To determine the
vibrational equilibrium constants with a higher precision, the
quantum ΔG1/2 for the regular B1Σ+ state was obtained by

solving equations based on the classic McKellar and Jenkins
formulas,103 and its value is

Δ = −G 2010.9622(69) cm1/2
1

(As a result of this calculation, the following was also obtained:
B0−B1 = 2.339 (36) × 10−2 cm−1.)
Next, on the basis of the derived ΔG1/2 value for the B1Σ+

state and using all of its already known values for the 12C16O,79
13C16O,82 12C18O,14C16O,13C18O,66 and 14C18O69 isotopologues,
by means of the weighted least-squares method, the ωe and
ωexe constants for the B1Σ+ Rydberg state were calculated.
Additional vibrational data published by Kep̨a et al.137 in the
A1Π state of 13C16O, recalculated by means of the standard
isotopic relations to the 13C17O molecule, were used. These
values were constrained in the calculation of the rest of the
vibrational equilibrium parameters. The results are presented in
Table 7.
Because only the (v = 0)73 and (v = 1) (this work)

vibrational levels of the B1Σ+ state have been observed so far in
the 13C17O molecule, the rotational equilibrium constants for
this state were determined from a fit of the data in which the
number of data equal the number of determined parameters. In
that case standard deviations of equilibrium parameters were
calculated by means of the Gauss error propagation method.
However, due to insufficient amount of experimental data

and strong, multistate perturbations of the A1Π state, we did
not manage to determine satisfactorily ωexe equilibrium
vibrational constants of the A1Π state. Also, due to
predissociation appearing in the B1Σ+ state between the (v =
1) and (v = 2) vibrational levels, which dramatically shortens
the 1−v″ progression bands of the Ångström system, we were
not able to satisfactorily determine the βe centrifugal
equilibrium rotational constant for the A1Π state.
The equilibrium constants included in Table 7 were then

used to determine the RKR turning points, Y00 Dunham’s
factor, and zero point energy for the B1Σ+ as well as for the A1Π
states for the first time in the rare 13C17O molecule. The results
of these calculations are presented in Table 8. Also, for the first
time for the 13C17O molecule, the Franck−Condon factors,
relative intensities, and r centroids of the Ångström band
system were determined and are presented in Table 9.

V. PERTURBATIONS IN THE ÅNGSTRÖM BAND
SYSTEM FOR THE RARE 13C17O ISOTOPOLOGUE
A. Perturbations in the A1Π State. The A1Π singlet state

in the CO molecule belongs to the most intensely and the most
extensively perturbed electronic states among all electronic
states of all known diatomic molecules. As the A1Π state is
located in the 66 000 cm−1 region, there are no fewer than six
other electronic states in its vicinity, which interact with it, that
is, I1Σ−, D1Δ, e3Σ−, a′3Σ+, a3Πr, and d3Δi.
The perturbations of the rotational structure are observed

practically for each vibrational level of the A1Π state. The
perturbations of the state under consideration in the 12C16O
principal isotopologue were analyzed and described many
times.41,50,59,61,76−79,102−126 Systematic classification of the
perturbations appearing in this state in the 12C16O molecule
was carried out by Krupenie.105 Simmons et al.106 made a
critical analysis of this study as well as completed it. A
conclusive analysis and deperturbational calculations for the
A1Π state in the ordinary 12C16O molecule were carried out by
Field et al.102,108 LeFloch et al.111 conducted a comprehensive

Table 6. Band Origins of the Ångström (B1Σ+−A1Π) System
in the Rare 13C17O Isotopologuea

band band origin

1−0 24 172.57 (15)
1−1 22 737.0306 (79)

aIn cm−1, 1σ in parentheses.

