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Abstract

An extensive, high-level theoretical study on tetra-atomic germanium carbide/silicide

clusters is presented. Accurate harmonic and anharmonic vibrational frequencies and

rotational constants are calculated at the CCSD(T)-F12a(b)/cc-pVT(Q)Z-F12 levels

of theory. With growing capabilities to discern more of the chemical composition of

the interstellar medium (ISM), an accurate database of reference material is required.

The presence of carbon is ubiquitous in the ISM, and silicon is known to be present in

interstellar dust grains, however germanium-containing molecules remain elusive. To

begin understanding the presence and role of germanium in the ISM, we present this

study of the vibrational and rotational spectroscopic properties of various germanium-

containing molecules to aid in their potential identification in the ISM with modern

observational tools such as the James Webb Space Telescope. Structures studied herein

include rhomboidal (r-), diamond (d-), and trapezoidal (t-) tetra-atomic molecules of

the form GexC4−x and GexSi4−x, where x=0-4. The most promising structure for

detection is r-Ge2C2 via the ν4 mode with a frequency of 802.7 cm−1 (12.5 µm) and

an intensity of 307.2 km mol−1. Other molecules potentially detectable, i.e., through
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vibrational modes or rotational transitions, include r-Ge3C, r-GeSi3, d-GeC3, r-GeC3,

and t-Ge2C2.

Introduction

With the launch of the James Webb Space Telescope (JWST) in 2021, the ability to peer

into the universe and pull out information from it has vastly improved. The instrumenta-

tion on JWST provides data in the mid-IR range (0.6 - 28.3 µm [∼353 - ∼16667 cm−1])

at a higher sensitivity, drastically increasing the possibility of identifying new compounds

through infrared spectroscopy. For some of the more exotic and elusive molecules that might

exist in the interstellar medium (ISM), high-level computational studies are an important

step in potential identification of molecules in space. Accurate theoretical data provide ref-

erence points for collected astronomical observations. To that end, specifically with JWST’s

operations in the mid-IR range, accurate ro-vibrational data are needed to provide reference

for the spectra that are measured.

An area of interest to astrochemists and astronomers is the study of star-forming regions

and protoplanetary disk formation,1,2 including the formation of dust grains in the ISM.

Determining the composition of these dust grains and observing their accretion into proto-

planetary disks could help elucidate what kind of stars and planetesimals might be forming

in different regions of space.

Silicon carbide clusters have been suggested to be involved in the formation of SiC dust

grains in the ISM, which have been seen in proto-planetary dust clouds.3–7 These clusters are

thought to be formed from the result of carbon and silicon formation through nucleosynthesis

in asymptotic giant branch (AGB) stars.6,8 However, their fellow group member germanium

is also known to form through nucleosynthesis in AGB stars through the slow neutron capture

s-process.9,10

Throughout the ISM, germanium is much less abundant than carbon and silicon and

2

https://doi.org/10.26434/chemrxiv-2024-ncvzn-v2 ORCID: https://orcid.org/0009-0003-5582-789X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-ncvzn-v2
https://orcid.org/0009-0003-5582-789X
https://creativecommons.org/licenses/by-nc-nd/4.0/


might prove more elusive to detect. As a result, interstellar germanium chemistry is less

documented. Germanium has been detected both near and far: in the atmosphere of Jupiter,

planetary nebulae, and in some of the most distant galaxies.9,11,12 Understanding the path-

ways germanium takes to be dispersed throughout the universe is an interesting topic that

could give more insight into dust grain formation and rocky planet formation from resulting

dust clouds. With the recent discovery of an iron-rich sub-earth exoplanet, GJ 367b, orbit-

ing a nearby dwarf star, there is no end to the interesting exoplanets that could be found.13

With the potential to discover more metal-rich planets, it’s important to shed light on the

chemistry of heavier elements throughout the ISM.

To begin understanding the chemistry of interstellar germanium, there is a need for de-

termining structures and corresponding spectroscopic signatures for model molecules. Cur-

rently, a small group of silicon carbide molecules including the diatomic SiC, triatomic species

SiC2 and Si2C, as well as the cyclic tetra-atomic SiC3 has been identified in the ISM.3,5,7,14,15

With the potential for various permutations of tetra-atomic germanium silicide and carbide

analogues of SiC tetra-atomics, we can consider these tetra-atomics as a starting point of

interest.

Multiple experimental and computational studies have been previously carried out on sili-

con carbide tetra-atomic clusters,14,16–27 but only a few have investigated germanium carbide

and silicide clusters.28,29 The smaller germanium carbide and germanium silicide (triatomic)

molecules as well as linear molecules have been previously studied both experimentally and

computationally at various levels of theory.28–34 However, in the area of germanium tetra-

atomics, an extensive study of the various permutations of tetra-atomic germanium carbide

and silicide clusters has not yet been done, computationally or experimentally. Also, more

accurate computational methods have become accessible since previous publications and the

determination of results at a higher-level of theory is worthwhile for use in astrochemical

pursuits.

