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bending triad of ¥GeHy(M = 70,72, 73,74, 76)
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e List of 164220transitions is presented
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Abstract

The high resolution infrared spectra of GeHy in its natural abundance were recorded
with a Bruker IFS125 HR Fourier transform infrared spectrometer at an optical res-

I where the

olution of 0.003 cm™! and analyzed in the region of 1400-2000 cm™
first bending overtone 2v5, 2v4 and combinational v, + v4 bands are located. Ro—
vibrational line positions and energies of the °GeH, species were analysed for the
first time and line positions and energies of the ?GeH, and ™GeH, species were
improved considerably in comparison with the preceding studies. The numbers
of 2316/2406/873/3007/2257 transitions with J™** = 21/23/18/22/19 of the 214
(A;— and E—type sub—bands), 2vy (A;—, F— and Fy—type sub—bands) and vy + 14
(Fi— and F—type sub-bands) bands of the GeH,, “GeH,, ?GeHy, ™GeHy, and
GeH, molecules were used in the joint weighted fit of experimentally assigned
transitions with the Hamiltonian model which takes the resonance interactions be-
tween the seven, (0200, A4,), (0200, £), (0101, Fy), (0101, F), (0002, A;), (0002, E)
and (0002, Fy), vibrational states into account. From our preceding studies 5563
hot band transitions were also taken into account. As the result of a joint fit, a set
of 129 fitted parameters was obtained which reproduce the initial 16422 experimen-
tal (including "hot*) tramsitions of five isotopologues with the d.,s = 3.26 x 1074
ecm~ ! A line strength analysis of the 1697 experimentally recorded transitions of
all species was made by the fit of their line shapes with the Hartmann-Tran pro-
file and 13 effective dipole moment parameters were obtained from the weighted
fit which reproduce the initial experimental line strengths with the d..s = 3.4%.

Self-broadening coefficients of 993 lines and self-shift coefficients of 674 lines were

determined from the multi-spectrum analysis of these lines.

1 Introduction

This work is a continuation of the recent high-resolution study of different isotopo-
logues of the germane molecule [1] — [3]. Knowledge of spectroscopic characteristics

of different isotopologues of germane is important in many fields of science and



Journal Pre-proof

technology, such as high purity semi—conductor manufacturing, [4] — [5], chemical
physics and astrophysics, [6] — [11], etc. One of the important problems of chemical
physics is the precise determination of intramolecular multidimensional potential
and dipole moment surfaces, which can be used in numerous applied investigations.
This problem can be solved by semi—empirical methods, or on the basis of ab initio
calculations. In both cases, knowledge of high accurate spectroscopic information
not only about the main species (in our case, "*GeH,), but also about all possible
isotopologues is very important. So one can state that high accuracy of spectro-
scopic information about characteristics of spectral lines (both line positions, and
line strengths and widths) of different isotopologues of a molecule is essential and

timely.

Germane in a natural isotopic composition produces complex infrared spectra. Not
less than five stable isotopologues exist in proper abundances with mass numbers of
70 (20.55 %), 72 (36.74 %), 73 (7.67 %), 74 (27.37 %) and 76 (7.67 %). Additional
complexity of the germane spectra arises from strong Coriolis interactions between
the 15 /vy and vy /v3 pairsof its fundamentals. Germane is a spherical top molecule,
and, as a consequence, it has no permanent dipole moment, and the possibilities
of the ground state combination differences (GSCD) method (which was efficiently
used by the authors in the study of molecules of other types, see, e.g., Refs. [12] —

[16]) are very limited as applied to germane.

In the present work we focus on the study of positions, strengths, line widths and
pressure shifts of different isotopologues of germane in the region of their 2vy, vy +
vy and vy bands. Earlier high resolution spectra of germane have been studied
in many laboratory investigations ([17]-[31] and references therein; see also recent
quantitative study of line positions and strengths of the Dijon group, [32], with the
resulting line lists included in the VAMDC/GeCaSDa database [33] and to be also
inserted in the next HITRAN update, as a new molecule for this database). As to

the spectral region considered in the present study, line positions in the 2vy, vy + 14
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and 2v,4 bands were discussed earlier in [1] — [3] where specially enriched "*GeH, [1],
GeH, [2] and ™GeHy [3] species have been analysed. In this case, line positions of
the discussed absorption bands of *GeH, and ™GeH, were not discussed earlier (in
[1] the ro—vibrational structure of the (0101, F;) and (0101, F3) vibrational states was
obtained from "hot* transitions). To our knowledge, experimental line strengths,
widths and line shifts of germane in the region of its pentad bending triad were not

discussed earlier at all for all isotopologues.

2 Experimental

The used GeH4 sample gas was purchased from Linde with a declared purity of
99.999%. This indicated purity was verified by three freeze-pump-thaw cycles. As
germane is a highly flammable, potentially pyrophoric/self-igniting and highly toxic
gas [34], precautions have to be taken. So before inlet into the optical cell, a limited
gas amount was prefilled in a 1000 ml bowl flask within a fume cupboard. The closed
filling system for the optical measuring cells was flushed with nitrogen immediately

after spectra recording, also compare [35].

For the present work; seven spectra of mono—germane in natural composition, GeHy,
have been recorded in our Braunschweig infrared laboratory in the spectral range
of 600 — 4800 cm ' (mostly 1400 — 2700 cm™!) with a Bruker IFS125HR Fourier
transform infrared spectrometer (Zirich prototype ZP2001 [36], see Table 1 for de-
tailed conditions. The first spectrum has been recorded with a stainless—steel White
cell with a base length of 1 m at the optical pathlength of 24.0524 + 0.012 m and
further six spectra were recorded with a one—path stainless—steel cell at the optical
pathlength of 230.5 + mm, all in combination with a MCT313 semiconductor detec-
tor. Further, a globar radiation source and a KBr beamsplitter were used at 0.003
cm ™! optical resolution and self-apodization (Boxcar). Between 300 and 1400 scans

have been averaged, see Table 1.
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For line strength determination, the accurate sample pressure is needed, so we used a
cascade of three temperature compensating Pfeiffer capacitance sensor gauges in ce-
ramic technology (CMR 361, CMR 362, and CMR 363), which are resistant against
aggressive gaseous media and independent on the type of gas. Here, we used the
first two with the ranges of 0.1 — 1100 hPa and 0.01 — 110 hPa. The manufacturer
claims an accuracy on the measured value of 0.2 % so that we estimate the total
errors of the sample pressures to be in the range of +0.5% during the whole time
spans of the presented experiments. The temperature was in the range of 23.4°C
to 23.8°C with a deviation within a single measurement of up to £0.7°C, compare
Table 1. It was monitored with a PT100 resistance thermometer, Ahlborn Almemo

2590, which has a stated accuracy of +0.03% on the measured value.