Table 7. Equilibrium Molecular Constants of the B1Σ+ and
A1Π States in the Rare 13C17O Isotopologuea

state

constant B1Σ+ A1Π

σe 21 854.015 (51)
ωe 2076.04 (57)b 1463.340 (21)
ωexe 32.54 (28)b 16.46c

102ωeye 2.24c

Be 1.824 678 (15) 1.499 02 (12)
102αe 2.2967 (24) 1.7782 (49)
103γe −0.8684d

104εe 2.255d

105ηe −4.426d

106Y51 4.359d

107Y61 −2.434d

109Y71 7.183d

1011Y81 −8.773d

106De 5.226 (25) 7.36 (56)
107βe 6.71 (48) 1.27e

aIn cm−1, 1σ in parentheses. bThe value calculated on the basis of the
derived ΔG1/2 vibrational quantum for the 13C17O molecule and all its
already known values for other isotopologues of the CO. cThe value
calculated from the 12C16O parameters of Kep̨a et al.137 using the
isotopic relationship within the Born−Oppenheimer approximation.
dThe value calculated from the 12C16O parameters of Field102 using
the isotopic relationship within the Born−Oppenheimer approxima-
tion. eThe value calculated from the 12C16O parameters of Kep̨a et
al.113 using the isotopic relationship within the Born−Oppenheimer
approximation.
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study of perturbations emerging at the lowest (v = 0)
vibrational level of the A1Π state. In his next work, LeFloch114

analyzed perturbations emerging at the (v = 0−4) level of the
state under consideration of the 12C16O molecule. Ultimately,

LeFloch116 calculated very precise values of the terms for the
A1Π (v = 0−8) state in the molecule under consideration.
Far fewer studies on the A1Π state have been carried out in

o t h e r i s o t o p o l o g u e s o f t h e C O m o l e -
cule.66−73,80−86,107,125,127−137 What is worth noticing is the
fact that observations and analyses of the perturbations of the
A1Π state in isotopologues of the CO molecule allow
confirmation of the accuracy of the previous theoretical
analyses and verification of the quality of determined molecular
constants of interacting states.
The first theoretical and experimental analysis of the

perturbation of the A1Π state in the rarest natural and stable
isotopologue of the CO molecule, that is, in the 13C17O
molecule, has been recently carried out by Hakalla et al.73

(perturbations appearing in v = 1 and 2). However, the present
study shows for the first time for the 13C17O isotopologue the
results of studies on perturbations of the A1Π (v = 0)
vibrational level. It also presents the reanalysis of perturbations
appearing in the (v = 1) vibrational level of the A1Π state,
which confirms previous studies.73

At the outset of the analysis concerning the perturbations
mentioned above, their prevalence areas were theoretically
calculated. It was performed by means of the rovibronic term
crossing diagram of I1Σ− (v = 0−2), D1Δ(v = 0−1), e3Σ− (v =
1−3), a′3Σ+(v = 9−11), a3Πr(v = 11−12), and d3Δi(v = 4−6)
states, together with the A1Π (v = 0, 1) state. The results are
shown in Figure 4. Appropriate calculations were made on the
basis of molecular constants of rovibronic structure of the A1Π

Table 8. Vibrational Levels and RKR Turning Points of the
B1Σ+ and A1Π States in the Rare 13C17O Isotopologuea

B1Σ+ A1Π

vibrational level Y00 = −2.9025 Y00 = −0.9307

re 1.119 820 (5) 1.235 470 (49)

G(v) + Y00 1029.8850 727.5270
v = 0 rmin 1.07597 1.18309

rmax 1.17035 1.29539

G(v) + Y00 3040.8450 2157.8095
v = 1 rmin 1.04706 1.14882

rmax 1.21291 1.34529

G(v) + Y00 4986.7250b 3555.2471
v = 2 rmin 1.02841b 1.12707

rmax 1.24554b 1.38321

G(v) + Y00 4920.0440c

v = 3 rmin 1.11039c

rmax 1.41648c

aG(v) and Y00 are in cm−1. All r values are in Å. bValues determined
theoretically for the (v = 2) vibrational level of the B1Σ+ state,
unobserved so far in the 13C17O molecule. cValues determined
theoretically for the (v = 3) vibrational level of the A1Π state,
unobserved so far in the 13C17O molecule.

Table 9. Franck−Condon Factors, Relative Intensities, and r
Centroids for the Ångström (B1Σ+−A1Π) Band System in
the Rare 13C17O Isotopologuea

B1Σ+(v)

A1Π (v) 0 1 2b

0 8.1137 × 10−2 0.2378 0.3122
3.4669 10.0000 10.0000
1.1839 1.2117 1.2404

1 0.1760 0.1810 1.3866 × 10−2

7.8011 7.1618 0.4199
1.1640 1.1892 1.2026

2 0.2127 3.5599 × 10−2 5.9497 × 10−2

10.0000 1.3866 1.7003
1.1455 1.1672 1.2019

3c 0.1898 3.1065 × 10−3 0.1126
9.4197 0.1284 3.0304
1.1280 1.1637 1.1787

aThe values represented in sequence one under the other stand for the
Franck−Condon factor, relative intensities (in (energy/S) scaled to
10), and r centroids (in Å) for each band. bValues determined
theoretically for the (v = 2) vibrational level of the B1Σ+ state,
unobserved so far in the 13C17O molecule. cValues determined
theoretically for the (v = 3) vibrational level of the A1Π state,
unobserved so far in the 13C17O molecule.