As mentioned, in the context of interstellar dust grains, tetra-atomic silicon carbide clus-
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ters (TASCCs) have recently been extensively studied by Sehring et al. using the CCSD(T)-

F12b method with basis sets cc-pVTZ-F12 and cc-pCVTZ-F12.16 The second method em-

ploys the cc-pCVTZ-F12 basis set to incorporate core electron correlation and scalar rel-

ativity effects.35,36 Herein, we study tetra-atomic germanium carbide and silicide clusters

at a similar level of theory. All structures studied consist of a quadrilateral motif with a

transannular bond that include molecules of the form GexZ4−x (x=0-4), where Z is either

carbon or silicon.

Both pure carbon and silicon tetra-atomic clusters have been previously studied at

the coupled-cluster level of theory including CCSD(T)/cc-pCV5Z37 and CCSD(T)-F12b/cc-

p(C)VTZ-F12 respectively,16 and the pure carbon cluster has also been studied experimen-

tally.38,39 Therefore quite accurate spectral data are already present for them. However, for

completeness we have included them in our current study.

Moving to the first of the sets of germanium analogues, GeC3 and GeSi3, both have been

looked at previously computationally, however only GeC3 has had (harmonic) vibrational

data generated.28 For the cyclic GeZ3 structures, there exist two isomers: diamond GeZ3

and rhomboidal GeZ3, which will be from here on be referred to as d-GeZ3 and r-GeZ3,

respectively. The d-GeZ3 is identified by the transannular Z-Z bond and the r-GeZ3 by a

Ge-Z transannular bond. All four of these structures exhibit C2v symmetry. In the case

of both r- and d-GeC3, the available theoretical data was obtained using density functional

theory (DFT) with the B3LYP functional,40,41 CCSD,42 and second-order Møller-Plesset

perturbation theory (MP2), all in conjunction with the aug-cc-pVTZ basis set.28

With the Ge2Z2 structures, there are three isomers to consider: d- and r- as well as

a trapezoidal shaped (t-) isomer. For these structures, the d- isomers are identified by a

transannular Ge-Ge bond, the t- isomers by a transannular Ge-Z bond, and the r- isomers

by a transannular Z-Z bond. Both r- isomers and the d-Ge2Si2 isomer exhibit D2h symme-

try. The two t-Ge2Z2 structures exhibit Cs symmetry. Finding an optimized structure for

the remaining d-Ge2C2 isomer proved challenging and this will be discussed further below.
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However, we predict it to exist in either a planar or a boat-like configuration, both with C2v

symmetry. Similarly to the r- and d- structures of GeC3, previous theoretical data for the r-

and t-Ge2Z2 structures are available.28

Lastly, there are four Ge3Z structures of interest, with d- and r- isomers as in the GeZ3

structures. The r- isomers are again distinguished by a Ge-Z transannular bond and the

d- isomers by a Ge-Ge transannular bond. The d-Ge3C has Cs symmetry, having a slight

dihedral angle taking it out of plane and out of C2v symmetry, which is seen in the three

other structures in this group (r-Ge3C, d-Ge3Si, r-Ge3Si). Of these four structures, only

d-Ge3C has been studied previously at the B3LYP/6-311G(3df) level of theory.30

It is worth noting that while both carbon and silicon have one naturally occurring isotope

dominating in abundance (>90%), germanium has multiple isotopes with relatively high

abundances, specifically 74Ge, 72Ge, and 70Ge, with abundances of 36.5%, 27.4%, and 20.5%,

respectively.43 Other naturally occuring isotopes with smallar abundances are 73Ge and

76Ge, with abundances of 7.76% and 7.75%, respectively.43 The effect of these isotopes on

detectable spectra will be discussed further below. For the purpose of this study, we have

used the most abundant isotope masses for each atom (12C, 28Si, and 74Ge).

As many of these structures have not yet been examined computationally, and those

that have been studied have not had high-level methods applied to them, there exists an

opening to apply modern wavefunction-based approaches to the study of these tetra-atomic

germanium-contatining structures and their corresponding ro-vibrational spectra. Herein,

we present theoretical spectroscopic data for structures described above using high-level

computational methods. Accurate (harmonic and anharmonic) vibrational frequencies and

(vibrationally-averaged) rotational constants could help in identifying these structures in

planetary atmospheres, planetary nebulae, near distant AGB stars, and other ISM environ-

ments through use of JWST.
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Computational Methods

All computations were carried out as follows. Geometries, harmonic, and anharmonic vi-

brational frequencies were determined using the explicitly-correlated coupled-cluster theory

at the singles, doubles, and perturbative triples level CCSD(T)-F12;44–46 depending on the

basis set size, either the F12a or F12b formalism was used.45 The cc-pVXZ-F12 basis sets

were used for carbon and silicon atoms, while a pseudopotential with associated basis set

(cc-pVXZ-PP-F12) was used for germanium atoms, where X=T or Q.47,48 It has been pre-

viously shown that the F12a method provides a better estimate of correlation energies for

smaller basis sets (double-/triple-zeta), while the F12b method is reportedly better when

using larger basis sets (quadruple-zeta); both methods converge to the complete basis set

(CBS) limit from above and below, respectively.45,49 The names of the two methods will be

herein shortened as “F12a/TZ” and “F12b/QZ.”

