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ABSTRACT: A systematic investigation is carried out using the B3LYP,
BLYP, and BHLYP functionals and MP2 level of theory to characterize
the low-lying electronic singlet and triplet GeC,N, isomers. The basis
sets used are of double-{ plus polarization quality with additional s- and
p-type diffuse functions, DZP++. Three bent isomers Ge(CN),,
CNGeCN, and Ge(NC), are located on the singlet and triplet potential
energy surfaces. In visualizing the reaction pathways for the singlet
isomerization of the bent isomers, two three-membered [Ge, C, N]
cyclic systems, with exocyclic —C—C=N and —C—N=C bonding,
appear on the energy surface. Four types of electron affinities reported
are: the adiabatic electron affinity, the zero-point vibrationally corrected
electron affinity, the vertical electron affinity, and the vertical detachment
energy of the anion. The ionization energies and singlet—triplet gaps for
all isomers are also reported. The energetic ordering (kcal mol™") (B3LYP) with zero-point vibrational energy corrections for the
singlet ground state isomers follows: Ge(CN), (global minimum) < CNGeCN (2.3) < Ge(NC), (3.3) < Cyc_exo_CCN (15.3)
< Cyc_exo_CNC (30.6). All the bent and cyclic isomers are found to be below the dissociation limit to Ge (°P) + C,N, ( lZg).
The rate constants for all interconversions are evaluated using transition state theory.

Cye_exo_CON Cye_exo_ONC

I. INTRODUCTION A, <1°%B, <X 3Zg' < X ?B,. Hajgat6 et al.*' characterized the

The quest for novel dicyanogermylenes is a promising area of energies of the isomers as C(CN), < CNCCN < C(NC),,

active research following spectacular progress in the exploration 1rresp 'ectlve of tbe electronic state. The adiabatic 19nlzat;10n
of cyano/isocyano derivatives of carbenes'™ and silylenes.®” energies were estimated as: C(CN), = 112.3 eV to the linear “II,
Germanium-containing species are essential in the micro- cation; NCCNC = 104 eV to the linear “II cation and C(NC),

electronic industry in the form of wafers,® semiconductors,” and
dielectrics."

Several experimental''™"” and theoretical'®~*° investigations
have been reported for cyanogen derivatives since 1977. A
number of researchers have focused on the isomers of
cyanomethylene, HCCN,*' ™ to determine their equilibrium
geometries. The mass spectrometric observation of dicyano-
carbene, C(CN), was reported by Schwarz et al*® Early
theoretical studies of C(CN), included those of Hoffmann et
al.*” and Lucchese and Schaefer.*® In the latter study the triplet
state was estimated to lie ~14 kcal mol™ below its singlet state.
By means of anion photoelectron spectroscopy, Wenthold et
al.* reported dicyanocarbene as a triplet ground state, and the
adiabatic electron affinity of NCCCN was measured to be 3.72
+ 0.02 eV, while the singlet—triplet splitting was estimated to
be 0.52 + 0.05 eV.

Chaudhuri et al.** reported a theoretical study of the ground
and excited states of the isomers of C;N,. The relative energies
of the electronic states of dicyanocarbene and its negative ion
and of cyclic C;N, were predicted to follow the order X 'A” < X
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= 99 eV to the bent 2A, cation. Maier and Reisenauer™
calculated the geometries and relative energies of C;N, isomers
in their singlet and triplet states, and the global minimum was
located as triplet linear C(CN), (Do, *Z, ). Maier et al.® also
studied five C,N,Si isomers pertinent to the reaction Si (°P) +
N=C—C=N (D, 'Z,), identifying the bent Si(NC), as the
global minimum and the next two higher isomers as NCSiNC
and Si(CN),. There are two cyclic silylenes, but the mechanism
for the reorganization of the Si atom and two CN fragments is
not known. Subsequently, there have been several inves-
tigations**~** dealing with structural isomerizations of cyano
compounds.

A preliminary report of the preparation of the germanium(II)
pseudohalide, Ge(CN), and its reactions with 2,3-dimethylbu-
tadiene, [FeCp(CO),],, and a,a’-bipyridine was published in
1986 by Satge and co-workers,” without considering questions
of isomerization. More recently, the development of bulky
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germanium isocyanide complexes succeeded.*”*! Brown et al.’

studied the diarylgermylene reaction Ge(Ar™%), [ArM¢ =
C¢H;-2,6-(C¢H,-2,4,6-(CH,)5),] + tert-butyl isocyanide —
(A™e),GeCNBu' (Lewis base adduct). Therein, the N—C
stretching frequency of the isocyanide ligand decreases upon
formation of the Lewis base adduct. This may be explained in
terms of a n — 7™ back-bonding interaction. Using the hybrid
PBE1PBE exchange correlation functional in combination with
TZVP basis sets, they confirmed the HOMO to be a Ge—C
bonding combination between the lone pair of electrons on the
Ge atom and the C—N 7* orbital of the isocyanide ligand.

‘While many rearrangements of silylenes, including those with
unsaturated substituents, are well-documented,>>>> very few
rearrangements of germylenes have been reported. Grev and
Schaefer™* predicted the HGeSiH; = H,Ge=SiH, rearrange-
ment to be endothermic by 3.2 kcal mol™, with a barrier of
16.2 kcal mol™!. For the HGeGeH; = H,Ge=GeH,
rearrangement an exothermicity of 2.0 kcal mol™" was predicted
to be in close agreement with the computed results obtained by
Trinquier.>> A barrier of 10.0 kcal mol™ was predicted for the
latter rearrangement. Khabashesku et al.>® presented evidence
for the reversible germylene-to-germene rearrangement dis-
played in the following reaction Scheme 1, studied in a frozen
matrix.

Scheme 1. Germylene-to-Germene Rearrangement

@Ge(N;)z j—VN> @Ge: OeH

Gaspar, Lee, and Lei®” examined the gas-phase reactions of
MeGeSiMe;. Germylene-to-germylene rearrangements formed
HGeCH,SiMe; and MeGeCH,SiHMe, via a three-membered
ring intermediate resulting from carbon—hydrogen bond
insertion by the germylene center into a C—H bond of the
trimethylsilyl group. No products were found that demanded
the rearrangement of MeGeSiMe; to Me,Ge=SiMe,.

In view of the above and following the successful
experimental and theoretical findings for the isomers of C;N,

hv
—
-
hv

and SiC,N,, the plan for the current investigation of the
isolated and interconversions of new GeC,N, analogs is
displayed in Scheme 2. The literature of the dicyanogermylene
isomers is limited and therefore there are no experimental data
for comparisons. The investigation of the gas-phase anions is
particularly useful in the field of spectroscopic studies and
photodissociation reactions.

