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Metal cyanide/isocyanide and hydrometal cyanide/isocyanide compounds are key metal-carriers in
interstellar space. Lighter group 14 elements (X = C/Si/Ge) cyanides/isocyanides and hydrocyanides/
hydroisocyanides have been studied theoretically and experimentally. However, no reports are available
on the analogues of tin (Sn) and lead (Pb). In this work, we carried out the first theoretical study on the
structures and stabilities of [X,C,N] and [H,X,C,N] (X = Sn/Pb) at the CCSD(T)/def2-QZVPP//B3LYP/def2-
QZVPP level. Comparisons were made with the lower analogues (X = C/Si/Ge) concerning the structural,
energetic and bonding properties. Significantly different from that of c-C;N, a dative-bonded valence
structure of c-XCN for heavier X was revealed for the first time, which can account for the rather worse
kinetic stability of cyclic [X,C,N] for heavier X = Si/Ge. A unique kind of agostic bonding was found within
three isomers of [H,Pb,C,N], whereas it is absent for X = C/Si/Ge/Sn. The computed structural and
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Introduction

Metals and metal-containing molecules are important constit-
uents of the interstellar medium.' Understanding the structures
and kinetics of these metal-containing species is crucial to
metal chemistry in space. In particular, metal cyanides/
isocyanides and hydrometal cyanides/isocyanides have been
long viewed as major molecular carriers of metals in circum-
stellar gas, especially in IRC +10216. Up to now, a number of
metal cyanide/isocyanide compounds have been detected in
IRC +10216, e.g. MgNC, NaCN, MgCN, SiCN, AINC, SiNC, KCN
and FeCN.” By contrast, the hydrides of metal cyanides/
isocyanides detected in space have been rather limited with
only hydromagnesium isocyanide (HMgNC) now known.’
Alternatively, theoretical results or/and experimental charac-
terization have been reported for HSICN/HSiNC, HGeCN/
HGeNC, HZnCN/HZnNC, HFeCN/HFeNC and HTiCN/HTiNC
systems in order to aid for their potential astrophysical
detection.*

Tin (Sn) and lead (Pb) are among the earliest metals used by
humans. Tin-containing compounds can be used as semi-
conductors, infrared nonlinear optical materials and organic
light-emitting diodes at present.” Lead-containing compounds
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also have wide applications, i.e., perovskite solar cells and
solder.® And tin and lead can form intermetallic compounds
with other metals, which have oscillatory superconducting
properties, magnetic susceptibility and thermopower.” It has
been previously shown that the kinetic and bonding evolution
of the compounds containing the heavier group-14 elements
can be significantly influenced by the periodic number and
connected ligands.® However, the Sn/Pb-chemistry in space has
received very little attention compared to the ample interest of
Sn/Pb-chemistry on the earth. One possible reason could be
ascribed to their much lower cosmic abundance than iron.” In
spite of this, the detection report of Sn/Pb has continued to
grow. In 1993, the 1400.450 A line of Sn(u) was detected in the
planetary nebulae (PNe) for the first time.' Two years later, the
1434 A line of Pb(u) was also detected and scientists discovered
three lead-rich stars (HD187861, HD196944 and HD224959) in
2001.™ To our great surprise, theoretical and experimental
investigations have not been reported for tin/lead cyanide/
isocyanide and hydrotin/hydrolead cyanide/isocyanide, to the
best of our knowledge. Those metal cyanide compounds could
be present in C-rich circumstellar gas and provide important
information about the species origin and their formation
mechanism for the regions.

In the present work, we carried out the first theoretical study
of the [X,C,N] and [H,X,C,N] (X = Sn/Pb) systems at the CCSD(T)/
def2-QZVPP//B3LYP/def2-QZVPP level in both the low and high
spin multiplicities. The detailed structural, thermodynamic and
kinetic properties were analyzed in detail to allow for the
detection in future laboratory and interstellar studies. We also
compared [X,C,N] and [H,X,C,N] (X = Sn/Pb) with analogues of
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the same groups (X = C/Si/Ge) in regard to the structural,
energetic and bonding properties.

Methods

All calculations were carried out with Gaussian09 program
packages.”> We used the locally developed global potential
energy surface survey (GPESS) platform to build up the sche-
matic plot of both isomers and transition states.'® For search of
isomers, we used the grid-based comprehensive isomeric search
strategy'* to construct the diversified initial structures at the
B3LYP level with def2-SVP. For search of transition states, we
applied the QST2-based algorithm.™ Intrinsic reaction coordi-
nate (IRC)'® calculations were carried out to verify whether the
transition state connects the correct isomers at the B3LYP/def2-
SVP level. Subsequently, the isomers and transition states were
re-optimized at B3LYP/def2-QZVPP level. Note that at both def2-
SVP and def2-QZVPP-B3LYP levels, the stationary nature of each
isomer and transition state was confirmed by the harmonic
vibrational frequency calculations with the former possessing
all positive frequencies whereas the latter only one imaginary
frequency. The single-point energies with zero-point vibrational
energy (ZPVE) correction were calculated at the CCSD(T)"’/def2-
QZVPP//B3LYP/def2-QZVPP level. In order to verify the reli-
ability of CCSD(T)/def2-QZVPP//B3LYP/def2-QZVPP + ZPVE, we
undertook the PBEO **/def2-QZVPP optimizations followed by
single-point CCSD(T)/def2-QZVPP energy calculations on the
isomers of the doublet/quartet [X,C,N] and singlet/triplet
[H,X,C,N] (X = Sn, Pb) (see Table S1 in the ESIf). It can be
seen that based on all the values in Table S1,t the two types of
calculations generally provide very similar predictions. The
detailed flowchart of our GPESS study can be found in ESLT
Note that in the construction of [H,X,C,N] (X = Sn/Pb) potential
energy surfaces (PES), the manual search was also conducted to
remedy some difficulty cases that are very sensitive to the initial
input structures.