The MOLPRO 2023.2 software was used for all calculations in this work.50–52 For each

molecule, geometry optimization was first carried out at the F12a/TZ or F12b/QZ level of

theory followed by harmonic frequency calculations.53–56 Default convergence criteria were

used for all optimization calculations. Dipole moments were retrieved at all optimized ge-

ometries. Subsequently, anharmonic frequencies were calculated through second-order vi-

brational perturbation theory (VPT2) as implemented in MOLPRO.57–59 An analytical rep-

resentation of the potential energy surface is generated in the form of a quartic force field,

which is then used to retrieve force constants. Using VPT2, anharmonic vibrational frequen-

cies and vibrationally-averaged rotational constants were obtained. As the F12a/TZ and

F12b/QZ methods are both able to converge to the complete basis set limit,45,46 F12b/QZ

was only applied to a select few systems for comparison with F12a/TZ and determination

of the cost/accuracy benefit.
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Results and Discussion

Using the methods outlined above, computations were performed on the suite of germanium

carbide and germanium silicide molecules of the form GexZ4−x, where x = 0-4. Across all

species, the frequencies of the calculated anharmonic vibrational modes mostly fall within

the 0.6 - 28.3 µm (∼353 - ∼16667 cm−1) mid-IR range of JWST.

As mentioned previously, many of these molecules have not yet been studied experimen-

tally or theoretically. However, there exist previous studies on a few structures investigated

herein, which have been used for comparison with the present work.16,28 Equilibrium struc-

tures of all systems studied are presented in figures with bond distances and angles shown,

while Cartesian coordinates and energies for the optimized structures are found in the Sup-

porting Information.

Table 1 shows relative electronic energies as well as those corrected for harmonic and

anharmonic zero-point vibrational energies (ZPVE) of optimized structures (in kJ mol−1),

with respect to the lowest lying isomer in each group, as well as symmetry of each structure

and dipole moments. The zero-point energies as well as the energies of each structure with

the ZPVE added and their relative energies are shown in Table S1.

r-Z4

The equilibrium structures of the mono-elemental tetra-atomic clusters, C4, Si4, and Ge4 are

shown in Figure 1. Vibrational frequencies for r-Si4 and r-Ge4 are shown in Table 2, while

their rotational constants can be found in Table S2. As the tetra-atomic carbon cluster has

been studied extensively, only Si4 and Ge4 results are shown here; those for carbon can be

found in Tables S3 and S4. Anharmonic vibrational frequencies for r-C4 were calculated

at both the F12a/TZ and F12b/QZ levels of theory. To compare different methods, the

mean absolute percent deviation (MAPD), defined as the absolute difference between results

obtained with the two methods divided by the ”more accurate” method divided by the
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Table 1: GexZy family relative energies (in kJ mol−1) of optimized geometries with inclusion
of harmonic and anharmonic zero-point vibrational energy (ZPVE). Relative energies are
taken with respect to the lowest energy isomer in each group. Dipole moments (µ, in Debye)
at each optimized geometry are included. All results at F12a/TZ level of theory.

Structure Symmetry ∆EZPV E
0 µ

(Harmonic) (Anharmonic)
d-GeC3 C2v 0.000 0.000 5.40

r-GeC3 C2v 10.540 10.603 2.95

t-Ge2C2 Cs 0.000 0.000 3.52

r-Ge2C2 D2h 20.413 20.381 0.00

d-Ge2C2
a C2v 397.491 2.03

r-Ge3C C2v 0.000 0.000 0.11

d-Ge3C Cs 189.830 189.778 0.98

d-GeSi3 C2v 0.000 0.000 0.79

r-GeSi3 C2v 16.982 16.957 0.01

r-Ge2Si2 D2h 0.000 0.000 0.00

t-Ge2Si2 Cs 12.871 12.862 0.77

d-Ge2Si2 D2h 32.643 32.637 0.00

r-Ge3Si C2v 0.000 0.000 0.04

d-Ge3Si C2v 15.666 15.660 0.76
aCCSD(T)-F12a/cc-pVDZ-F12
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number of cases multipled by 100%, is reported where relevant, i.e.

MAPD =

(
1

N

N∑
i=1

∣∣∣∣Ai − Aref

Aref

∣∣∣∣
)

× 100%

.

For r-C4 the F12a/TZ method is seen to have a MAPD of 0.12% from the F12b/QZ

results, but with the computation taking around nine times less wall clock time to complete.