Figure 4. Rovibronic term crossing diagram of the perturbed A1Π (v =
0, 1) levels together with I1Σ− (v = 0−2), D1Δ(v = 0−1), e3Σ− (v = 1−
3), a′3Σ+(v = 9−11), a3Πr(v = 11−12), and d3Δi(v = 4−6) states in the
rare 13C17O isotopologue. Points of intersection (marked by circles)
correspond to the regions for which the strongest perturbations are
expected. Compare this figure with Table 10.
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(v = 0, and 1; J = 0−40) state, determined in this work and in
the work of Hakalla et al.73 for the 13C17O molecule, as well as
on the basis of constants of the I, D, e, a′, a, d states, calculated
by Field,102 and for the D state, calculated by Kittrell and
Garetz138 in the 12C16O molecule, and recalculated to the
13C17O molecule by means of standard isotopic relations.
The experimental classification and analysis of the observed

perturbation of the A1Π (v = 0, 1) state, on the basis of
wavenumbers of the 1−v″ progression bands of the Ångström
system in the 13C17O molecule, were carried out by means of
f x(J) and gx(J) functions (where x = Q and PR), as introduced
by Gerö139 and Kovaćs.140 Detailed description of their
properties and applications was presented in our previous
work.73 Figures 5 and 6 as well as Figures 7 and 8 present

functions: f Q(J) with fPR(J) and gQ(J) with gPR(J), for the v = 0
and 1 vibrational levels, respectively. Uncertainties of single
measurements are negligibly small in the scales used in these
graphs.
Identification of the perturbing states was conducted on the

basis of relations displayed in Figures 5 and 6, and in Figures 7
and 8, as well as on the basis of the results of calculations
presented in the rovibronic term crossing diagram in Figure 4.
Already at this stage, one can observe close correspondence
between the results received in this work for the A1Π (v = 1)
state (Figures 7 and 8) on the basis of the (1−1) band, and the
results obtained for the same vibrational level, which were
reported by Hakalla et al.73 (Figures 4 and 6) on the basis of
the (0−1) band. This correspondence confirms the correctness

Figure 5. Perturbation in the v = 0 level of the A1Π state in the rare 13C17O isotopologue illustrated by the f x(J) functions of Kovaćs,
140 where x = Q

or PR , plotted for the 1−0 band of the Ångström system. The reason for the appearance of additional curves is a strong rotational interaction
between the A1Π (v = 0) and e3Σ− (v = 1) states, which leads to the emergence of extra lines (see section VB and Table 2 with the description).

Figure 6. Perturbation in the v = 0 level of the A1Π state in the rare 13C17O isotopologue illustrated by the gx(J) functions of Kovaćs,
140 where x = Q

or PR , plotted for the 1−0 band of the Ångström system. The reason for the appearance of additional curves is a strong rotational interaction
between the A1Π (v = 0) and e3Σ− (v = 1) states, which leads to the emergence of extra lines (see section VB and Table 2 with the description).

Figure 7. Perturbation in the v = 1 level of the A1Π state in the rare
13C17O isotopologue illustrated by the f x(J) functions of Kovaćs,140

where x = Q or PR , plotted for the 1−1 band of the Ångström system.

Figure 8. Perturbation in the v = 1 level of the A1Π state in the rare
13C17O isotopologue illustrated by the gx(J) functions of Kovaćs,140

where x = Q or PR , plotted for the 1−1 band of the Ångström system.