Il. THEORETICAL METHODS

All geometries were fully optimized with the Gaussian 03
program,58 using three functionals, BHLYP, BLYP, and B3LYP,
and the MP2 method. BHLYP is an HF/DFT hybrid method
employing the Becke (B)*® half and half exchange functional
(H)® and the Lee, Yang, and Parr (LYP)°' nonlocal
correlation functional. The B3LYP method combines Becke’s
three-parameter exchange functional (B3) with the LYP
correlation functional. BLYP is a pure DFT method, comprised
of Becke’s (B) exchange functional plus the LYP correlation.
MP2%* computations with the frozen core approximation were
also performed. Natural bond orbital analyses were carried out
with NBO 3.1.%% In all cases, an extended integration grid (199
974) was used, with very tight convergence criteria applied to
all computations.

Double-{ basis sets with polarization and diffuse functions,
denoted as DZP++, were used for all atoms. The double-{ basis
sets were constructed by augmenting the Huzinaga—Dunning—
Hay®* ™% sets of contracted Gaussian functions with one set of
p polarization functions and one set of d polarization functions
for each carbon [ag(C) = 0.75] and nitrogen [a4(N) = 0.80]
atom. The diffuse functions were determined in an even-
tempered fashion following the prescription of Lee®’

]m

where a;, @, and a5 are the three smallest Gaussian orbital
exponents of the s- or p-type primitive functions of a given
atom (a@; < @, < a3). Thus o,(C) = 0.04302, a,(C) = 0.03629,
a(N) = 0.06029, a,(N) = 0.05148. The DZP++ basis set for
germanium was comprised of the Schafer—Horn—Ahlrichs
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Scheme 2. Ground State Structures for Bent and Cyclic Dicyanogermylenes

Ge(CN), CNGeCN Ge(NC),
Cyc_exo_CCN Cyc_exo_CNC
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Table 1. Germylenes EA,; and EA 47pyg) (in Parentheses), EA, ., VDE, Eg, and AEg_ 1 (kcal mol™" in Parentheses) in Electron

Volts (eV)
BHLYP BLYP B3LYP MP2
EA. (EAgzpvr)

Ge(CN), 2.73 (2.73) 2.56 (2.56) 2.78 (2.78) 2.22 (2.07)
CNGeCN 2.45 (24S) 2.38 (2.38) 2.55 (2.56) 2.20 (2.12)
Ge(NC), 2.16 (2.16) 2.18 (2.19) 2.32 (2.32) 2.16 (2.14)
Cyc_exo_CCN 1.30 (1.33) 1.35 (1.38) 1.46 (1.49) —0.70 (—0.71)
Cyc_exo_CNC 1.22 (1.24) 1.32 (1.34) 1.41 (1.43) —0.74 (—0.74)

EAyen
Ge(CN), 2.71 2.54 2.76 1.95
CNGeCN 2.37 232 2.49 2.00
Ge(NC), 2.04 2.10 222 2.00
Cyc_exo_CCN 0.41 0.84 1.34 —0.33
Cyc_exo_CNC 0.06 1.18 125 —-0.76

VDE
Ge(CN), 2.76 2.58 2.80 2.37
CNGeCN 2.54 244 2.63 2.36
Ge(NC), 2.32 229 245 2.34
Cyc_exo CCN 146 1.95 1.60 —0.68
Cyc_exo_CNC 142 1.51 1.59 —0.71

Erg

Ge(CN), 10.85 10.51 10.86 10.53
CNGeCN 10.80 10.32 10.79 10.62
Ge(NC), 10.82 10.07 10.69 10.81
Cyc_exo_CCN 8.74 8.47 8.76
Cyc_exo_CNC 8.59 8.40 8.66 8.80

AEg ¢
Ge(CN), 1.76 (40.6) 1.87 (43.2) 1.85 (42.7) 2.08 (48.0)
CNGeCN 2.15 (49.5) 2.16 (49.8) 221 (50.9) 2.18 (50.4)
Ge(NC), 2.62 (60.4) 244 (56.2) 2.63 (60.6) 2.46 (56.6)

double-{ spd set plus a set of five pure d-type polarization
functions with a4(Ge) = 0.246, augmented by a set of sp diffuse
functions with a,(Ge) = 0.024434 and aP(Ge) = 0.023059.%
The overall contraction scheme for the basis sets is:
C(10s6p1d/5s3pld), N(10s6pld/Ss3pld), and Ge-
(15s12p6d/9s7p3d).

Four forms of neutral-anion energy differences are evaluated
for each structure at every level of theory.

adiabatic electron affinities

EA,; = E(optimized neutral) — E(optimized anion)

(1)

Zero-point vibrational energies (ZPVE) were evaluated at each
level.

ZPVE corrected adiabatic electron affinities EA 4(7pvr)

EA 4zpve) = [E(optimized neutral) + ZPVE, ]
— [E(optimized anion) + ZPVE_, ] (2)
vertical electron affinity
EA,,,. = E(optimized neutral)
— E(anion at optimized neutral geometry) (3)
vertical detachment energy of the anion
VDE = E(neutral at optimized anion geometry)
— E(optimized anion) (4)
The ionization energies are computed as

12154

E;z = E(optimized cation) — E(optimized neutral) (3)
Each singlet—triplet splitting was predicted as the difference
between the electronic energy of the neutral ground state and
that of its lowest triplet state.

Quantum chemical modeling was performed to elucidate the
unimolecular isomerizations for the GeC,N, molecule on the
singlet and triplet PESs. All transition state (TS) searches were
performed without symmetry restriction. The stationary state
geometries were analyzed via harmonic vibrational frequencies
and characterized as ground states or TSs. Further, intrinsic
reaction coordinates (IRC) were computed using mass-
weighted internal coordinates to verify the connectivity of the
reactants and products.

lll. RESULTS AND DISCUSSION

The energy for the Ge ('D) + C,N, (lzg) system relative to the
global minimum 'A; Ge(CN), is predicted to be 71.2 kcal
mol™". As a result, all singlet and triplet equilibrium structures
are energetically well below the dissociation limit Ge ('D) +
C,N, (lZg), where the dissociation products are computed in
their ground electronic states. The neutral closed-shell
molecules Ge(CN),, CNGeCN, and Ge(NC),, their anions,
cations, and the triplet excited states of the neutral species are
all planar. Two cyclic systems have been identified on the
singlet PES; these are also planar structures. The two important
bond angles used to describe the isomers are the divalent angle
(6) and the quasi-linear Ge—C=N or Ge—N=C bond angles
(¢). A remarkable feature of the divalent angles of the acyclic
bent neutral singlet state isomers is the angle opening in the
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Ge(CN), Neutral ("A,)

B3LYP 1987 A
BLYP  2.005 A
BHLYP 1972A

MP2 1.970 A 170.5°
1L172 A 169.7°
187 A 171.5°

1.
1.156 A 171.6°
I:

196 A

Ge(CN),* Cation CA))

1.890 A
1.930 A
1.866 A
1764 18724

174.8°
7757

Ge(CN); Anion (*B))

Ge(CN), Triplet °B))

1.893 A
1.912 A
1.881 A
175 A 1.946 A

174.2°
174.4°

Figure 1. Equilibrium geometries for the A, ground state of Ge(CN),, >B, ground state of the Ge(CN), ~ anion, *A, ground state of the Ge(CN),"

cation, and B, excited state of neutral Ge(CN),.

corresponding low-lying triplet states. This change in angle is
associated with a change in the electronic configuration. Thus
the corresponding cyclic systems have not been located as
triplet species on the GeC,N, PES. The multiplicities, identity
of the electronic states and geometries of the dicyanogermylene
equilibrium structures and of the isocyano, diisocyano, and
cyclic germylene isomers are analyzed and compared. Table 1
presents the germylenes EA,4 and EA 4(zpyg) (in parentheses),
EA,., VDE, Ej, and AEg_p (kcal mol™ in parentheses) in
electron volts (eV) for all species. Supporting Information
Figure S1 shows the plots of the electrostatic potentials in
Hartree on the 0.001 electrons/bohr? charge density isodensity
surface of the Ge(CN),, CNGeCN, Ge(NC),, Cyc_exo_CCN,
and Cyc_exo_CNC molecules.

A. Electronic Configuration. The global minimum on the
singlet PES is the 'A; ground state dicyanogermylene Ge(CN),
molecule. The lowest-lying triplet *B; states of Ge(CN), and
Ge(NC), of C,, symmetry are singly excited states (14a; —
Sby) relative to the closed-shell singlets. Their electronic
configurations are listed in Table S1 (Supporting Information).

For the 'A; ground state isomers of Ge(CN), and Ge(NC),,
the HOMO is of a;-symmetry, corresponding to the lone pair
of electrons lying in the molecular plane. This is a o-type
antibonding orbital having contributions from the in-plane p-
orbital of the Ge atom and from the in-plane p orbitals of the
pseudohalogen. In the lowest-lying *B, triplet state, one of the
two 14a, electrons is promoted to an orbital of b;-symmetry,
which is the out-of-plane p-atomic orbital of the divalent
germanium center. In comparison to the GeH, molecule,*” the
contribution of the germanium s orbital to the bonding orbital
for the highly electronegative ligand C=N is large, thus
decreasing the energy of the a; orbital. This leads to an increase
in the HOMO—-LUMO gap, favoring electron pairing. Hence
the singlet state is preferred.

For the *B, ground state anion, three nonbonding electrons
reside on the germylene Ge atom, with two electrons in the a,
o-orbital and one electron in the b, m-orbital. The anions are
stabilized by incorporating more s orbital character into the

doubly occupied orbitals which favors a bent geometry. The
promotion of an (a; — b;) electron of one of the neutral
ground states yields the neutral *B states with one electron in
each nonbonding orbital of the Ge atom. The electronic
structure of the triplet states shows that the p electrons of the
Ge atom can participate in 7 bonding with the cyano/isocyano/
diisocyano groups.

In the singlet 'A” ground state CNGeCN (C, symmetry), the
HOMO is of a’ symmetry, corresponding to the lone pair of
electrons lying in its molecular plane. In the triplet state a single
electron is moved to a SOMO a” orbital, which is qualitatively
the out-of-plane p orbital on the divalent germanium center.
The relative energies of the isomers can be addressed using
valence bond theory. The energies of the Ge(CN),, CNGeCN,
and Ge(NC), isomers vary depending on the different pairing
abilities of the two constituent C=N/N=C groups to the
atomic Ge (°P). The -C=N: group with an unpaired electron
largely localized on the carbon atom is used as a guide to
rationalize the energetic order of the different isomers of
dicyanogermylene. In classifying the energetic order of these
molecules, the localization of the nonbonding electron on the
carbon atom of the C=N or N=C group proves to be
decisive. The order of stabilities of the isomers are: (most
stable) Ge(CN), > CNGeCN > Ge(NC), > Cyc_exo CCN >
Cyc_exo_CNC (least stable). The energetic ordering follows
the same trend with all functionals. Supporting Information
Table S2 presents the NBO population analyses for the
electronic configurations of the bent isomers Ge(CN),,
CNGeCN, and Ge(NC), from the hybrid B3LYP density
functional. The Ge—C=N and Ge—N=C moieties of the
CNGeCN structure show similar bonding properties as the
Ge—C=N bonds in Ge(CN), molecule and Ge—N=C bonds
in Ge(NC), molecule, respectively.

i. Ge(CN), (Figure 1). The neutral Ge—C bond lengths lie
from 1.972 (BHLYP) to 2.005 A (BLYP), respectively while
the MP2 level of computation predicts shorter Ge—C bond
distances of 1.970 A. The predicted C=N bond lengths vary
from 1.156 A (BHLYP) to 1.196 A (MP2). The divalent angle
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CNGeCN Neutral ('A")

B3LYP 1.888 A

i 1.999 A
BLYP 1913A 2018 A
BHLYP 1.865A 1.985 A
mp2 18834 1976A 17010
171.6° —_ ol
171.7° 94.0° |?z.2°
171.2° 94.3° |?!‘3°
172.5° 93.9° ’
93.4°

1.192 A 1172 A
1.205 A 1.187 A
1.178 A 1.156 A
1.204 A 1.195 A
CNGeCN™ Cation (*A")
1.818 A 1.915 A
1.906 A 1.968 A
1.755 A 1.878 A
178.4° 1.766 A — 1.872 A 175.20
178.0° . 178.3°
172.8° 122: 174.5°
173.4° o 175.4°
115:7%
116.3°

1.204 A 1175 A
1.204 A 1.190 A
1.198 A 1157 A
1.220 A 1.194 A

CNGeCN ~ Anion (*A™)

1.982 A 2.030 A

2.005 A 2.046 A

1.963 A 2.020 A
I?’I_SO ].qg?A 2.USI A ]?0.30
171.6° 169.4°
172.2° [‘ 171.5°
173.1°

1.185 A 1.178 A

1.198 A 1.193 A
1.170 A 1.162 A
1.195 A 1.170 A
CNGeCN Triplet CA")
1.834 A 1.898 A
1.878 A 1.929 A
1.809 A 1.882 A
175.2° 1.832 A 1.943 A 174.9¢

1.194 A 1175 A
1.205 A 1.191 A
1.179 A 1.158 A
1.202 A 1.153 A

Figure 2. Equilibrium geometries for the 'A’ ground state of CNGeCN, *A” ground state of the CNGeCN™ anion, A’ ground state of the

CNGeCN* cation, and >A” excited state of neutral CNGeCN.