This comparison supports the previous observation45,46 that the two methods converge to

similar results. For r-Si4, computed results are similar to those computed at the best current

level of theory in the literature from Sehring et al.16 Computed anharmonic vibrational

frequencies and rotational constants show MAPDs (for F12a/TZ with respect to F12-TZ-

cCR) of 0.60% and 1.31% respectively, indicating the F12a/TZ method has exceptionally

high accuracy in comparison with the F12-TZ-cCR method used in the work of Sehring

et al.16 This comparison demonstrates the small but non-negligible effects of core-valence

correlation and relativistic effects that are accounted for in the F12-TZ-cCR approach.16

For the tetra-atomic pure germanium structure, the vibrational mode most promising

for observation would be ν6 with an intensity of 58.8 km mol−1, however its frequency

of 280.0 cm−1 falls outside the range of JWST’s mid-IR observing capabilities. With no

permanent dipole moment, this molecule is unlikely to be detected with current instruments

whether through IR spectroscopy or rotational spectroscopy.

GeZ3

Optimized geometries for each GeZ3 structure are shown in Figure 2. Between the two GeC3

structures, d-GeC3 was found to lie 1.140 kJ mol−1 lower (0.776 kJ mol−1 when corrected

for ZPVE) than r-GeC3. Although the former is found to be the lowest energy structure,

the energy difference between the two might point towards a very small barrier for intercon-

version.
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Figure 1: Optimized geometries of Z4 structures at the CCSD(T)-F12a/cc-pVTZ-F12 level
of theory. Bond lengths shown in Å, angles in degrees.

Table 2: Harmonic and anharmonic fundamental vibrational frequencies (in cm−1) of r-
Si4 and r-Ge4. MAPD is shown for F12a/TZ with respect to F12-TZ-cCR for anharmonic
frequencies. Intensities (in km mol−1) for F12a/TZ calculations are from this work.

Mode Symmetry Harmonic Anharmonic Intensity
r-Si4 D2h F12a/TZ F12-TZ-cCRa F12a/TZ F12-TZ-cCRa

6 B1u 510.4 512.5 503.3 505.9 147.1

5 Ag 476.9 479.2 471.7 476.1 0.0

4 B2g 439.4 442.4 433.3 436.6 0.0

3 Ag 350.4 353.0 347.5 350.0 0.0

2 B3u 253.0 254.0 250.5 251.9 8.3

1 B2u 75.4 75.1 76.3 76.2 2.2

MAPD 0.60

r-Ge4 D2h

6 B1u 282.8 280.0 58.8

5 Ag 265.4 266.6 0.0

4 B2g 239.5 237.1 0.0

3 Ag 188.1 187.0 0.0

2 B3u 133.1 132.0 0.1

1 B2u 49.1 49.4 0.2
aSehring et al. 2022
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Similarly, d-GeSi3 was found to be the lower energy isomer compared to r-GeSi3, with

an energy difference of only 17.256 kJ mol−1. Considering the very small energy gaps be-

tween the isomers, it is worthwhile exploring the conversion between them and determining

transition states between the isomers. Previously, d-SiC3 was detected in space towards

IRC+10216 through its rotational spectrum by the ALMA telescope array.14 When con-

sidering similarities between d-SiC3 and d-GeC3, they both have large dipole moments of

4.2 and 5.4 D, respectively.16 Although d-GeC3 does not have the most intense of vibra-

tional modes between the GeC3 isomers, its large dipole moment indicates the possibility of

detection by rotational spectroscopy.

Vibrational frequencies and rotational constants for the GeZ3 structures are presented in

Tables 3-5. All four structures have one vibrational mode with relatively strong intensity,

with the r- isomers having the strongest at 112.0 and 107.0 km mol−1 for GeC3 and GeSi3,

respectively. These two vibrational modes correspond to the 2-3-4 asymmetric stretch where

atoms 2, 3, and 4 are either carbon or silicon as seen in Figure 2. Many vibrational modes

fall within the observable range of JWST, however the smaller frequency modes (<353 cm−1,

about half of them for the GeSi3 isomers), fall outside of that range.

Computed anharmonic vibrational frequencies for d-GeC3 at the F12a/TZ level have

a MAPD of 0.12% relative to the F12b/QZ frequencies. However, the computation time

increased by almost a factor of six for the F12b/QZ calculation compared to the F12a/TZ

calculation. Therefore, when considering the method of choice for these systems, the increase

in computational cost associated with F12b/QZ is likely not worth the small gain in accuracy.

Ge2Z2

Six Ge2Z2 structures were considered. Equilibrium structures for the three Ge2C2 and three

Ge2Si2 isomers are shown in Figure 3. Vibrational frequencies and rotational constants for

each structure are presented in Tables 6 and 7. For this group of structures we have again

chosen to use both F12a/TZ and F12b/QZ to compare results for r-Ge2C2. Frequencies and
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Figure 2: Optimized geometries of GeZ3 structures at the CCSD(T)-F12a/cc-pVTZ-F12
level of theory. Bond lengths shown in Å, angles in degrees.
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Table 3: Harmonic and anharmonic fundamental vibrational frequencies (in cm−1) of GeC3

isomers. Both F12a/TZ and F12b/QZ have been used for d-GeC3. MAPD is shown for
F12a/TZ with respect to F12b/QZ for anharmonic frequencies. Intensities in km mol−1.