The Journal of Physical Chemistry A Article

dx.doi.org/10.1021/jp4077239 | J. Phys. Chem. A 2013, 117, 12299−1231212306



of interpretation and analysis performed in the A1Π (v = 1)
state in the J ≤ 20 range.
The occurrence and quantity of perturbations appearing in

the rotational structure of the observed bands, for both the e
and f components of the Λ-doubling, can be directly
determined by means of a plot of the deviations of the
observed (perturbed) T(v,J)obs term values from those of the
calculated (unperturbed) T(v,J)calc ones, versus the rotational
quantum number J. In Figure 9 we presented the results of the

rotational structure of both the A1Π (v = 0) vibrational level,
not analyzed so far in the 13C17O molecule, and the reanalyzed
A1Π (v = 1) state. Term values were calculated by means of the
method described in section IV of this paper. As we can notice,
there are extensive and strong rotational discontinuities in the
structure of rotational terms of the A1Π (v = 0) vibrational
level. The strongest perturbations fall on the J = 5−6 and J =
13−14 regions for the e component, and on the J = 8−9 region
for the f component, and the values amount to about 6 and 9
cm−1, respectively. Those perturbations are caused by a closely
lying e3Σ− electronic state (Figure 4). There are not many
regular lines of the (1−0) band of B−A system of the 13C17O
molecule (only about 17). Hence, serious difficulties arise in
obtaining satisfactory effective rotational constants of the A1Π
(v = 0) state. Comparison of the perturbations, observed in the
A1Π (v = 0) state, with those that we predicted theoretically in
the 13C17O molecule for both components of the Λ-doubling
was presented in Table 10. On the basis of this table, it is worth
noting that there is overall correspondence between exper-
imental and theoretical results, with an exception of the
perturbation of the e component of the A1Π (v = 0) caused by
the e3Σ− (v = 1) state, whose experimental maximum falls on J
= 13−14.
B. The e3Σ− State in the Rare 13C17O Molecule. As one

can notice in Figure 2 showing the emission spectrum of the
(1−0) band of the Ångström system for the 13C17O molecule,

and also in Figures 5 and 6 presenting functions f Q(J) with
fPR(J) and gQ(J) with gPR(J) of this band, the authors of this
work have observed numerous extra lines appearing in the J = 9
region for the f component, as well as in the J = 6 and 14
regions for the e component of Λ-doubling. They result from
rovibronic emission transitions from the regular B1Σ+(v = 1)
state to the state that strongly perturbs the lower A1Π (v = 0)
state of the Ångström system in the 13C17O molecule.
Theoretical calculations made in this work (represented in
Figure 4 and Table 10), verified by our experiment (Figures 2,
5, and 6 and Table 10) show that the e3Σ− (v = 1) state is this
perturber in the molecule under consideration. The F1e(J) and
F3e(J) components of the e3Σ− (v = 1) state are the cause of
perturbations emerging in the P11ee(J) and R11ee(J) branches,
and the F2f(J) component of the e

3Σ− (v = 1) state perturbs the
regularity of the Q11ef(J) branch of the B1Σ+−A1Π transition.
Calculations of molecular constants of the perturbing state

were performed by means of the methods described by
Kovaćs,140 which make use of the f x(J) and gx(J) functions,
where x = Q and PR . The analysis by means of the f x(J)
function for the (1−0) band of the B1Σ+−A1Π band system in
the 13C17O molecule made it possible to obtain the rotational
constant value for the e3Σ− (v = 1) state in this molecule for the

first time: B1
e3Σ−

= 1.1582 (31) cm−1. This constant, however, is
not satisfactory because it is not compatible with the value
received by means of standard isotopic relations, which is based
on the deperturbed rotational constant of the e3Σ− (v = 1) state
in the ordinary 12C16O molecule, published by Field.102 The
reason for this is the extremely extensive, strong and complex
perturbation, discussed here, which causes dramatic limitation
of regular molecular lines of the (1−0) band of the B−A system
in the 13C17O molecule, and by this leads to reduced accuracy
of determining effective rotational constant B0 = 1.504 85 (78)
cm−1 of the A1Π perturbed state, which is a component of the
calculations. To check the accuracy of determining values of

other quantities involved in the calculation of the B1
e3Σ−

constant, in this method we used, instead of our effective
constant B0 of the A

1Π (v = 0) state, the deperturbed one given

Figure 9. Differences between the observed and calculated term values
of the A1Π (v = 0 and 1) rovibrational levels in the rare 13C17O
isotopologue.