0 falls from 92.9° (BHLYP) to 93.3° (BLYP) and the quasi-
linear bond angles ¢(Ge—C=N) lie from 169.7° (BLYP) to
171.6° (MP2). These values may be compared with the
experimental bond lengths for Mes;GeCN [r(Ge—C) = 1.975
A, (C—N) = 1.149 A] and Mes,Ge(CN), [r(Ge—C) = 1.944
A, r(C—N) = 1121 A] reported by Hirara et al.>' From the
singlet 'A; ground state of Ge(CN), upon addition of an extra
electron, the Ge—C anion bond distances range from 2.012 A
(BHLYP) to 2.044 A (MP2). The C=N bond length increases
slightly at the BHLYP, BLYP, and B3LYP functionals, except at
the MP2 level of computation a decrease of 0.027 A is noted.
No appreciable differences are observed in the divalent angle 6
and the quasilinear angle, ¢, for the 'A; — ’B, electron
attachment. For the Ge(CN)," cation the Ge—C bond
distances decrease by 0.097 A while the C=N bond distances
increase by 0.004 A (B3LYP) compared to the neutral
counterpart. The loss of an electron from the 'A; ground
state Ge(CN), causes the divalent angle 6 to increase
significantly by 22° (B3LYP) or 24° (MP2), accompanying
an increase in ¢(Ge—C=N) by 4° and 7°, respectively. In
going from the 'A; to the °B, states of Ge(CN), the Ge—C
bond length is shortened by 0.094 A. Similarly, the C=N bond
lengthens by 0.003 A (B3LYP), and the predicted §(C—Ge—C)
bond angle in the *B, state of Ge(CN), is considerably larger
by (24°) compared to its corresponding neutral ground state
A, Ge(CN),.

For Ge(CN), the EA 4(zpvE) EAvery and VDE are predicted
to be 2.78, 2.76, and 2.80 eV (B3LYP), respectively. The Eg
varies from 10.51 (BLYP) to 10.86 eV (B3LYP) and the
predicted singlet—triplet splitting values lie between 1.76
(BHLYP) and 2.08 eV (MP2). The singlet—triplet splittings
(eV) increase consistently from C(CN), (0.52 + 0.05)39 to
Si(CN), (1.39)”° to Ge(CN), (1.76) (BHLYP). The

12156

monosubstituted cyanogermylene HGeCN computed at the
B3LYP/DZP++ method has a singlet ground state, as does the
parent germylene GeH,.*” The substitution of a C=N group
to GeH, further stabilizes the HGeCN singlet ground state and
increases the singlet—triplet energy gap as (in eV): GeH,
(1.16)® < HGeCN (1.46) < Ge(CN), (1.85).

ii. The Mixed CNGeCN Structure (Figure 2). For the
CNGeCN molecule, a slightly shorter cyano C=N bond
length of 1.172 A (B3LYP), 1.187 A (BLYP), 1.156 A
(BHLYP), and 1.195 A (MP2) is predicted compared to the
isocyano bond length. The ¢(Ge—N=C) quasi-linear bond
angle is larger compared to the ¢(Ge—C=N) bond angle by
1.5° (B3LYP). The addition of an extra electron to the
asymmetric singlet ground state CNGeCN leads to the
predicted Ge—C and Ge—N bond distances lengthening by
0.031 and 0.094 A, respectively (B3LYP), while the divalent
angle decreases by 0.4° (B3LYP). The —N=C: bond length
decreases by 0.007 A (B3LYP), while the C=N bond length
increases by 0.006 A (B3LYP). No significant changes are
noted for the ¢ angles for the 'A’ — 2A” process. For
ionization of the neutral ground state to the CNGeCN™* cation,
the most significant change in the predicted geometrical
parameters is the increase in the (N—Ge—C) bond angle of
16° (B3LYP). The ¢)(Ge—N=C) and ¢(Ge—C=N) bond
angles increase compared to their corresponding neutral species
by 7° and 5° (B3LYP), respectively. The EA 4zpyg) values lie
between 2.12 eV (MP2) and 2.56 eV (B3LYP). These
computed electron affinity values are lower than those for the
Ge(CN), molecule by 0.22 eV (B3LYP), as shown in Table 1.
The CNGeCN molecule has predicted EA ., = 2.49 eV and
VDE = 2.63 eV (B3LYP). The Ej; is predicted to be lower
compared to the Ge(CN), isomer for DFT computations and
is 10.62 eV compared to 10.53 eV (MP2) for Ge(CN),. The
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Ge(NC), Neutral ('A))

B3LYP 1.893 A

BLYP 1918A

BHLYP 1.871 A

MP2 1.884 A ”j’-sz
11924 2
1.205 A j”, s
1.178 A S

1.205 A

Ge(NC)," Cation (*A,)

1.878 A
1.934 A

1.764 A

1.770 A 179.5°
1.194 A 179.5°
1.200 A 172.1°
1.196 A —\m.so
1219 A

Ge(NC); Anion (*B))

1.982 A
2.005 A

1.965 A

1.987 A 172.5°
1185 A 172.6°
1.199 A 172.8°
1.170 A ﬁ' 73.3°
1.195 A

Ge(NC), Triplet °B;)
1.843 A
1.908 A
1.810 A
1.827 A

Figure 3. Equilibrium geometries for the 'A; ground state of Ge(NC),, >B, ground state of the Ge(NC),” anion, ?A; ground state of the Ge(NC),"

cation, and B, excited state of neutral Ge(NC),.

isocyano group raises AEg_p compared to the Ge(CN),
molecule and the predicted values range from 2.15 (BHLYP)
to 2.21 eV (B3LYP).

iii. Ge(NC), (Figure 3). The predicted ¢y(Ge—N=C) angle
of the Ge(NC), with the B3LYP functional is slightly larger (by
1.3°) compared to the ¢(Ge—C=N) bond angle of the
Ge(CN), molecule. The addition of an extra electron to the
neutral 'A; Ge(NC), molecule yields an elongation of the Ge—
N bond distances by 0.089 A, while the —N=C: bond lengths
decrease by 0.007 A (B3LYP). The divalent angle € decreases
slightly by 1.2°, while the (Ge—N=C) bond angles increase
by 0.7° (B3LYP). The geometrical changes associated with the
loss of an electron from the 'A; neutral Ge(NC), species to
form the 2A; Ge(NC)," cation include a decrease in the Ge—N
bond lengths of 0.015 A (B3LYP) and an increase in the N=C
bond lengths of 0.002 A. The divalent angle increases by 6.1°
(B3LYP). The EA4(pv) EAep and VDE at the B3LYP
functionals are predicted as 2.32, 2.22, and 2.4S5 eV,
respectively. The Ej; ranges from 10.07 eV (BLYP) to 10.82
eV (BHLYP). The singlet—triplet splitting values are larger
compared to the Ge(CN), species, namely, in the 2.44 eV
(BLYP) to 2.63 eV (B3LYP) range.