The line strength S can be derived from the area of a single absorption line Ay,
using the Beer—Lambert law, the pressure P of the pure gaseous species (GeHy), the

temperature 7" and the optical pathlength L:

S = ﬁALinev (1>

where

The line intensities can be obtained by direct integration of the measured effective
line absorbance, which can be fitted well by a Voigt profile or a Hartmann-Tran
line profile (as in the present work; compare line strength analysis in the following
Sections). At 1750 cm™! and room temperature the Doppler broadening for “GeH,
(the most abundant isotopologue of mono germane) is 0.0024 cm ™! and the instru-
mental line width is 0.0020 cm ™! at the adjusted optical resolution of 0.003 cm™! in

combination with boxcar apodisation. The full pressure widths for the seven spectra

in the order of Table 1 are 0.00045 (0.0032), 0.0036 (0.0048), 0.0072 (0.0079), 0.0108
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(0.0113), 0.0162 (0.0165), 0.0216 (0.0218), 0.0270 (0.0272) in cm~'. The numbers
in brackets are the total line widths which are approximated here by the root sum
square of the convolution of Doppler, pressure and instrumental line widths which
is in accordance with the experimental results. One can see that from the second
pressure value of 20 hPa on, the pressure width is dominating the total line width

increasingly with the pressure.

3 Assignment of transitions of the “GeH,, “GeH,
and “GeH, species

As the first step of the present analysis, we performed an assignment of transitions
of the °GeHy, ™GeH, and ™GeH, species in the studied spectra. For the conve-
nience of the reader two overview spectra I and Ila which have been recorded under
different experimental conditions, are shown in the upper traces of Figs. 1 and 2.
For illustration of the quality of the recorded spectra, small parts of the high reso-
lution spectrum Ila (for the stronger v» + v4 band) and I (for the weaker 215 and
2v4 bands) are shown in Figs. 3 — 6 where clusters belonging to different isotopic

species are marked.

For the assignnient of transitions, the ground state parameters from Ref. [37] were
used. As the result of the analysis, we assigned 3007 transitions with the value J™#*
= 22 to the “GeHy species, 2406 transitions with the value J™® = 23 to the ?GeH,
species, and 2316 transitions with the value J™# = 21 to the "°GeH, species (for
details, see statistical information in Table 2). The full list of assigned transitions

is presented as the Supplementary data 1 to this paper.
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4 Joint ro-vibrational analysis of the pentad bend-
ing triad of five, “'GeH,, “GeH,, ?GeH,, “GeH,,
and °GeH, isotopologues of germane

The information on 6873 transitions obtained in the present study and discussed
in Section 3 was added to the known information about the pentad bending triad
and "hot* transitions of ?GeHy, ®GeHy, ™GeHy, and GeH, from Refs. [1] - [3]
(for details, see statistical information in Table 2), and both used then in the joint
weighted fit of parameters of the effective rotational Hamiltonian,

Hm'b.—rat. _ Z Z |U7 ) ®H’ZL’$U’}1] 1

vy,v'y nl

S Y S M @ At e RS YD (3)

vy,w'y nlh QK

Here |v) are symmetrized vibrational functions; Y, SK.nT)

oy’ are spectroscoplc paramm-

eters; and ® denotes a tensorial product. In this case, when v = v’ and v = v/, the

parameters Yﬁ%’nr) describe the rotational structure of the vibrational state (v7y).

YQ(K ,nl)

vty | describe Fermi-type interactions.

If v =4/, but v # ¢/, the parameters
If v # 4" (v and v’ are arbitrary), the parameters yEEAD) Jeseribe Coriolis —type

vy,
K.nT")

interactions. The operators RN in Eq. (3) are determined as

R = 37 WG, R, o

where Ry\"are the so-called irreducible rotational operators of the SO(3) symme-
try group, [38] — [41]; and the reduction matrix elements )G™, are determined by
the specific point symmetry group. Speaking about molecules of the Ty symmetry

group, the numerical representation of the K)G™., values can be found in [42, 43, 44].

The following strategy was used in the fit of the Hamiltonian parameters. The
values of all 16422 transitions (including "hot*“ transitions)obtained in the present
study (see Section 3) and taken from [1] — [3] were used as the initial experimental

data in the fit procedure. High order centrifugal distortion, tetrahedral splitting

8
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and resonance interaction parameters which have been obtained in [1] — [3] from the
large amount of experimental data for the *GeH,, ®GeH, and "GeH, isotopologues
were constrained to the values of corresponding parameters from [1] — [3] for all five
isotopologues and were not varied during the fit. Such parameters are presented in
Table 3 without confidence intervals (in Table 3, the latter are shown in parenthesis
for the fitted parameters). All the other parameters were fitted by the usual pro-
cedure with the computer code SPHETOM of Tomsk Polytechnic University. After
that (for the convenience of readers because they are more familiar with the Dijon
STDS computer code [45] than with the SPHETOM code), values of all obtained
parameters were transformed (re-fitted with the Dijon STDS code) to the values
of corresponding parameters of the Dijon STDS format (about connection between
the SPHETOM and Dijon STDS parameters, see, e.g., Ref. [46]). The final values
of parameters of the triad bending states are presented (just in the Dijon STDS
format) in Table 3 together with their 1o statistical confidence intervals which are
shown in parenthesis. For the convenience of the reader, parameters being necessary
for calculation of the ground state and of the bending dyad are shown in Table 4
(parameters both from Table 3 and Table 4 can be directly used in the Dijon STDS
code). From comparison of the parameters of the same label for different isotopo-
logues one can make the conclusion that the obtained results are physically suitable.
In particular, for any fitted parameter the condition is fulfilled that the value of a
parameter, as a function of the mass of the Ge—nuclei, practically linearly depends
on the value of this mass (this condition is one of the main conclusions of the iso-
topic substitution theory, [47], for the GeHs—type molecules). The correctness of
the result is confirmed by the good reproduction of the initial experimental line po-
sitions of both the ”cold“ and "hot “ transitions by the set of 129 fitted parameters
from Table 3: the general d,,s value for the whole set of 16422 transitions (both
”cold“ and “hot*) is 3.26 x 107* cm™! (for more detailed statistical information on
the different bands of different isotopologues, see Table 2). For the ”cold*“ bands
of the GeHy, ™?GeH, and ™GeH, species which have been analysed in the present

study for the first time, Figs. 7a — 7c show the (observed — calculated) line positions
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and fit statistics.

5 Line strengths: Brief theoretical background

The theory of the line strength analysis of spherical top molecules on the basis of the
Irreducible Tensorial Sets theory (ITST) was derived in [48] (see also [49]). In this

section we very briefly present some basic relations necessary for the further analysis.