Mode Symmetry Harmonic Anharmonic Intensity

d-GeC3 a/TZ b/QZ a/TZ b/QZ

6 A1 1389.7 1390.6 1421.8 1422.8 88.9

5 B1 1020.6 1021.3 993.0 993.6 1.4

4 A1 912.2 912.4 891.9 892.2 50.6

3 A1 518.5 519.0 512.7 513.3 72.8

2 B1 355.4 356.3 348.1 349.0 36.9

1 B2 219.9 220.0 219.9 220.3 3.5

MAPD 0.12

r-GeC3

6 B2 1574.4 1538.3 112.0

5 A1 1118.0 1096.3 2.2

4 A1 720.4 709.8 28.1

3 A1 415.1 408.8 26.9

2 B2 338.1 332.4 2.4

1 B1 178.3 191.8 24.6
aF12a/TZ intensities

Table 4: Harmonic and anharmonic fundamental vibrational frequencies (in cm−1) of GeSi3
isomers using F12a/TZ. Intensities in km mol−1.

Mode SymmetryHarmonicAnharmonic Intensity

d-GeSi3
6 A1 496.4 490.0 92.1

5 A1 426.2 421.9 29.2

4 B1 416.7 411.1 0.1

3 A1 273.5 271.7 7.9

2 B1 217.8 216.4 5.5

1 B2 69.0 69.7 1.1

r-GeSi3
6 B2 503.3 495.8 107.0

5 A1 430.2 430.0 1.5

4 B2 326.5 322.6 13.9

3 A1 308.1 305.8 1.9

2 A1 209.2 207.5 1.1

1 B1 72.9 73.1 2.0
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Table 5: Equilibrium (e) and vibrationally-averaged (0) rotational constants of GeC3 and
GeSi3 isomers in MHz at the F12a/TZ level of theory and F12b/QZ for d-GeC3. In each
case, ν6 was the most intense mode, thus vibrationally-averaged constants for this mode are
included (6).

Constant d-GeC3 F12b/QZConstant r-GeC3 Constant d-GeSi3Constant r-GeSi3
Ae 37654.4 37685.7 Ae 12195.1 Ae 6175.1 Ae 3530.6

Be 3891.2 3893.8 Be 6286.6 Be 1387.7 Be 2264.8

Ce 3526.7 3529.1 Ce 4148.2 Ce 1133.1 Ce 1379.7

A0 37333.8 37364.3 A0 12929.4 A0 6150.5 A0 3520.1

B0 3876.4 3879.0 B0 6252.5 B0 1385.3 B0 2260.3

C0 3509.5 3511.9 C0 4128.7 C0 1130.5 C0 1376.1

A6 36031.0 36065.6 A6 12287.4 A6 6096.4 A6 3500.4

B6 3885.1 3887.6 B6 6223.3 B6 1388.6 B6 2264.3

C6 3521.0 3523.4 C6 4142.8 C6 1134.0 C6 1379.0

MAPD 0.08

rotational constants for the two methods show MAPDs of 0.18% and 0.07%, respectively,

for F12a/TZ with respect to F12b/QZ, again supporting the conclusion that the increase in

computational cost (a factor of eight in this case) has a negligible effect on accuracy gained.

Among all structures studied in this work, r-Ge2C2 showed a vibrational frequency with an

intensity well above all other vibrational modes. An intensity of 307.2 km mol−1 is predicted

for ν3 which is the Ge(1)-C(1) and Ge(2)-C(2) symmetric stretch at 801.7 cm−1. With such

a large intensity, observation of this mode is a likely candidate for detection by JWST. The

t-isomer does not have any vibrational modes with high intensities, and is thus less likely to

be detected by JWST.

As mentioned, the d-Ge2C2 structure posed a challenge to optimize. An equilibrium struc-

ture was found using the smaller double-zeta basis set (cc-pVDZ-F12),47 with a boat-like

geometry. However, this structure was found to have a T1 diagnostic60 of 0.098, suggesting

multi-reference character, and thus this level of theory might not allow for an accurate de-

scription of this structure. A table of T1 diagnostics for all clusters considered in this work

is shown in Table S5. For the majority of structures, T1 was below the 0.02 threshold indi-

cating single-reference character. The d-Ge3C has a T1 value of 0.039, which indicates that
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Figure 3: Optimized geometries of Ge2Z2 structures at the CCSD(T)-F12a/cc-pVTZ-F12
level of theory. Bond lengths shown in Å, angles in degrees. The d-Ge2C2 structure is in C2v

symmetry, with the carbon atoms going out of plane.
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this structure likely shows some multi-reference character. To confirm the multi-reference

character of the d-Ge2C2 structure, we carried out a CASSCF(16,16)/aug-cc-pVTZ61–65 cal-

culation at the CCSD(T)-F12a/cc-pVDZ-F12 optimized geometry to determine the config-

uration coefficients. The leading coefficient for the d-Ge2C2 structure is 0.8573, indicating

large contributions from other configurations. To confirm single-reference character of the

species, CASSCF single point calculations were carried out on each optimized structure and

results are shown in Table S6. Notably, the leading coefficients in the expansion of the wave-

function for all other structures (not d-Ge2C2) were about 0.9. For the two Ge3C structures

which had T1 values larger than 0.02, their CASSCF leading coefficients are still similar to

those of the structures with smaller T1 values. It may be worth re-examining these struc-

tures more thoroughly with multi-reference methods to see how the resulting structures and

spectroscopic properties are affected.