iv. Cyc_exo_CCN (Figure 4). The neutral 1z ground state
molecule shows a three-membered cyclic system involving
dicoordinate Ge and N and tricoordinate C atoms. The *A”
ground state anion has predicted Ge—N, Ge—C, and N=C
bond lengths of 2.110, 2.008, and 1.278 A (B3LYP),
respectively, while the angle at Ge decreases compared to its
neutral species by nearly 3° (B3LYP). The cationic A’ cyclic
isomer has Ge—N, Ge—C, and N=C bond distances of 1.982
A, 2224 A, and 1.235 A, respectively, and N—Ge—C divalent
angles @ = 33.5° at B3LYP. The exo —C—C=N bonding of the
anionic and cationic species shows slight differences in the
bond distances and bond angles compared to the correspond-
ing neutral ground state molecule. In contrast to the bent
isomers, the cyclic species display a decrease in the angle at the
dicoordinate N by 5.3° (Cyc_exo CCN) and 4.9° (Cyc_ex-

o_CNC) from the neutral molecule upon electron detachment
from the a’ orbital (B3LYP). The Cyc_exo_CCN molecule has
a predicted EA,yzpvg) = 1.49 eV (B3LYP). A negative electron
affinity of EA4zpvgy = —0.71 eV is predicted by the MP2
method. The predicted Ejz value with the B3LYP functional is
8.76 eV.

v. Cyc_exo_CNC (Figure 5). The addition of an extra
electron to the neutral Cyc_exo CNC molecule increases the
predicted Ge—C and Ge—N bond lengths, whereas the endo
N=C bond distance decreases by 0.022 A with the B3LYP
functional. At the MP2 level of computation the Cyc ex-
o_CNC™ anion is found to lie above its neutral counterpart,
similar to the Cyc_exo CCN molecule. Structural changes are
also predicted in going from the neutral Cyc_exo CNC to its
corresponding Cyc_exo CNC" cation. The Ge—C bond length
increases by 0.288 A while the Ge—N and C=N bond lengths
decrease by 0.002 and 0.049 A, respectively (B3LYP). The exo
C—N bond distance also decreases by 0.063 A, while the —-N=
C: bond distance increases by 0.020 A and the endo Ge—C—N
bond angle decreases by 10°. The ease of the Cyc_exo CNC
molecule in adopting an extra electron is predicted to be less
than that for the Cyc _exo CCN species. From Table 1, the
EA 4zpvE) EAyery and VDE predictions are 1.43, 1.25, and 1.59
eV, respectively, and Ej; is 8.66 eV (B3LYP). Similar to the
Cyc_exo_CCN species, a negative EA 4zpyg) of —0.74 eV is
obtained at the MP2 level.

vi. Linear Triplet NCGeCN, CNGeCN, and CNGeNC Isomers.
The fully optimized triplet linear Ge(CN),, CNGeCN, and
Ge(NC), isomers are predicted to have one imaginary
frequency and are displayed in Figure S2 (Supporting
Information). The same trend in the energetic order is
maintained as that for their corresponding bent isomers:
NCGeCN < CNGeCN < CNGeNC. The predicted energy
differences along the series of the linear NCGeCN =
CNGeCN = CNGeNC are 4.9 and 5.9 kcal mol™ (B3LYP).
The linear molecule predicted harmonic imaginary vibrational
frequencies at 483i [NCGeCN], 328i [CNGeCN], and 208i
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Cye_exo_CCN Neutral ('A")

B3LYP 1963 A 1.931 A
BLYP  1.999 A 1.959 A
BHLYP 1.927A 1.904 A
MP2 1973 A 1.925 A
157.2°
156.0°
£=388° 158.7¢
£ =38.6° 157.8°
Z£=39.0°
£=1393°

1185 A
1.153 A
1192 A

Cyc_exu_CCN+Cation CA")

1.982 A .

2011 A
1.950 A

Cyc_exo_CCN ~Anion (*A")

2.110 A
2.170 A
2.064 A
2.000 A

£=136.1°
£ =35.6°
Z=364° 172.8°
Z=38.7° 171.6°

1.438 A
1311A 1441 A
1.440 A
1.436 A

1.191 A
1.158 A
1.194 A

Figure 4. Equilibrium geometries for the 'A’ ground state of Cyc_exo CCN, 2A” ground state of the Cyc_exo CCN anion and A’ ground state of

the Cyc_exo CCN" cation.

[CNGeNC] mainly represent the bending modes of the C—
Ge—C, N—Ge—C, and N—Ge—N moieties. The barriers to
linearity from the lowest-lying bent triplet structures are at 32.3,
26.7, and 22.1 kcal mol™". In contrast, for the analogous
carbene Maier et al.** have shown that the valence isoelectronic
NCCCN molecule is linear in its triplet ground state.

B. Harmonic Vibrational Frequencies, Infrared In-
tensities, Raman Activities, Dipole Moments, and
Rotational Constants. Tables S3—S7 (Supporting Informa-
tion) collect the harmonic vibrational frequencies (cm™),
infrared intensities (IR) (km mol™), and Raman scattering
activities (A* amu™") for the five GeC,N, ground state isomers.
For comparison the experimental harmonic vibrational
frequency of the diatomic X *Z* CN is 2068.6 cm™".”" The
CN/NC stretching frequencies for the neutral ground states
Ge(CN),, CNGeCN, and Ge(NC), isomers are higher than
the diatomic CN frequency.

The singlet ground state of Ge(CN), is predicted to have
strong C=N stretching vibrational modes predicted at 2229
ecm™ (symmetric) and 2227 cm™' (antisymmetric). The less
intense Ge—C stretching vibrations are 475 cm™ (symmetric)
and 443 cm™ (antisymmetric) with the B3LYP functional. The
vibrational frequencies/IR intensities [cm™'/(km mol™")] for
singlet ground states CNGeCN = 2087/508 (A’) and Ge(NC),
= 2080/754 (B,) are remarkably strong among the nine active
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vibrational modes, since they belong to the antisymmetric
—N=C: stretching motion.

The 'A’ CNGeCN isomer is characterized by C=N
stretching vibrations at 2232 and 2087 cm™' (very strong)
with corresponding IR intensities at 71 and S08 km mol ™/,
while the predicted Ge—N and Ge—C stretches are at 494 and
451 cm™". The higher C=N stretching frequency of the Ge—
C=N component reflects the slightly shorter C=N bond
length of 1.172 A compared to the N=C distance of 1.192 A of
the Ge—N=C moiety.