In the absence of external fields the intensity of the vibration-rotation line, due to

transitions from the |A) to |B) state, is determined by the expression (see., e. g.,

[50]):

831, hevy ga Ea
vy — ]_— —_— N Pl
S 47reo3hc[ eXp( kBT)} Z(T) eXp( T ) %4 (5)

where vy = (Ep—FE4)/hcis the wavenumber of the transition, and Ep and E 4 are the
upper and the lower ro-vibrational energies of the transition; g, is the nuclear spin
statistical weight (for the GeH, molecule g4 = 5, 5, 2, 3, and 3 for the ro—vibrational
states of the Ay, Ay, E, F}, and F; symmetry, respectively, Ref. [51]). The value
Z(T) is the partition function. In the present study we used Z(296.75) = 1724.46
for the ™GeH, species which has been calculated with the formula from Ref. [52]. In
general case, for the other temperatures, the partition function Z(7T') can be easily

determined by the formula:

Q) = QuT) x Qu(T Zexp( M)

27\ 4 ( KT \*? heBy,.
x(4>7T (thgr, P\ kT ) (6)

which is reproduced from Ref. [52] and valid for the molecules of the XHy (T4 sym-

metry) type with an accuracy no worse than 1 % (in Ref. [52] the notation Q(7') is
used for the partition function instead of Z(T")). For the calculation of the partition
function Z(T'), the value of B, = 2.695864734 cm™! has been taken from Ref. [37].

Analogously, partition functions were obtained for the four other species of germane.

10
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The according results are shown in the last line of Table 5.

The value Z§ = |(A|u'y|B)|* in Eq. (5) is the matrix element of the operator
py =G PG (7)

on the functions |A) and | B) of the lower and upper ro-vibrational states. The value
Py is the Z—component of the dipole moment of a molecule (see, e.g., [53], [54])

and, depending on the instantaneous distances between nuclei, it can be written as

P;=> kza (uZ Y et > Y o+ ) . (8)
« A

A=A
Here kyz, are elements of the direction cosines matrix, Ref. [55]; p¢ are the com-
ponents of the equilibrium (permanent) dipole moment of the molecule in the
molecular—fixed coordinate system; ¢, are dimensionless normal vibrational coor-
dinates, Refs. [56]-[57], of a molecule; and u), u)”, ... are the parameters which
describe the dependence of dipole moment components i, on the normal vibrational
coordinates. The first terms (u¢ in Eq. (8)) are responsible for the pure rotational
transitions; the second terms (which are proportional to the first order of vibrational
coordinates) are responsible for the appearance of the fundamental band transitions
in absorption (in more general case, of the bands which correspond to a change of
only one vibrational quantum number by unit), etc. The operator G which is pre-
sented in Eq. (7)is an unitary operator known from the theory of effective operators
(see, e.g., Refs. [56]-[67]). If one takes the results of the mentioned articles into
account, then it is possible to show that for an arbitrary polyatomic molecule Eq.

(7) can be transformed to the following expression
iy =Y 10) uz(vl, (9)

where the values "1z depend only on the operators kz, and .J, and do not depend
on the vibrational operators; |0) and (v| are the vibrational function of the lower

(in our case, of the ground) and upper vibrational states. In this case, the operators

11
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Y1z have the following form:
nz =) A, (10)
J

and "u; and YA; are called as the effective dipole moment parameters of a specific

vibrational band, (v| - |0), and symmetrized rotational operators.

It is well known (see, e.g., [40, 41], [68]-[70]), that the ro—vibrational spectroscopic
study of the XY, (T4) molecules is most efficient if one uses a special mathematical
formalism of the irreducible tensorial sets theory (ITST), [71]-[73]. The boggest
advantage of the ITST use consists in the possibility to replace the calculation of
numerous matrix elements of different operators by combinations of simple and
well-known values, such as Clebsch—Gordan coefficients, 31" and 61" symbols of the
SO(3) and of point symmetry (in our case, T;—symmetry) groups and of so—called
G-reduction matrixes. For the T;—symmetry molecules all of these coefficients are
well known (see, e.g., Refs. [55], [69], [74]-[75]), and they can be easily used for
calculation of the matrix elenients 2% in Eq. (5) on the basis of formulas, Eqs. (6)
— (10). All the above formulas should be adapted to ITST notations. In particular,
it is possible to show that the formula, Eq. (9), can be transformed to the following

expression [49]:

_ T =~
()" = 35 (oihiT) @ (walo [T @ ROSEAr ) PIEGER, (1)

v1l1'1,v2l2l2"

vila Ly
valal'2

In Eq. (11), the |v1l1I'1) and (valeI's| are the symmetrized vibrational functions

(v and [ are vibrational quantum numbers, I" is the symmetry of the function);

PQK(K,nFT)

LTy wolal, are the parameters of the effective dipole moment operator for the band

(valoT3) < (v1l4Ty); ROE (Knlr) are the symmetrized rotational operators (for more

details, see [48], [49]); and the symbol ® denotes the direct product, [72].

Finally, for calculation of the matrix elements Z% in Eq. (5), it is necessary to have
ro—vibrational functions |A) and |B). For the XY, (T,;) molecules, it is clearly logical

to take functions which are symmetrized on the basis of I'TST. Such ro-vibrational

12
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functions can be taken in the following form:
[A) = oll's Jny"3 CS) = [Joil) @ | Jmy"); (12)

where |Jn~") is the rotational function of the 4" symmetry and C' is the symmetry

of a function of the ro—vibrational state.

In the further analysis, Egs. (11) and (12) were used for calculation of the ma-
trix elements (vil;I'y; Jiniy); Crsq| (//Z)F |valala; Jonoyh; Caso) which are necessary

for determination of the values 2% in Eq. (5).

6 Line strengths: Analysis of the 2y /1y + vy /2u,
bending triad of germane: The "GeH,, “GeH,,
BGeH,, “GeH, and “GeH, species

For the line strength analysis of the vy + v4(Fy) and vo + v4(F)) bands, spectrum Ila
(see Fig. 2) was used. The line strength analysis of the considerably weaker 215 and
2v, bands was made with spectrum I (see Fig. 1). Spectrum I was also used for the
strength analysis of transitions of the v, + 14 band which correspond to high values
of the quantum number J. The 1697 unblended nonsaturated and not too weak
ro—vibrational lines have been chosen in these two experimental spectra (see column
5 of the Supplementary data 2): 382, 511, 116, 556 and 132 for the °GeH,, ™GeHy,
BGeHy, ™GeH, and "*GeH, species, respectively (line positions in column 3 of the
Supplementary data 2 are reproduced from Refs. [1, 2] and from the Supplementary
data 1 of the present paper). Integrated intensities of these lines were obtained from
the fit of their line shapes. A box—car apodization line shape function, [36], [76], and
the Hartmann—Tran profile of individual ro-vibrational transition, Refs. [77] - [78],
which have been recommended recently for description of isolated high-resolution
spectroscopic transitions, Refs. [79], were used in the fit. The Hartmann—Tran

profile function is based on the binary collision model, Ref. [80], has the following