Of the three Ge2C2 isomers, the t- structure has the lowest energy. The total energy of

the r- structure is larger by 20 kJ mol−1, and the d- isomer by 402 kJ mol−1. The CASSCF

single point calculations predict the same trends in energies, but predict a gap twice as large

between the t- and d- structures at 800 kJ mol−1. The CASSCF total and relative energies

are shown in Table S6.

None of the vibrational modes for the t- isomer are relatively intense, however this

molecule has a dipole moment of 3.52 D. The d- isomer has dipole moment of 2.52 D at

the F12a/DZ level of theory, however, due to its multi-reference character it is uncertain

whether this structure and dipole value are reliable. Lastly, the r- isomer of Ge2C2 has no

net dipole moment, making only the t- isomer a likely candidate for detection by rotational

spectroscopy.

Predicted vibrational frequencies for the Ge2Si2 isomers fall on the lower end of the

detection range for JWST. Results for these three structures are shown in Tables S7 and

S8. Each structure has only one vibrational mode that could be detected, with the r- isomer

having the largest intensity for the ν5 mode, the symmetric stretch of Ge(1)-Si(1) and Ge(1)-
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Si(2) at 402.0 cm−1, with an intensity of 119.8 km mol−1. The isomer d-Ge2Si2 also has a

relatively intense mode at 391.2 cm−1 with an intensity of 86.9 km mol−1, however, it has

larger energy by 32.637 kJ mol−1 than the isomer with the lowest energy, r-Ge2Si2.

Having D2h symmetry, neither the r- nor d- isomer of Ge2Si2 exhibit dipole moments, and

therefore could not be detected through rotational spectroscopy. Unlike the carbon analogue

of the t- isomer, t-Ge2Si2 has a very small permanent dipole moment of 0.76 D, making it a

less likely candidate for detection via rotational spectroscopy.

Table 6: Harmonic and anharmonic fundamental vibrational frequencies (in cm−1) of Ge2C2

isomers at the F12a/TZ (and F12b/QZ, or F12a/DZ) level of theory. Intensities in km
mol−1.

Mode Symmetry Harmonic Anharmonic Intensity

r-Ge2C2 F12a/TZ F12b/QZ F12a/TZ F12b/QZ

6 Ag 1102.2 1103.2 1070.7 1071.8 0.0

5 B2g 868.4 869.2 850.0 851.2 0.0

4 B1u 816.1 816.9 801.7 802.7 307.2

3 Ag 281.9 282.3 271.9 272.0 0.0

2 B3u 276.7 277.1 273.0 274.0 64.5

1 B2u 147.3 147.2 147.1 147.6 11.9

MAPD 0.18
t-Ge2C2 F12a/TZ

6 A′ 1581.2 1555.8 29.0

5 A′ 575.8 570.2 45.8

4 A′ 515.5 509.5 35.6

3 A′ 392.5 391.0 11.0

2 A′ 182.7 181.4 0.8

1 A′′ 179.1 178.7 3.8

d-Ge2C2 F12a/DZ

6 A1 599.7 0.0

5 B1 550.7 0.0

4 B2 444.4 0.0

3 A2 415.0 0.0

2 A1 280.9 0.0

1 A1 233.1 0.0
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Table 7: Equilibirum (e) and vibrationally-averaged (0) rotational constants of Ge2C2 iso-
mers in MHz at the F12a/TZ level of theory and F12b/QZ level for r-Ge2C2. For r-Ge2C2,
vibrationally-averaged rotational constants for its most intense mode, ν4, are also included.

Constant r-Ge2C2 F12b/QZ

Ae 41435.1 41476.6

Be 1039.7 1040.3

Ce 1014.3 1014.8

A0 41100.2 41140.1

B0 1036.9 1037.5

C0 1011.3 1011.8

A4 41110.0 41149.5

B4 1035.6 1036.2

C4 1010.0 1010.6

MAPD 0.07

t-Ge2C2 F12a/TZ

Ae 7721.4

Be 1824.1

Ce 1475.5

A0 7684.6

B0 1822.3

C0 1472.0

d-Ge2C2 F12a/DZ

Ae 9435.3

Be 2129.4

Ce 1770.7
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Ge3Z

The optimized Ge3Z structures are shown in Figure 4. None of these four molecules show

strong permanent dipole moments with the d- Ge3C and Ge3Si isomers having the largest

at 0.98 D and 0.76 D, respectively. These molecules are thus more likely to be identified

through their vibrational spectra. Results for the Ge3C structures are shown in Tables 8

and 9, while vibrational frequencies for the Ge3Si structures are collected in Table S9. Both

r- isomers exhibit ν6 vibrational modes at 941.8 cm−1 and 407.3 cm−1, and with relatively

large intensities of 103.2 km mol−1 and 81.1 km mol−1 for r-Ge3C and r-Ge3Si, respectively.