The 'A, neutral ground state Ge(NC), is predicted to have
—N=C: strong stretching vibrational modes at 2104 cm™'
(symmetric) and 2080 cm™ (antisymmetric), as well as
symmetric and antisymmetric stretching vibrations of the
isocyano groups at SOl and 469 cm', respectively. The
dominant harmonic frequencies have respective IR intensities
of 278 and 754 km mol™'. Tables S8 and S9 (Supporting
Information) present the dipole moments (Debye) and
rotational constants (MHz) for ground state Ge(CN),,
CNGeCN, Ge(NC),, Cyc exo CCN, and Cyc_exo CNC
isomers. The magnitude of the dipole moments (Debye)
predicted at the B3LYP functional for the different isomers
compared to the C,, GeH, molecule is GeH, (0.22) <
CNGeCN (4.19) < Cyc_exo_CNC (4.24) < Ge(NC), (4.40)
< Ge(CN), (4.54) < Cyc_exo_CCN (4.57).
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Figure 5. Equilibrium geometries for the 'A’ ground state of Cyc_exo CNC, A" ground state of the Cyc_exo CNC~ anion, and *A’ ground state

of the Cyc_exo CNC" cation.

C. Isomerization Pathways for the Singlet and Triplet
Dicyanogermylenes. There are five minima (three bent and
two cyclic isomers) and eight transition states (TSs) including
two mirror image conformers on the singlet PES, while on the
triplet PES three minima, and four TSs are found. Schematic
representations for the unimolecular isomerization pathways of
the GeC,N, isomers on the singlet and triplet PESs are
displayed in Figures 6 and S3 (Supporting Information),
respectively. The PESs include the reactions and twelve TSs
indicated in brackets shown in Table 2.

All associated TS structures are non planar. It is predicted
that the Ge(CN), = Ge(NC), interconversion does not occur
as a one-step reaction. The lowest energy mechanism involves
the formation of the bent isomers via rotation of the cyano
groups through the important CNGeCN intermediate. The
Ge(CN), = Ge(NC), interconversion is a two-step process in
which the CNGeCN molecule is an intermediate appearing
both on the singlet and triplet PESs. The possible rearrange-
ments involving the cyclic isomers are indirect routes on the
singlet PES. The more energetic cyclic pathways involve a two-
step mechanism comprised of ring closure and ring-opening
processes leading to the formation of the mixed CNGeCN
isomer.

The theoretical harmonic vibrational frequencies (cm™) for
all located TSs and ZPVE (kcal mol™) are given in Table S10

(Supporting Information). For all interconversions, we report
activation energies including zero-point corrections, E,, the
Gibbs free energy barriers (AG), the enthalpies of reactions
AH (kcal mol™) at 298.15 K for the singlet and triplet
isomerization pathways in Table S11 (Supporting Information).
Figure 7 gives a schematic representation of the arbitrary
reaction coordinates for the rearrangements of the singlet and
triplet isomerization pathways. Figure S4 (Supporting In-
formation) presents all transition states located on the singlet
and triplet PESs.

i. Reaction 1a: Ge(CN), = CNGeCN. Singlet PES. The
TS 1la S structure is observed to be significantly bent at the
Ge—C;—Nj; moiety. The imaginary frequency normal mode
predicted at 309i cm™ involves primarily the rotation of the
reactive cyano group (clockwise or counter-clockwise) toward
the divalent germanium center Ge to form the new isocyano
group. This mode corresponds to the breakage of the Ge---C,;
bond and the formation of a stretched Ge—N; bond. The
Ge-C; bond being broken is lengthened by 0.243 A compared
to the isolated 'A; Ge(CN),. The bond elongation corresponds
to 12% of its original length. The quasi-linear bond angle
#(Ge—C,—N;) = 170° for the 'A; singlet ground state
Ge(CN), decreases significantly to an acute angle of 71° in
TS_la_S. The Ge—Nj bond being formed in TS_la_S has a
predicted bond length 2.168 (B3LYP) or 2.121 A (MP2).
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Cye_exo_CCN

Ge(CN),

TS la' S

CNGeCN

Cye_exo_CNC

Ge(NC),

TS 2a'_S

Figure 6. Schematic representations for the unimolecular isomerization pathways of the GeC,N, isomers on the singlet PESs.

Table 2. Representation of Reactions on the Singlet and Triplet PESs and their TSs

singlet potential energy surface

Rla_S: Ge(CN), = CNGeCN
R1b_S: Ge(CN), = Cyc_exo_CCN
Rlc_S: Cyc_exo_ CCN = CNGeCN
R2a_S: CNGeCN = Ge(NC),
R2b_S: CNGeCN = Cyc_exo_CNC
R2c_S: Cyc_exo CNC = Ge(NC),

[TS_1la_S and mirror image denoted as TS_la’_S]
TS_1b_S]
TS_1c_S]
TS_2a_$ and mirror image denoted as TS_2a’_S]
TS_2b_S]
[TS_2c_S]

[
(
[
[

triplet potential energy surface

Rla_T: Ge(CN), = CNGeCN
R2a_T: CNGeCN = Ge(NC),

[TS_la T and TS_la_F]
[TS 2a T and TS 2a_F]

There are no significant changes for the Ge—C,, C,—N, bond
lengths and the ¢(Ge—C,—N,) quasi-linear bond angle. The
Ge(CN), = CNGeCN isomers interconvert via an activation
energy, E, = 17.5 kcal mol™" (B3LYP), and reaction Rla_§ is
endothermic, AH = +2.3 kcal mol™".

Triplet PES. From the excited *B; Ge(CN), to TS 1a_T the
rotating C=N moiety is found to be almost perpendicular to
the C,—Ge—C, plane, forming a three-membered cyclic system
containing the C;, Ge, and N; atoms. The Ge:--C, bond being
broken in TS_1a_T is lengthened by 0.104 A, accounting for a
5% increase compared to the Ge—C,; bond length of its
corresponding symmetric *B, Ge(CN), reactant. Similar to the
singlet PES for the Ge(CN), = CNGeCN isomerization, no
significant changes are noted for the Ge—C, and C,—N, bond
distances and the ¢(Ge—C,—N,) bond angle. The harmonic

imaginary frequencies for TS_la_T and TS la T structures
are predicted to be 246i and 202i cm™', representing the
rotating motion of the cyano group with the dipole vector
directed toward the Ge atom in concert with the stretching
mode of the Ge:-C; bond. The favorable pathway is through
the TS la F structure, compared to TS la T by 1.6 kcal
mol ™", The predicted E, (kcal mol™) for the reactions Rla_T
passing through TS la_T and TS_la_F are 22.5 and 20.9,
respectively, while AH = 10.5 kcal mol™".