13
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form, Ref. [79]:

A(v)
1= e = 1(Co — 3Co/2)]Aw) + (252 ) B(v)

L]

(13)

1
FHTP(V) = %Re

and generalizes many of the precursor profile models (see, e.g., Voigt, Refs. [81] —
[83]; Rautian, Ref. [84]; speed—dependent Voigt, Refs. [85] — [86]; speed—dependent
Rautian, Ref. [87], etc., being one of the speed depended models,; see, e.g., Refs.
[88] — [94]), the Hartmann — Tran profile allows one to take into account collisional
narrowing for isolated spectral lines). In Eq. (13) it is denoted (with notations

reproduced from [79]):

Ve

AW) = L2 iz - w(in) (14)
and
B) =2 |14 Yo - etz = Yoa- 2eez]. )
where
w(z) = % /_ :o ;__tztdt _ e erfo(—iz), (16)

and "erfc” in Eq. (16) is the Gauss error function, [95]-[96]. In the above expressions

Zi =VX +Y £VY, (17)

) =~ 2
x —i(vo —~V) + CO,Y _ <V01/g0> ’ (18)
02 QCCQ
~ 3C!
CO = (1 — ’I]) (CQ — 72> =+ ) (19)
and
C~{2 = (1 - 7])027 (20)

where C,, = T',+i4,, (n =0, 2). To illustrate the quality of the analysis, Fig. 8 shows

examples of the lineshape fits from which the line intensities have been determined.

14
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For comparison, the results of the line shape fits for the R(7, Ay) transition of all
five isotopologues are shown. The value 7/(P - L) (in units of cm™'atm™') in Fig. 8

is given vs wavenumber v and
T(v) =Sy - F™(v— 1) N - L; (21)

L is the optical path length; FHT (v — 1) is the Hartmann—Tran profile function;
and Sy, = (S}V - N) is the individual line intensity which is determined in accordance
with the formula, Eq. (5). The values which are necessary for the calculations have
been taken in accordance with the discussion in Section 5. In this case, it was taken

into account that, as the analysis showed, the studied sample contained also about

0.001% of COs4, 0.17% of NoO and 0.49% of H50O.

At the second step of the analysis, the 556 experimental line intensities of the “GeH,
species mentioned above were used in the weighted fit of the effective dipole mo-
ment parameters (see Eq. (11)) and seven effective dipole moment parameters were
obtained (parameters obtained from the fit are shown in column 7 of Table 6 to-
gether with their 1o statistical confidence intervals which are given in parenthesis).
These seven parameters, obtained from the fit, reproduce the 556 initial experimen-
tal line strengths of ™Gelly used in the analysis with the d,,,, = 3.42 % (for more
details see statistical information in the bottom part of Table 5). The d,,s value

was determined in accordance with the formula
1/2

exrp. caltc. 2 1/2
1 S gveet 1 )
- > (100 X e =< § by : (22)

i

where n is the number of individual line strengths used in the fit.

Columns 4 and 5 of the Supplementary data 2 show experimental values of line
strengths (in cm™%-atm™') and values d; (in per cent) of differences between the
experimental line strengths and line strengths calculated with the parameters from
column 7 of Table 6. For the convenience of the reader, a small part of the Supple-

mentary data 2 is shown in Table 5. To illustrate the quality of the result, Fig. 9b

15
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presents the fit residuals for line intensities as a function of the quantum number J

(also see simulation of the spectra in the corresponding tracks of Figs. 1-6).

As the last step, the weighted fit of the effective dipole moment parameters of the
four other isotopologues was made. In this case, the biggest part of the parameters
of the ™GeHy, ™GeHy, ™GeH, and GeH, isotopologues was constrained to the
values of corresponding parameters of the “GeH, and was not varied in the fit
procedure. Values of the P(((?(?(;?)i)ql)(oooz,Fg) parameters of the “GeH, and "°GeHy
isotopologues have been estimated from interpolation/extrapolation of the values of
the P((gé)(%jl) (0002,F) Parameters for the three other isotopologues. These two values
also were not varied in the fit. The obtained values of fitted parameters are shown in
columns 4, 5, 6 and 8 of Table 6. One can see a good correlation between values of
different isotopologues. The 2, 2, 1 and 1 parameters obtained from the fit reproduce
experimental strengths of 382, 511, 116 and 132 lines of GeH,, ™GeH,, “GeH,
and GeH, with the d.n equal to 3.46, 3.49, 3.34 and 3.36 per cent, respectively.
As for the ™“GeH, molecule, the results of the line strengths calculation, as well as 6;
differences for the °GeHy; ?GeHy, ?GeH, and GeH, species are shown in columns
4 and 5 of the Supplementary data 2. As a confirmation of the correctness of the
results, see also Figs. 9a, 9¢, 9d and 9e where the fit residuals for line intensities as
functions of the quantum number J are presented, and the bottom tracks of Figs.

1-6.

7 Line shape analysis of the 2v5 /15 + v, /2, pentad
bending triad of germane

For the line width analysis (full width at half maximum, FWHM), we exploited six
spectra, [Ta—IIf recorded at different pressures from 20 hPa up to 150 hPa (see Table
1 for details). Lines of the vy + v4(F3) and ve + vy(F)) sub-bands of the vy + vy
band of all five isotopologues were analysed using a multi-spectrum fit with the

Hartmann—Tran profile (see Fig. 10 where the same lines as in Fig. 8 are shown) in
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accordance with the formula

Y = Ysetf X P (23)
for the self-broadening 7 s —coefficient and

dvo = Osetf X P (24)

for the shift d,er—coefficients. The obtained values of the 7, s—coefficients (for
993 lines) and d,.;p—coefficients (for 676 lines) are shown in columns 6 and 7 of the
Supplementary data 2. For illustration of the quality of the performed analysis, the
upper part of Fig. 10 presents the pressure dependence of the half-width for the
same R(7, Ay) transition of the vy + v4(F3) band (spectra [la~IIf) which are shown
in Fig. 8. The bottom part of Fig. 10 illustrates the correctness of the determined
self-broadening vs;s and shifts d..¢ coefficients.