Table 10. Observed and Predicted Perturbations of the A1Π
(v = 0) State in the Rare 13C17O Isotopologue

maximum perturbation (J) of the Λ-
doubling component

f e perturbing state

obs calc obs calc
triplet

component
vibrational

level

5−6 4−5 F(1)
8−9 7−8 F(2) e3Σ− (v = 1)

13−14 10−11 F(3)

a 20−21 a 20−21 F(3)
a 24−25 a 24−25 F(2) d3Δi (v = 4)
a 28−29 a 28−29 F(1)

a 29−30 F(1)
a 32−33 F(2) a′3Σ+ (v = 9)

a 35−36 F(3)

aThe regions unverified by the experiment.
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by Field102 for 12C16O and recalculated for the 13C17O molecule
by means of standard isotopic relations. And here is the final
result:

= −∑−

B 1.1698(31) cm1
e 13

This result is compatible with both values assessed theoretically
by means of standard isotopic relations on the basis of the data
given by Field102 as well as by Tilford and Simmons141 for the
12C16O molecule.
The results of this comparison were presented in Table 11.

This proved that the remaining values used in Kovaćs’s

method140 are correct within its uncertainties. Thus, the
rotational assignments of extra lines appearing as a result of the
e3Σ− (v = 1) ∼ A1Π (v = 0) perturbation in the 13C17O
molecule are also correct.
Next, an analysis based on the gx(J) function was carried out;

however, some formulas and results are presented by somewhat
different means than the original ones.103,142 Using these
formulas in relation to the gx(J) function and the (1−0) band
origin of the B−A system in the 13C17O molecule, determined
in this work, the B−e (1−1) band origin was calculated in the
examined molecule for the first time: σ11

B−e = 24 144.72 (30)
cm−1, which also gives satisfactory agreement with the values
calculated theoretically on the basis of the data given by
Field102 and Tilford and Simmons141 from the 12C16O
molecule, recalculated by means of standard isotopic relations.
The results of this comparison and of the above analyses are
presented in Table 11.
C. Perturbations in the B1Σ+(v = 1) Rydberg State. For

the first time Janjic ́ et al.80 wrote about a possible perturbation
that appears in the B1Σ+(v = 1) state, examining the 1−6 band
of the Ångström (B−A) system in the 13C16O molecule. They
claimed that they had found a rotational perturbation appearing
in the B1Σ+(v = 1) state between the J = 7 and J = 8 rotational
levels. They also observed that the rotational constant of the
perturbing state is larger than the rotational constant of the
perturbed B1Σ+(v = 1) state. These first reports were confirmed
by Kep̨a et al.82 who at the same time calculated the maximum
value of this perturbation on Tobs − Tcalc ≈ −0.05 cm−1 for J = 7
in the B1Σ+(v = 1) state of the 13C16O molecule.
It is obvious that the place of occurrence and size of a

perturbation change, very often significantly in different
isotopologues. Therefore, our aim is not to verify the
perturbation discovered by Janjic ́ et al.80 and by Kep̨a et al.82

(because to do this, we would need to deal with the analysis of

different transitions involving the B1Σ+(v = 1) state exclusively
in the 13C16O molecule), but rather to check if this type of
perturbation also appears in the rare 13C17O molecule, studied
by us, in the region close to J ≈ 7−8. In the 1−v″ progression
analysis of the Ångström (B−A) system carried out in the
13C17O molecule, within this work, we do not observe this type
of perturbation appearing in the B1Σ+(v = 1) state for the J ≈
7−8 rotational levels. There may be a few reasons for this state
of affairs. First, there is a perturbation in the A1Π (v = 0) state
in the 13C17O molecule just in the J = 8−9 region caused by the
e3Σ− (v = 1) state (Table 10 and Figure 9). Due to this fact, on
the basis of the (1−0) band analysis we are not able to observe
any possible perturbation in this area that could concern the
B1Σ+(v = 1) state. However, the A1Π (v = 1) state analysis on
the basis of the (1−1) band of the Ångström system in 13C17O
provides evidence that in the 13C17O molecule under
consideration the B1Σ+(v = 1) state is completely regular for
J ≥ 8, and the perturbation disrupting initial terms for A1Π (v =
1) (Figure 9) is caused by a well-known reason, namely a′1Σ+(v
= 10) state (see Hakalla et al.,73 Table 10). Also, graphs of the
f x(J) and gx(J) functions for the (1−1) band of the B−A system
in the 13C17O molecule (Figures 5 and 6) give evidence that in
the 13C17O molecule there is not any perturbation, mentioned
above, of the B1Σ+(v = 1) state. Therefore, it is completely
regular in this molecule. It seems that the rotational
perturbation in the B1Σ+(v = 1) state between the J = 7 and
J = 8 levels, discovered by Janjic ́ et al.80 and Kep̨a et al.82 for the
13C16O molecule, either significantly becomes weaker in the
heavier 13C17O molecule or considerably changes its location.