Another predicted intense mode is the ν5 mode of r-Ge3C at 513.6 cm−1 with an intensity

of 87.9 km mol−1. The r- carbon structure lies 189.778 kJ mol−1 below the d- isomer (Table

1), making it more likely to be detected through its stronger IR spectra. The r- silicon

isomer lies only 15.670 kJ mol−1 below the d- isomer, suggesting it may be possible to see

interconversion between the two with such a small energy difference, assuming a small barrier

between them. However, due to the r- isomer having a more intense vibrational mode in its

spectrum, it is likely that the r- isomer would be detected over the d- isomer.

Table 8: Harmonic and anharmonic fundamental vibrational frequencies in cm−1 of Ge3C
isomers using F12a/TZ. Intensities in km mol−1.

Mode Symmetry Harmonic Anharmonic Intensity

d-Ge3C

6 A′ 626.0 619.2 6.8

5 A′′ 513.0 499.7 0.7

4 A′ 271.6 271.1 0.4

3 A′ 228.6 225.0 26.3

2 A′′ 151.0 150.0 0.1

1 A′ 63.6 31.8 18.3

r-Ge3C

6 B2 956.4 941.8 103.2

5 A1 518.4 513.6 87.9

4 A1 291.8 300.7 7.7

3 B2 200.8 198.7 10.4

2 A1 178.9 176.7 2.3

1 B1 140.5 141.5 2.9
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Figure 4: Optimized geometries of Ge3Z structures at the CCSD(T)-F12a/cc-pVTZ-F12
level of theory. Bond lengths shown in Å, angles in degrees.
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Table 9: Equilibirum (e) and vibrationally-averaged (0) rotational constants of Ge3C and
Ge3Si isomers in MHz at the F12a/TZ level of theory. Vibrationally-averaged constants for
most intense vibration for each isomer are also included.

Constant d-Ge3C Constant r-Ge3C Constant d-Ge3Si r-Ge3Si

Ae 2108.1 Ae 2949.3 Ae 2031.9 Ae 3216.0

Be 1746.3 Be 1002.5 Be 1259.3 Be 789.8

Ce 959.8 Ce 748.2 Ce 777.5 Ce 634.0

A0 2113.4 A0 2937.6 A0 2027.8 A0 3207.8

B0 1736.0 B0 1001.5 B0 1257.2 B0 788.7

C0 955.1 C0 746.4 C0 775.8 C0 632.9

A3 2107.6 A6 2916.9 A6 2019.8 A6 3186.0

B3 1737.4 B6 1005.7 B6 1258.5 B6 790.2

C3 954.5 C6 748.4 C6 777.0 C6 634.3

Isotopic Substitution

Unlike carbon and silicon, germanium does not have a dominant, naturally occurring isotope.

Instead, the majority of abundance is split between three isotopes: 74Ge, 72Ge, and 70Ge, with

abundances of 36.5%, 27.4%, and 20.5%, respectively.43 The two other naturally occurring

isotopes, 73Ge and 76Ge, have abundances of 7.76% and 7.75%, respectively.43 As there is no

singular dominant isotope of germanium, it is important to consider how isotopic substitution

will affect the results of each structure studied herein.

Electronic energies will not change, and optimized structures will stay the same within

1x10−5 Å (due to numerical convergence thresholds), but frequencies, rotational constants,

and zero-point energies will change. To show how they might change, results were also

collected using the average isotopic mass of germanium as calculated by MOLPRO (72.59

amu). Anharmonic frequencies and intensities for r-GeC3, r-Ge2C2, and r-Ge3C are collected

in Table 10 and compared with the results obtained used the mass of 74Ge (73.92 amu).

Frequencies using the average isotopic mass of germanium show a MAPD of 0.05%, 0.20%,

and 0.54% for r-GeC3, r-Ge2C2, and r-Ge3C, respectively. Clearly, there is some deviation

as the masses change, and that deviation will be larger as the masses are further changed
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from 74Ge, but the deviation will likely be quite small for each isotopic substitution. This

will result in broader peaks in the IR spectra, but they will likely still be distinguishable

for each species even with the inclusion of varying isotopes of germanium. The difference

in frequencies and intensities between the two germanium masses (72.59 and 73.92 amu) is

represented graphically in Figure 5.

One should also consider the likelihood of finding each species with each isotope present

to know which combinations are the most likely to be observed. The probabilities of all

unique combinations (320, excluding chemically equivalent duplicates) of the five germa-

nium isotopes for each species considered in this work are collected in Tables S10-S13. For

each species, those composed of entirely 74Ge isotopes have the highest probability of being

present, while substitutions with 72Ge follow as next most likely.