8 Conclusion

For the first time we present a comprehensive quantitative ro—vibrational study of
line positions, strengths, widths and shifts in the high-resolution spectra of the
pentad bending triad of all five stable germane isotopologues. We performed the
joint ro—vibrational analysis of 16422 line positions in 35 ”cold“ and 23 "hot“ bands
of the °GeHy, ?GeHy, ®GeHy, ™GeH,, "GeH, isotopologues and obtained a set
of 129 effective spectroscopic parameters (upper vibrational energies, rotational,
centrifugal distortion, tetrahedral and resonance interaction parameters) from the
weighted fit which reproduce the initial 16422 experimental line positions with the
dims = 3.26 x 107* ecm™!. Line strengths of 1697 individual ro—vibrational lines
belonging to the thirty five different bands of all five isotopologues were obtained
from the fit of their experimental line shapes with the Hartmann—Tran profile. A set
of 13 effective dipole moment parameters obtained from the weighted fit allows one
to reproduce 1697 experimental line strength with the d,,s = 3.4%. Self-broadening
and self—shifts coefficients are obtained for the same 1697 lines of the pentad bending

17
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triad of germane. The present data will be soon included in the VAMDC/GeCaSDa
database [33].
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10 Figure captions

Fig. 1. Experimental survey spectrum I of germane in the region of the first dyad
(upper trace la). Experimental conditions: absorption path length is 24 m; room
temperature (23.6 &+ 0.1)°C; number of scans is 1400; sample pressure is 250 Pa.
Traces (1c)—(1g) show the simulated spectra of separate germane isotopologues;
trace (1b) is the global simulated spectrum as a sum of the simulated (1c)—(1g)
spectra. Lines belonging to the vy + vy, 2v4 and 215 bands are marked by the black,

orange and red color.

Fig. 2. Experimental survey spectrum Ila of germane in the region of the first dyad
Vs +v4 band (upper trace). Experimental conditions: absorption path length is 0.23
m; room temperature (23.8 £ 0.3)°C; number of scans is 400; sample pressure is 20

hPa. The lower trace shows the corresponding simulated spectrum.

Fig. 3. Small part of the high resolution experimental spectrum Ila of germane
in the region of the vy 4+ v4 band (upper trace). The lower trace shows the corre-
sponding simulated spectrum. The cluster P(9,T) (I' = Ay, Fy, F} and A;) of the

vy + v4(Fy) sub-band of all five ¥ GeH, isotopologues is marked.

Fig. 4. Small part of the high resolution experimental spectrum Ila of germane in
the region of the v, + vy band (upper trace). The lower trace shows the correspond-
ing simulated spectrum. The cluster R(8,T") (I' = E, F} and A;) of the vy + v4(F)

sub-band of all five ¥ GeH, isotopologues is marked.

Fig. 5. Small part of the high resolution experimental spectrum I of germane in
the region of the 214 band (upper trace). The lower traces (5¢)—(5g) show the cor-
responding simulated spectra for the individual isotopologues. The cluster P(12,T")
(I' = E,F, and A;) of the 2uy(Fy) sub-band of all five ¥ GeH, isotopologues is

marked. Trace (5b) is the global simulated spectrum as the sum of the simulated
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(5¢)—(5g) spectra .

Fig. 6. Small part of the high resolution experimental spectrum I of germane in the
region of the 25 band (upper trace). Lower traces (5¢)—(5g) show the corresponding
simulated spectra for the individual isotopologues. The clusters Q(9,1') (I' = Fy, F}
and A;) and Q(10,T) (' = Ay, F, and E) of the 2vy(E) sub-band of all five ¥ GeH,
isotopologues is marked. Trace (5b) is the global simulated spectrum as the sum of

simulated (5¢)—(5g) spectra .

Fig. 7. Observed minus calculated line positions and fit statistics for ”cold “ bands

studied in the present paper of the “GeH,, ?GeH, and "GeH, species.

Fig. 8. Experimental line shape of the R(7,A,) transition of the v + v4(F3) band
for five different isotopologues of germane (for experimental conditions, see Sec-
tion 2 and Table 1). The fit of the experimental line shapes was made with the
Hartmann—Tran profile of individual lines. The solid and dashed lines correspond
to the experimental and calculated value of 7(7). The bottom part of the figures

shows the (exp.—calc.) residuals.

Fig. 9. Observed minus calculated line intensities (in per cent) including fit statis-

tics for the 2vy, vy + 14 and 2v4 bands of the five stable isotopologues of germane.

Fig. 10. Upper part: Examples of FTIR line spectra ITa—IIf recorded at different
pressures for the R(7, Ay) transition of the vy +v4(F3) band for five different isotopo-
logues of germane (for experimental conditions, see Section 2 and Table 1). Bottom
part: measured self-broadening and maximum line—shift coefficients at room tem-

perature vs pressure.
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Table 2. Statistical information for the 2ug(Ay, E), vy + v4(Fy, Fz)

and 2u4 (A1, B, Fz) bands of MGotty (M

70, 72,73, 74, 70

)
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20300 1641.6643 18400 2 s0a 206 200w
(5) 1644.5675 1w 1s 1a ser o m1 12w
vy va(Fa) 1749.6024 21 sae s osas om0 m:a e
V3 4 va(F) 1753.71 2 7ei Az 674 2l7 108w
205(4)) 1857 2505 13 i 3 20 w0 20 o
(=) 15606437 0 120 91 375 284 659w
Total Ney. (cold bands) 2316 -
Total N] 1228 o
et (cold bands) 3,24 x 10~ dem =1 o

@) Value of thit upper vibrational cneriy.
v ., transitions,

D) Horo mi = mg [Ngrx100 % (5 = 1, 2, 8); 1, ng, and ng are the mumbers of transitions for which the differences 8 = ¥ — L83 catisfy the conditions