ii. Reaction 1b: Ge(CN), = Cyc_exo_CCN. In constructing
the singlet PES for the interconversion of the GeC,N, isomers,
a three-membered [Ge, C, NJ cyclic system, with exocyclic
—C—C=N bonding has been located. This is represented in
pathway R1b_S, which proceeds toward the lowest energy
Cyc_exo_CCN isomer. The motion corresponding to the
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Figure 7. Arbitrary reaction coordinates (kcal mol™") for the Ge(CN),, CNGeCN, Ge(NC),, Cyc_exo_CCN, and Cyc_exo_CNC isomers. Relative
energies are obtained using the B3LYP optimized geometries corrected by the addition of ZPVE.

harmonic imaginary vibrational frequency of 285i cm™" involves
the breaking of the Ge---C, bond and the concerted formation
of the bonds between Ge and N; and between C, and C,. This
involves a major rearrangement of the atoms, to produce the
cyclic isomer with an exo C—C=N group. The Ge---C, bond
being broken is elongated by 0.53 A, corresponding to a bond
elongation of 27%. The newly formed C,—C, bond appears in a
three-membered ring structure with an exocyclic —C=N
moiety. The bond formed between Ge and Nj is predicted to
be 2.427 (MP2) or 2.663 A (BHLYP), and the C,—N; bond is
nearly perpendicular to the germylene center. The ring closure
in TS_1b_S proceeds through an activation energy, E, = 67.6
kcal mol™". The activation energy for this cyclization process is
predicted to be high, partly because of the steric strain of the
three membered [Ge, N, C] ring with its small interior bond
angles and also due to the extensive electronic reorganization
that takes place. The TS 1b S structure leads to the 'A’
Cyc_exo_CCN product; the process is endothermic by 15.3
kcal mol ™.

iii. Reaction 1c: Cyc_exo_CCN CNGeCN. The
interconversion of the isomers Cyc_exo CCN = CNGeCN
involves a ring-opening step approaching a four-membered
Ge—N;—C,—C, cydlic system. The reaction proceeds toward
TS 1c_ S, with the concerted breaking of the Ge:-C, and
C,---C, bonds and the formation of the new Ge—C, bond. The
harmonic imaginary frequency associated with TS_1c_S, 225i
cm™! corresponds to the lengthening of the Ge—C, and C,—C,
bonds, with the C, of the cyano group approaching the divalent
germanium atom. Along the singlet PES, the Ge—C, distance in
TS_1c_S is lengthened with respect to Cyc_exo_CCN by 0.26
A corresponding to a bond elongation of 13%. The
reorganization of the atoms from the cyclic system to the

—_
~
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bent CNGeCN isomer which comprises the ring-opening step
is relatively low compared to ring closure pathway R1b_S. The
Ge—C, and C,—N, bond lengths decrease by 0.505 A and
0.021 A, respectively, while the Ge—C,—N, bond angle
increases by 29° on the pathway R2c_S in yielding the
CNGeCN molecule. The ¢(Ge—C,—N,) bond angle of
TS_1c_S increases considerably from 141° to form the quasi-
linear bond angle of 170° in the singlet ground state
intermediate CNGeCN. The Ge—N;—C, bond angle opens
from 84.0° in the TS to a quasi-linear bond angle of 171.6° for
CNGeCN. The Cyc_exo_CCN = CNGeCN reaction requires
an E, = 32.5 kcal mol™!, while the enthalpy change for the
process is exothermic by AH = —13.0 kcal mol™". Hence, the
indirect route forms a double-hump on the arbitrary reaction
coordinate.

iv. Reaction 2a: CNGeCN = Ge(NC),. Singlet PES. The
reaction pathway R2a_S on the singlet PES takes place through
TS 2a_S with an imaginary frequency of 298i cm ™. There are
significant changes in the geometry at the Ge—C,—N, moiety
from the reactant as it approaches the TS structure. The
breaking Ge:-C, bond distance lengthens by 0.22 A
representing an increase of 11%. The C—N bond distance
increases by only 1.4% of its original bond length. The quasi-
linear bond angle of the CNGeCN reactant decreases
considerably from 170° [CNGeCN] to 72° [TS 2a_S]. The
imaginary frequency of 298i cm™' corresponds to the rotating
motion of the C=N moiety, where the N atom becomes newly
bonded to the divalent germanium atom. The Ge—N;—C,
moiety at TS_2a_S§ is found to be unchanged compared to the
reactant and the final product Ge(NC),. No direct isomer-
ization pathway for the symmetric Ge(CN), = Ge(NC),
reaction is found on the singlet and triplet PESs; rather
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CNGeCN acts as an important intermediate between the two
isomers. For the CNGeCN = Ge(NC), step the predicted E,
is 15.6 kcal mol ™!, and there is a small difference in the energies
of the CNGeCN isomer and the Ge(NC), product, leading to
the predicted endothermicity for the conversion of CNGeCN
to Ge(NC), of only 1.0 kcal mol™.

The above findings bring to mind the year 2000 research of
Bowie and co-workers.””> They reported an unusual rearrange-
ment of neutral NC;N from a joint experimental (mass
spectrometric) and theoretical study, indicating that carbon
scrambling occurs within the excited singlet state CNCCN via
the intermediacy of a four-membered C,,-symmetrical tran-
sition structure.

Triplet PES. The (*A”) CNGeCN = (°B,) Ge(NC),
interconversion, through TS 2a T and TS_2a_7F, reveals a
major difference compared to the reaction occurring on the
singlet PES. The harmonic imaginary frequencies are 275i and
232i cm ™, respectively, representing the stretching mode of the
Ge—C, bond. The Ge--C, bond being broken in TS 2a T is
lengthened by 0.11 A which amounts to an elongation of 6%.
The C,—N, group is almost perpendicular to the other Ge—N
axis, making an angle of 92° (B3LYP). Subsequently, the C,—
N, bond length in TS 2a T is elongated by 0.02 A compared
to the CNGeCN reactant. The rotation of the C,—N, bond
shows that the length of the new bond formed between Ge and
atom N, is 2.374 A for TS_2a_T. Study of both TS structures
shows that there are no significant changes in the Ge—N;—C,
moiety compared to the *A” CNGeCN molecule. In the lower
energy TS 2a_F structure, the N,—C, moiety is located at an
angle of 48° (B3LYP) to the Ge;—C, axis. The C,—N, bond
length is predicted to increase by nearly 0.036 A. The new Ge—
N, bond is almost formed, with a bond length of 1.921 A for
TS_2a_F. The predicted E, (kcal mol™") are 22.2 (through
TS 2a_T) and 20.6 (through TS_2a_T), while the reactions
are endothermic by 10.5 kcal mol™".