Conclusions

This work presents anharmonic vibrational frequencies and rotational constants evaluated at

a high-level of theory for a suite of tetra-atomic germanium carbide and silicide molecules.

For many of these molecules, we report the only available computed frequencies and rota-

tional constants, and for those that have already been studied, this work offers results from

more accurate, recent methods. The spectroscopic data provide a reference for potential

observation of the various species in the interstellar medium, specifically with instruments

such as JWST through their IR spectra. Multiple structures have vibrational modes that

are suitable for observation, the most promising of which is the ν4 mode of r-Ge2C2 with

a frequency of 802.7 cm−1 (12.5 µm) and an intensity of 307.2 km mol−1. Other modes of

potential interest include the ν5 mode of r-Ge2Si2 at 402.0 cm−1 (24.9 µm) and 119.8 km

mol−1, the ν6 mode of r-Ge3C at 941.8 cm−1 (10.6 µm) and 103.2 km mol−1, and the ν6

modes of r-GeC3 and r-GeSi3 at 1538.3 cm−1 (6.5 µm) and 112.0 km mol−1 and 495.8 cm−1

(20.2 µm) and 107.0 km mol−1, respectively. Some molecules also could be detected through

22

https://doi.org/10.26434/chemrxiv-2024-ncvzn-v2 ORCID: https://orcid.org/0009-0003-5582-789X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-ncvzn-v2
https://orcid.org/0009-0003-5582-789X
https://creativecommons.org/licenses/by-nc-nd/4.0/


Table 10: Anharmonic vibrational frequencies (in cm−1), intensities (in km mol−1), and their
relatives values when atomic mass of germanium is changed. Masses used are that of 74Ge
(73.92 amu), and the average atomic isotopic mass of germanium as calculated by MOLPRO
(72.59 amu). MAPDs are shown for the values calculated with the average isotopic mass
with respect to those calculated with the mass of 74Ge.

Mode Symmetry m(Ge)=72.59 m(Ge)=73.92

r-GeC3 Anharm. Int. Anharm. Int.

6 B2 1537.5 111.9 1538.3 112.0

5 A1 1096.0 2.2 1096.3 2.2

4 A1 709.7 28.3 709.8 28.1

3 A1 409.4 27.4 408.8 26.9

2 B2 332.5 2.4 332.4 2.4

1 B1 191.7 24.6 191.8 24.6

MAPD 0.05 0.44

r-Ge2C2 Anharm. Int. Anharm. Int.

6 Ag 1070.5 0.0 1070.7 0.0

5 B2g 850.3 0.0 850.0 0.0

4 B1u 802.5 307.7 801.7 307.2

3 Ag 273.1 0.0 271.9 0.0

2 B3u 274.3 64.6 273.0 64.5

1 B2u 147.3 12.0 147.1 11.9

MAPD 0.20 0.17

r-Ge3C Anharm. Int. Anharm. Int.

6 B2 942.1 103.5 941.8 103.2

5 A1 514.1 87.9 513.6 87.9

4 A1 304.7 7.9 300.7 7.7

3 B2 200.4 10.6 198.7 10.4

2 A1 178.2 2.3 176.7 2.3

1 B1 141.6 2.9 141.5 2.9

MAPD 0.54 0.80
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Figure 5: Theoretical IR spectra of r-GeC3, r-Ge2C2, and r-Ge3C computed using the mass
of 74Ge (73.92 amu) and the average isotopic mass (72.59 amu).
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their rotational spectra due to their larger permanent dipole moments. These include d-

and r-GeC3 as well as t-Ge2C2 with net dipole moments of 5.40 D, 2.95 D and 3.52 D,

respectively.

Many of the studied isomers have small energy differences, and it would be interesting

to study the transition states between them to learn more about the internal conversion.

The d-Ge2C2 structure, as well as some of the other species that show slight multi-reference

character, also open up an interesting path for further computational study with accurate

multi-reference approaches.

Due to germanium having isotopes with comparable, large abundances, it is important

to consider the effect of different isotopes on the observed spectra. As the impact of isotopic

substitution on vibrational frequencies is quite small, the result will be a slight broadening of

the peaks in the IR spectrum, but the species should still be distinguishable. Combinations

of isotopes containing primarily 74Ge are most likely to be observed as 74Ge is the most

abundant isotope of the five naturally occurring isotopes.

With accurate spectroscopic data for these germanium-containing species, the presence

of this heavier element in the interstellar can be studied more thoroughly, offering insight

into the pathways it takes to end up in stars, proto-planetary systems and eventually other

celestial bodies.
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Supporting Information Available

The relative zero-point vibrational energies of all species are including in the Supporting

Information. Vibrational frequencies and/or rotational constants for r-C4, r-Si4, Ge2Si2 iso-

mers, and Ge3Si isomers are also collected in the SI. Probabilities of all possible combinations

of germanium isotopes for each group of structures are available. Lastly, T1 diagnostics, con-

figuration coefficients from CASSCF computations, and Cartesian coordinates of all species

studied are found in the SI.
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