521t em T hi2 x 1074 em ™l <5 <4 x 1074 em ™l and 5> 4 x 1074 em ™
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ae3 ecrse ic arameers 0 ese ineracin viraina saes(0002)(0101) (0200)in e 4 (inem ')
(@) ©y) QU nD) e e e e T e
1 2 3 4 5 6 7
(0200, A1) (0200, 41)  0(0, Ay) 26 369 26 369 26 369 26 369 26 369
(0200, A1) 2(0,A1)10° 04716 04716 04716 04716 04716
(0200,41) (0200, )  2(2, )10° 0 256300(53) 0 256050(67) 0255025(4 ) 0255 00(69) 0255550(52)
(0200, ) (0200, ) 0(0,Ar) 0 409419(71) 0 409 73( 4) 0 410100(69) 0 40 000( ) 0 4107 1(62)
(0200, ) 2(2, )10° 03393 3 03393 03393
(0200, ) 3(3,42)10 026045 026045 026045 026045 026045
(0200, A1) (0101, F3)  2(2,F5)10° 011 011 011 011 011
(0200, ) (010L,F) 1(1,F) 002657 5( ) 0026651 3( 1) 00267024( ) 00267437(42) 0026 263(52)
0101, F1)  2(2,2)10° 021017 021017 021017 021017 021017
0101, 1) 3(3, F2)10 04234 04234 04234 04231 04234
(0200, ) (0101, Fy) 1(1,Fy) 003145 2(32) 00316 10(10) 00317159(24) 003191 0(12) 00319736(22)
0101, F2)  3(1,F1)10 04543 04543 04543 04543 04543
(0200, A1) (0002, A1)  0(0, Ay) 546 35( ) 5 46143(16) 545797( ) 54561 (19) 545261(14)
0002, A1) 2(0,A;1)10° 049 91( ) 051523(50) 052339( ) 052059(63) 05419 (70)
(0200, ) (0002, )  0(0,A;) 0196 59(35) 01 3966(51) 017752(11) 0 170639(39) 015 17(14)
(0002, ) 2(2, )i0? 045655( ) 04627 (41) 046590( ) 046902(35) 047525(3 )
(0200, ) (0002,Fy) 1(1,Fy) 02300 46(47) 0 2305662(91) 0230 070(49) 0 2310334(96) 02314435(44)
(0002, F)  3(1, F1)10 03016 3016 03016 03016 3016
(0101, F1) (0101, F1)  0(0, Ar) 2269 322(64) 22677959(6 ) 29266777 (5)  22652072(64) 2 2635159(64)
0101, 1) 1(1,Fy) 00510521 00510521 00510521 00510521 00510521
0101, 1) 2(0,A1)10 0509 0509 0509 0509 0509
0101, 1) 2(2,)10° 07694 07694 07694 07694 07694
(0101, F1) (0101, ) 1(1,Fy) 00365 910(33) 0056470 2(57)  00564319(20) 0 05636944(60) 0 0562747(25)
0101, F5)  2(2, )10* 7774 07774 07774 07774 07774
(0101, F2)  2(2,F2)10° 079071 079071 079071 079071 079071
(0101, F2)  3(1, F1)10 0511 511 0511 0511 0511
(0101, F3) (0101, Fy)  0(0, Ar) 2015121 (63) 20143 17(66) 20140117( 2) 2014759 (52) 2 013554(10)
(0101, F3)  1(1, Fy) 005499 2( ) 0054 642(13) 00547972( ) 0 0547456(67) 00546425( 9)
(0101, F3)  2(0,A1)10° 0379 () 037 744(61) 037 622( ) 037 500(56) 037 256(75)
(0101, F2)  2(2, )10% 03357 03357 03357 03357 03357
(0101, ) 2(2,2)10° 0 515 0 515 0 515 0 515 0 515
(0101, ) 3(1, F1)10* 01 456 01 456 01 456 01 456 01 456
(0101, F3)  3(3,F1)10% 014931 014931 014931 014931 014931
(0101, F1) (0002, A1)  1(1,Fy) 00647354(46) 006520650(75)  00634537(49) 006361 (55) 00659491(3 )
(0101, 1) (0002, ) 1(1,F)10° 02 99 0299 0299 02 99 0299
(0101, F1) (0002, F)  1(1,F1)10° 0 14314(40) 0 12377(36) 0 11409(37) 0104 2(46) 00 504(53)
(0002, F2)  2(2, )10% 015012( ) 015230(23) 015344( ) 0 15455(15) 015676(17)
(0002, F5)  2(2, F2)10 01592 01592 01592 01502 01502
(0002, F2)  3(1, F2)10 0291 0294 0294 0294 0204
(0002, F2)  3(3, A2)10 03359 03359 03359 03359 013359
(0002, F2)  3(3, F1)10 09951 09951 09951 09951 09951
(0002, F3)  3(3, F2)10 0692 0692 0692 0692 0692
(0101, F3) (0002, A1) 2(2,F2)10° 03 79 0379 03 79 0379 0379
(0002, A1) 3(3, F2)10 01653 () 019259(49) 020619( ) 021979(70) 02470(12)
(0101, F3) (0002, )  3(1,F1)10*  014660( ) 0 14509(19) 014434( ) 0 14359(11) 01420 (16)
(0101, F2) (0002, Fy)  0(0, A1) 43042400( 1) 43029156(92) 430197 (66) 43013164(97) 4299716( 6)
(0002, F3)  1(L,Fy) 00255963(1 ) 002363302 2)  00257512(43)  00257927(7 ) 0025 75 (55)
(0002, F2)  2(0,A1)10° 063352 063352 063352 063352 063352
(0002, F2)  2(2, )10* 02 56 02 56 02 56 02 56 02 56
(0002, F2)  3(1,F1)10 014470( ) 0139 7(71) 013742( ) 0 13499(56) 013014( 5)
(0002, F3)  3(3,F2)100 014725 014725 014725 014725 014725
(0002, A1) (0002, A1)  0(0, Ar) 13 057692(23) 1304 _400(27) 13 043753(11) 13 039565(19) 13029 25(13)
(0002, A1) 2(0,A1)10 01675 5 0
(0002, A1) (0002, )  2(2, )10° 020973 ( ) 0212909 (23) 0216019( ) 021 11(60) 022230(16)
(0002, A1) (0002, F2)  2(2,F2)10°  0295192( ) 029927 (3 ) 0301321( ) 0303364(65) 030745(2 )
(0002, F3)  3(3,F2)10 009 70.( ) 0100399(11) 010124 ( ) 0103529(77) 010 09(30)
(0002, ) (0002, )  0(0,Ar) 1479011( ) 14.23090(12) 14395 1() 14 4975(9 ) 14 355(16)
(0002, ) 2(2, )i0? 0 522400( ) 05216 0 (49) 0521325( ) 0520967( 3) 052025(15)
(0002, ) 3(3,42)10% 010591 010591 010591 010591 010591
(0002, ) (0002,F) 1(1,Fy) 003036044( ) 003030544(45)  003025272( ) 0030216 1(75) 0 0301450(13)
(0002, F2)  2(2, F)10°  0596369( ) 059 0 (63) 0600027( ) 060013 (67) 060036(15)
(0002, F2) (1, F1)10 0353 0353 0353 0353 0353
(0002, F2)  3(3,F1)10 0196 0196 0196 0196 0196
(0002, F2)  3(3, F2)10 05111 05111 05111 05111 05111
(0002, F3) (0002, F)  0(0, A1) 1.2525012( 6) 12437923(2 ) 12394022(75) 1235 05(11) 1227372(10)
(0002, F2)  1(1, Fy) 0033173 () 00331210(41) 003310 5( ) 00330 67(6 ) 00330432(94)
(0002, F2)  2(0,A1)10" 0147 0147 0147 0147 0147
(0002, ) 2(2. )10% 0119 0119 0119 0119 0119
(0002, F2)- 2(2,12)10°  059665(53) 05911 (6 ) 05 44(5 ) 05 570(76) 05 023(49)
(0002, F2)3(1, F1)10 03567 03567 03567
(0002, F5) - 3(3, F1)10 05775 05775 05775 05775 05775
@ a esin aren esesare losaisica ¢ n enceinervas arame ers resene i cn enceinervas erec ns raine
eva es  comes nin - arameers e’ e 4 0 e 2 e 4is esrm es r3  aameers T e 4
an T3 ¢ 4 ic are mar e sar ere aine rminer ainexra ain eva es cores nin  arame ers e
ree | ers eciesan . eren varie in e