v. Reaction 2b: CNGeCN = Cyc_exo_CNC. Let us consider
the alternative route for the isomerization CNGeCN =
Ge(NC),, the combined reactions R2b_S and R2c_S. These
reactions appear only on the singlet PES. The R2b_S route
proceeds through the formation of the singlet ground state
cyclic isomer Cyc_exo_CNC, the most highly energetic isomer
on the reaction coordinate. The reaction R2b_S progresses
through an extensive rearrangement of the atoms, starting from
the CNGeCN intermediate moving to the three-membered
Cyc_exo_CNC molecule, with exocyclic =C—N=C bonding.
The TS 2b_S structure contains two nearly completely
formed, fused three-membered rings. The cyclization takes
place through the breakage of the Ge---N; bond and the
concerted formation of the Ge—N, and C;—C, bonds. The
Ge—Nj bond lengthens from 1.888 A to 2.830 Ain TS 2b S, a
bond elongation of 50%. The Ge—C,—N, moiety is a loosely
bonded three-membered ring in which the Ge—Nj; bond is
elongated by 1.00 A. There is a large barrier E, = 79.3 kcal
mol™" (B3LYP) for the CNGeCN = Cyc exo CNC
interconversion proceeding via TS_2b_S, while the reaction
is significantly endothermic, AH = +28.3 kcal mol™".

vi. Reaction 2c: Cyc_exo_CNC = Ge(NC),. This rearrange-
ment involves a four-membered cyclic structure, with a new
bond formed between Ge and Nj. The conversion of the three-
membered Cyc_exo CNC to TS 2c_ S is a ring-opening
process in which the two bonds being broken are N;—C, and
Ge—C,. The imaginary frequency of 335i cm™" accounts for the
stretching N;—C, bond at the TS. The Ge—C, bond in

question is elongated by 0.56 A (29%), while the N;—C, bond
is lengthened by 0.15 A (11%) with the B3LYP functional. The
Ge—N,—C, bond angle changes from 69° to 105° in TS_2c_S
and opens up to a quasi-linear bond angle of ¢ = 172° in the
product structure Ge(NC),. The N,=C, bond length changes
from 1292 A in Cyc_exo CNC to 1.324 A in TS 2c_S
(B3LYP) and decreases to 1.192 A in the: C=N— bond in the
symmetric Ge(NC), molecule. Simultaneously, the C,—Nj
bond length varies from 1.188 A in Cyc_exo CNC, to 1.199
A'in the TS and 1.192 A in the final product. TS_2c_S residing
on the 'A PES results in a barrier E, = 42.5 kcal mol ™", which is
fairly high compared to the energy required for the rearrange-
ment of Cyc_exo CNC to CNGeCN via TS 1c_S. Reaction
2¢ is highly exothermic, by AH = —27.3 kcal mol™.

D. Rate Constants. The temperature-dependent rate
constants for the isomerization reactions are computed using
eqs 6—15 (Supporting Information) via transition state theory.
Harmonic vibrational frequency analyses on the optimized
structures were used to generate zero-point energies, to be
added to the electronic energies to calculate enthalpies (H) at 1
atm and temperatures T = 220, 250, 300, 400, 700, 1000, 2100,
and 2500 K. Vibrational partition functions were evaluated
within the quantum harmonic approximation. The total
partition functions were calculated as a product of the
translational, rotational, vibrational, and electronic partition
functions””* and the rate coefficients for the reactions can
then be determined from transition-state theory. In eq 13, the
transmission coefficient x is used to account for tunneling along
the reaction coordinate. The Wigner tunneling correction
expressed by eq 13 is attached to the transition-state theory.

In order to check the computed theoretical rate constants in
the absence of experimental values, the temperature-dependent
rate constants are verified through two approaches. The
temperature-dependent rate coefficients for the reactions are
determined using eqs 14 and 15. The standard Gibbs free
energy change, AG in the gas phase, between the TS and
reactant was calculated using standard methods of statistical
mechanics to evaluate the partition function. The standard
Gibbs free energy in the gas-phase is calculated by adding the
potential energy to the Gibbs free energy corrections calculated
at 1 atm. Tables S12 and S13 (Supporting Information) collect
the calculated rate constants (s™!) for all interconversions. The
predicted rate constants for the singlet isomerizations of
Ge(CN), = CNGeCN and CNGeCN = Ge(NC), in the
temperature range of 220—2500 K are (4.7 X 1075-2.1 x 10"
s7') and (1.1 X 107-8.9 X 10" s7"). Proceeding via the cyclic
routes on the singlet PES such as the (R1b_S + Rlc_S) and
(R2b_S + R2c_S) reactions, the rate constant values are found
to be exceptionally low. Figures S5—S8 (Supporting
Information) present Arrhenius plots for the GeC,N, isomer-
izations on the singlet and triplet PESs.

IV. CONCLUSIONS

The structures, neutral-anion energy differences, ionization
energies, and singlet—triplet gaps of the Ge(CN),, CNGeCN,
Ge(NC),, Cyc_exo CCN, and Cyc_exo CNC species are
predicted. The EA, 4(zpvr) (B3LYP) values are 2.78 eV
[Ge(CN),], 2.56 eV [CNGeCN], 2.32 eV [Ge(NC),], 1.49
eV [Cyc_exo CCN], and 143 eV [Cyc exo CNC]. The
singlet—triplet splittings (B3LYP) are: 1.85 eV [Ge(CN),],
221 eV [CNGeCN], and 2.63 eV [Ge(NC),]. The energetic
order of the equilibrium structures is Ge(CN), < CNGeCN <
Ge(NC), < Cyc_exo_CCN < Cyc_exo_CNC. All five isomers
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are energetically well below the dissociation limit to Ge (°P) +
C,N, ('Z,). The linear Ge(CN),, CNGeCN, and Ge(NC),
structures have one imaginary vibrational frequency, in contrast
with their carbene and silylene analogues. All cyanogermylenes
are predicted to have large dipole moments; hence these
compounds should be possible to isolate experimentally. The
isomerization pathways are studied on both the singlet and
triplet PESs. The major mechanistic conclusion from these
computations is that on both the singlet and triplet potential
energy surfaces the rearrangements are predicted to involve
direct steps Ge(CN), = CNGeCN = Ge(NC), without cyclic
intermediates. Another significant prediction is that these are
fast reactions in both the forward and reverse directions.
Because of the small energy differences, it can be anticipated
that equilibria will be established. On the triplet surface, two
TSs with different energies are obtained for the Ge(CN), =
CNGeCN and CNGeCN = Ge(NC), reactions, respectively.
The mechanism involved is mainly a rotation about the cyano
group. The appearance of the three-membered cyclic isomers
requires a major rearrangement of the atoms. The results
obtained from this research may assist in the further
experimental characterization of the GeC,N, isomers. Our
models estimate that the most favorable reactions passing
through the bent structural isomerizations to lie from (4.7 X
1075-2.1 x 10" s7') for Rla_S and (1.1 X 107°-8.9 x 10"
s') for R2a_S in the temperature range 220—2500 K.
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