D. Predissociation of the B1Σ+ Rydberg State.
Predissociation that appears in the B1Σ+ state, between v = 1
and v = 2 vibrational levels, in various isotopologues of the CO
molecule has been described in both theoretical and
experimental studies41,45,143,144 (and references therein).
Because B1Σ+(v > 1) vibrational levels are observed in
absorption exclusively, following the authors of Eidelsberg et
al.45 one can quote a conclusion in which B state is probably
predissociated by repulsive part of the D′1Σ+ state. The impact
of this interaction was also observed in this work as dramatic
weakening of intensities of molecular lines of the examined 1−
v″ progression of the Ångström system in 13C17O molecule for
the J > 20 region. Similar weakening was also observed by, for
example, Klopotek and Vidal41 for the 12C16O molecule for J >
17 and for the 13C16O molecule for J > 19. As one can see, our
result is satisfactory because for the heaviest molecule out of the
three mentioned above, that is, for 13C17O, the weakening
region of intensities of spectral lines caused by this
predissociation falls on the greatest values of the rotational
quantum number J > 20. It is obviously caused by smaller
energy-level spacing together with an increase in the reduced
mass of the molecule.
We hope that the results presented in this work will certainly

contribute not only to achieve a full deperturbation calculation
for the greatly complicated A1Π state but also to derive a new
precise value104 of the first dissociation limit in the CO
molecule.

VI. CONCLUSION

We believe that the first observation and analyses of the 1−v″
progression bands of the Ångström (B1Σ+−A1Π) band system
in the rare 13C17O isotopologue, which allowed obtaining many
molecular parameters for the first time such as: rotational

Table 11. Molecular Constants of the e3Σ− State Derived
from Analysis of the A1Π (v = 0) ∼ e3Σ− (v = 1)
Perturbation in the Rare 13C17O Isotopologuea

constant this work calculatedb calculatedc

B1
e3Σ−

1.1-698 (31) 1.17066 1.171077
(v0)11

B1Σ+−e3Σ−
24 144.72 (30) 24 145.83 24 145.71

aIn cm−1, 1σ in parentheses. bValues determined by means of standard
isotopic relation on the basis of the data concerning the 12C16O
molecule, published by Field.102 To calculate the theoretical band
origin, equilibrium vibrational constants of the B1Σ+ state (calculated
in this work) were also used. cThe value determined on the basis of the
data concerning the 12C16O molecule, published by Tilford and
Simmons141 by using standard isotopic relations. To calculate the
theoretical band origin, equilibrium vibrational constants of the B1Σ+

state (calculated in this work) were also used.
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constants for the B1Σ+(v = 1) state, equilibrium rotational and
vibrational constants of the B1Σ+ state, the RKR turning points
for the B1Σ+ as well as for the A1Π states, as well as the
Franck−Condon factors, relative intensities, and r centroids of
the Ångström band system, and also first molecular parameters
for the e3Σ− (v = 1) state in 13C17O, will significantly broaden
and improve the spectroscopic and quantum-mechanical
information, not only on the first, lowest lying Rydberg B1Σ+

electronic state, and on the most perturbed electronic state of
the CO molecule, that is, the A1Π state, but also on the entire
set of isotopically related carbon monoxide species, which plays
a crucial and important role both in environmental research and
in innovative, industrial technologies, and above all in basic
astrophysical research.

■ AUTHOR INFORMATION

Corresponding Author
*R. Hakalla: e-mail, hakalla@univ.rzeszow.pl; tel, (+48) 17-
851-87-03; fax, (+48) 17-851-86-61.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We express our gratitude for the financial support for the
European Regional Development Fund and the Polish state
budget in the frame of the Regional Operational Program of the
Carpathian (RPO WP) for the period 2007−2013 via the
funding of the Center for Innovation and Transfer of
Engineering and Natural Science Knowledge of the University
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