30



a ed4 ecrsc ic arameers P o r o noan (0100) (0001) vi raima saes e 4 (inem 1)
() @.y)  QK.nT) ey ey e e e
1 2 3 4 5 6 7
(0000, A1) (0000, A1) 2(0, A1) 2695 5536 2605 5944 2695 620 2695 64734 2695 70305
(0000, A1) 4(0, A1)10* 033416 2 033416 2 033416 2 033416 2 033416 2
(0000, A1) 4(4,A1)10 01547079 01547079 01547079 01547079 01547079
(0000, A1) 6(0, A1)10 011436 011436 011436 011436 011436
(0000, A1) 6(4,A41)10° 051075 051075 051075 051075 051075
(0000, A1) 6(6,41)10'° 01563 01563 01563 01563 01563
(0100, ) (0100, )  0(0,Ay) 929901299 929 905235 9299070022 9299093056 929 9130275
0100, ) 2(2, )10" 0107 392 0107 392 0107 71 0107 71 0107 743
0100, ) 3(3,A2)10* 02265992 02265992 02261 02261 02261
0100, ) 4(0,41)10 04052 04052 04052 04052 04052
0100, ) 4(2, )10 031077 031077 031077 031077 031077
0100, ) 4(4,A1)107 0134 0134 0134 0134 0134
0100, ) 4(4, )10 0125 3 0125 3 0125 3 0125 3 0125 3
(0100, ) 001, F)  1(1, Fy) 451245 6 45091962 4507623 4506094 4503062
0001, Fy)  2(2,Fy) 002127619 00212915 6 002129422 0021300795 0021316
0001, F»)  3(1,F1)10% 01179753 01179753 01179267 01179267 01179267
0001, Fy)  3(3, F2)10* 0136921 0136921 013 096 013 096 013 096
0001, F)  4(2, F2)10 0212431 0212431 02122 02122 02122
0001, Fy)  4(4, F1)10 01 552 01 552 01 552 01 552 01 552
0001, Fy)  4(4, F2)10 0209 79 0209 79 0209 79 0209 79 0209 79
0001, Fy)  5(1,F1)10 023013 023013 023013 023013 023013
0001, F»)  5(3, F1)10 013677 013677 013677 013677 013677
0001, Fy)  5(3, F2)10 05 5 05 5 05 5 05 5 05 5
(0001, F) (0001, )  0(0, Ar) 215443402 21 1167767 209110 61 20711 50 20 3270025
0001, Fy) 11, F1) 63712225 637 46454 63 19626 63534 5 6391 6203
0001, F2)  2(0, A1)102 010 2241 01075775 01070517 010672 96 01060455
0001, Fy)  2(2, )10% 0152390 01509974 01504 33 0149 614 014 49411
0001, Fy)  2(2, Fy) 001070173 0010699349 001069594 001069462 00106923
0001, Fy)  3(1, F1)10* 0702161 07027 3 070411 07047 9. 070545
0001, Fy)  3(3, F1)10* 04 0174 04 0174 0479437 047902 047902
0001, F>)  4(0, A1)10 0370472 0370472 03653 03653 03653
0001, Fy)  4(2, F2)10 03519 03519 03519 03519 03519
0001, Fy)  4(4, A1)107 06407 06407 06407 06407 06407
0001, Fy)  5(1,F1)10 025953 025953 025953 025953 025953
0001, F»)  5(3, F1)10 016967 016967 016967 016967 016967
0001, Fa)  6(0, A;)10'° 04276 04276 04276 04276, 04276
@ er ce rm e 37
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Table 5. Part of experimental line strengths, widths and shifts in the v + 14 bands of M GeHy (M = 70, 72, 73, 74, 76)).

J oy on J AW Pl IntP*p 5 Yeelf Ssetf Band M
em~1 em~2.atm™! in% cm latm™! em ™ latm !

1 2 3 1 5 6 7 8 9
9 A 10 8 Ay 1 18326341 0.2191E-01 4.1  6.93(17) -6.06(49) vy +va(F) 76
9 E 19 8 E 1 18328064 0.8282E-02 -0.8 7.17(04)  -532(16) o+ w(Fy) 74
9 F, 28 8 Fi 1 18329415 0.1236E-01 -1.7  7.03(03) -6.08(18) vo+vy(Fy) T4
9 A, 10 8 A 1 18330230 02117E-01 0.2  7.09(01) S514(17)  va+w(Fy) T4
9 A 10 8 A 1 18332250 0.2149E-01 1.5  7.20(07) S7.91(60)  va +va(F) T3
9 E 19 8 E 1 18333060 O0.8213E-02 -2.0 7.47(05)  -6.05(45) vo+w(Fa) 72
9 A, 10 8 A 1 18334334 0.2127E-01 0.3  9.24(93) ST81(44) vy +uy(Fy) T2
9 F, 28 8 Fy 1 18337836 0.1259E-01 -0.6  7.41(06) -3.95(42)  va+wa(Fy) 70
9 A, 10 8 A 1 1833.8660 0.2167E-01 1.8  7.26(03) ST.05(13)  va+w(F) 70
15 Fp 35 14 Fy 3 1834.2135 0.1241E02 1.5  6.79(28) 5.64(49)  va+vg(Fy) T4
15 Fy 37 14 F, 4 18351132 0.1401E-02 -7.1  9.15(22) vo+vy(Fy) T4
10 A; 11 9 A, 1 1835.7684 0.1501E-01 2.0  7.99(14) -6.60(46) vy +vy(Fy) 6
10 Ay 11 9 Ay 1 18361254 0.1491E-01 0.8  7.37(02) -1.01(22)  va+wa(Fy) T4
10 Ay 11 9 Ay 1 1836.3107 0.1545E-01 4.1 7.32(08) -6.05(32) va+wa(F) T3
10 Fy 30 9 F» 2 1836.6374 0.8229E-02 -0.8  7.55(04) -3.87(34) wva+w(Fy) T4
10 F, 30 9 Fy 3 1836.7787 0.9119E-02 55  8.22(27) -446(51) vy +vy(Fa) 76
10 Fy 30 9 F, 2 1836.8241 0.7981E-02 -4.2  6.27(14) STA1(60) vy +va(Fy) T3
10 Ay 11 9 A 1 1836.8986 0.1522E-01 2.1 7.30(11) -1.50(13)  va +va(F) 70
10 Fy 30 9 F, 2 1837.0167 0.8462E-02 1.4  6.78(04) -1.38(39)  vat w(Fy) T2
10 F, 30 9 F 3 1837.1421 0.8424E02 -2.9  7.44(03) -166(22)  va+a(Fy) T4
10 F, 30 9 Fy 3 1837.5254 0.8595E-02 -1.3  7.48(04) -3.85(26)  vo+ual(Fh) T2
10 F, 30 9 Fy 3 1837.9292 0.8788E-02 0.5  7.57(06) -2.60(19)  vo+wvy(Fa) 70
10 A, 10 9 A; 1 1838.1854 0.1620E-01 4.6  6.80(08) -6.05(24) vy +va(Fy) 76
10 A, 10 9 A; 1 1838.5572 0.1550E-01 -0.2  7.52(03) -473(20)  va+va(Fh) T4
10 A, 10 9 A; 1 1838.7503 0.1513E-01 -2.8  7.30(06) -5.46(54) v +va(Fh) T3
10 F, 31 9 Fy 2 1838.8620 0.9477E-02 -2.0  6.62(05) -8:06(29), vawa(Fy) 76
10 Ay 10 9 A; 1 1838.9493 0.1539E-01 -1.3  7.39(04) S155(29) vy +va(F) T2
10 F, 31 9 Fy 2 1839.2378 0.9619E-02 -1.0  7.22(01) 5.99(15) o +va(Fy) T4
10 A, 10 9 A; 1 1839.3627 0.1560E-01 -0.3  7.66(03) -2.82(32)  vo +wy(Fa) 70
10 E 21 9 E 1 18394373 0.6454E-02 -23  6.77(03) S9.85(TT) va+wa(Fy) T4
10 F 21 9 E 1 1839.8349 0.6931E-02 4.4  6.89(05) ~112(36)  va +va(F) T2
10 F 21 9 E 1 1840.2541 0.6309E-02 -5.3  7.93(30) vo+vy(Fy) 70
16 Ay 14 15 Ay 2 1841.2260 0.1812E-02 1.7 . 6.34(16) -6.24(24) vo+ua(Fy) T4
10 F> 32 9 F 1 1842.3102 0.1088E-01 2.4  6.54(11) -2.65(16)  vo +va(Fy) 76
10 Fy 31 9 F, 1 1842.6406 0.1057E-01 -0.6  6.94(04) -5.90(19) o +va(F) T4
10 F, 32 9 Fy 1 1842.7016 0.1052E-01 -1.4-  7.01(04) SAT(11)  va+v(F) T4
17 F1 40 16 F, 3 1842.7930 0.5620E-03  -0.7 vo+va(Fo) T4
10 Fy 31 9 F, 1 1842.8437 01126801 54 590(11)  -11.27(66) vy +vy(Fy) 73
10 F, 32 9 F 1 1842.9049 0.1091E-01 2.0  6.08(07) vy +vy(Fy) T3
10 Fy 31 9 F, 1 1843.0529 0.1042E01 -24  7.05(05) ST.01(19)  va+wa(F) T2
10 F, 32 9 Fy 1 18431144 0.1056E-01 1.4  6.85(03) -6.30(42)  va+va(Fy) T2
10 F 31 9 F 1 1843.4879 0.1058E-01 -1.2  8.20(09) -2.88(31) v+ wa(Fy) 70
10 F, 32 9 Fy 1 1843.5497  0.10748-01 -0.1  7.53(09) ST67(27)  va+va(Fy) 70
11 Fy 33 10 F, 3 1844.6695 0.7060E-02 1.0  7.30(05) 5.54(23)  va+w(Fy) T4
11 Fy 33 10 F, 3 18448541 0.6822E-02 -2.6  6.74(30) -L74(28)  va+wa(F) T3
11 F 22 10 E 2 18454026 0.4588E-02 2.1  7.27(06) -4.42(34) o +w(Fy) T4
11 E 22 10 E 2 18457808  0.4617E-02 22  7.08(10) -4.78(43) v+ w(Fy) T2
11 F, 33 10 Fy 2 18458618 0.6884E-02 -0.9  7.84(01) S11(14)  va+w(Fy) T4
11 F, 33 10 Fy 2 1846.0496 0.6863E-02 -1.4 vy +vy(Fy) T3
11 F, 33 10 F, 2 1846.2436 0.7021E-02 0.6 8.06(13)  -7.38(20) ws+w(Fy) 72
11 Ay 1210 Ay 1 1846.4633 0.1309E-01 4.7  7.29(28) -5.85(36)  vo+va(Fy) 76
11 Ay 120 10 A4; 1 1846.8316 0.1264E-01 0.8  7.25(02) 5.56(31)  va+wa(Fy) T4
11 Ay 12 10 Ay 1 1847.0230 0.1296E-01 3.1 6.81(06) -6.03(41) v +w(Fy) T3

@) Temperatire is 296.75 K.
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Table 6. Spectroscopic parameters

(@xr)
Pluri (o

vy of

the effective dipole moment

parameters of the v + v4, 2v2 and 2v4 bands of the M GeH, isotopologues (in D)

(01, T2)/ (v, T) Y (K.T) M =170 M=72 M=73 M=74 M =176
1 2 3 6

(0000, 4,)/(0200,E)  E  (1,1,F) x 10* | -0.5200 -0.5200 -0.5200 -0.5200(32) -0.5200
(0000, A1)/(0101, Fy)  Fy (1,1,F1) x 10* | -0.6032 -0.6932 -0.6932 -0.6932(38) -0.6032
(0000, A1)/(0101, F) F (0,0,A;) x 10" | 0.175352(55)  0.175202(48)  0.175114(51)  0.175010(24)  0.174847(84)
(0000, 41)/(0101, F2)  F> (1,1,F1) x 10° 021711 0.21711 0.21711 0.21711(38) 021711
(0000, A41)/(0002, ) E  (1,1,71) x 10* | -0.5219 -0.5219 -0.5219 -0.5219(25) -0.5219
(0000, A1)/(0002, F2)  F» (0,0,A;) x 10* |  -0.36664(25)  -0.36410(23)  -0.36200°) -0.36161(64)  -0.35950°)
(0000, 4,)/(0002, F3)  F> (1,1,Fy) x 10* | 0.9064 0.9064 0.9064 0.9064(56) 0.9064
Nt e 382/14 511/17 116/15 556/19 132/14

dims 3.46% 3.49% 3.34% 3.42% 3.36%
7(296.75) 1724.08 1724.26 1724.37 1724.46 1724.64
@ Values in are 1o 1 intervals. presented without confidence intervals have been con-

strained to the values of corresponding parameters of the " GeHy isotopologue.

) T, is a symmetry of vibrational subband.

<) Parameter was constrained to the theoretically estimated values (see text for details).
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