It should be noted that the scalar relativistic effects were
considered for the heavier metal atoms Sn and Pb through
effective core potentials as described by the def series of basis
sets.” The spin-orbit effects were not included. According to
previous studies on the cyanides of group 1 and group 11 metal
atoms, the spin-orbit effects on the spectroscopic properties
can generally be not so large.*® In addition, to discuss the
bonding strength of the studied Sn/Pb-bearing isomers, we used
the Mayer bond index analysis* throughout our study since the
open-shell systems cannot be treated by the Wiberg bond index
(WBI)** strategies. The atomic dipole moment corrected
Hirshfeld (ADCH)* population analysis were computed by
Multiwfn program.>*

Results and discussions

The optimized structures of the isomers are shown in Fig. S1-
S4,7 respectively, while the vibrational frequencies of the
isomers are given in Tables S5 and S6.1 The energies of all the
species are listed in Table S4.1 Finally, the schematic potential
energy surfaces (PES) of the doublet [X,C,N] (the PES of the
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quartet [X,C,N] are given in Fig. S5f) and singlet/triplet
[H,X,C,N] (X = Sn/Pb) systems are plotted in Fig. 4-8. The
symbol °m is used to describe an isomer of [Sn,C,N], [Pb,C,N],
[H,Sn,C,N] or [H,Pb,C,N]. *tsm/n describes the interconversion
transition state between the isomers *m and °n. The left
superscript s denotes the spin multiplicity (1, 2, 3 and 4 for
singlet, doublet, triplet, and quartet, respectively). Note that
some processes were computed to have the negative barrier
values, which are physically not meaningful and are the results
of the higher-level single-point calculations at lower-level opti-
mized geometries.

XCN 21, XNC 2?2, HXCN "1 and HXNC 2

The ground states for XCN/XNC and HXCN/HXNC (X = Sn/Pb)
are doublet and singlet, respectively. For each of the systems,
the former two lowest-energy isomers are XCN 1, XNC 2,
HXCN "1 and HXNC "2, respectively. Structurally (see Fig. 1), we
can regard them as combinations of R (R = X/HX, X = Sn/Pb)
and CN. Note that all the hydrides "1 and '2 are significantly
bent with the very cute £~ HXC and £ HXN angles of around 90°.
This is due to the existence of the distinct electron lone pair at
the X-atom, as frequently encountered in heavier group-14
compounds.*

From Si to Pb, the experimentally determined ionization
potentials are 11.6, 8.1, 7.9, 7.3 and 7.0, respectively,*® indi-
cating the increased metallicity. This could be a result of the
increasingly positive Hirshfeld and ADCH charges of X with
increased periodic number (see Tables S2 and S37). Yet, the
trend of the NPA charges is not clear. In particular, for the
hydride cyanide/isocyanides, the charge of hydrogen becomes
increasingly negative for all the NPA, Hirshfeld and ADCH
analysis, indicating that from Si to Pb, the hydrogen becomes
more like an anion (H™) rather than a proton.

Thermodynamically, it is interesting to find that the energy
gaps between RNC and RNC (R = X and HX), i.e., AE(XNC-XCN)
and AE(HXNC-HXCN), are very similar to each other. The
bonding interaction of R + CN/NC (R = X/HX; X = Si/Ge/Sn/Pb)
as well as the Mayer bond index values get increasingly weaker
(see Fig. 2 and 3).

Kinetically, the energy barriers for the conversion of >XNC to
ZXCN are 20.48, 13.79, 8.72, 1.74 kecal mol ! for X = Si, Ge, Sn,
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SnCN 21
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Fig.1 Optimized geometries of isomers XCN 21, XNC 22, HXCN %1 and
HXNC 12 (X = Sn, Pb) at the B3LYP/def2-QZVPP level. Bond lengths are
in angstroms and angles are in degrees and the Mayer bond indices are
in parentheses.
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Fig. 2 The BDE and Mayer bond indices of X—CN and X-NC with the
periodic increasing of X (X = Si/Ge/Sn/Pb), BDE(X-CN) = E(XCN) — E(X)
— E(CN).
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Fig. 3 The BDE and Mayer bond indices of HX—CN and HX-NC with

the periodic increasing of X (X = Si/Ge/Sn/Pb), BDE(HX-CN) =
E(HXCN) — E(HX) — E(CN).

Pb,respectively (see Fig. 4a and b). For R = HX (X = Si/Ge/Sn/
Pb), such conversion barriers are 19.23, 13.24, 6.88 and
3.74 kecal mol?, respectively (see Fig. 5 and 6). Clearly, such
'RNC — 'RCN conversion barriers descend in a quite steep
mode for X = Si, Ge, Sn, Pb with the increased metallic char-
acter of X. As shown in Fig. 7 and 8, the RNC — RCN conversion
barriers are strongly correlated with the bonding energy of R-
NC. The higher the bonding energy (R-NC) is, the higher the
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conversion barrier is. Due to the very large dissociation energies
of RCN and RNC (R = X/HX, X = Sn/Pb) (92-97 kcal mol™*
towards R + CN; 58-68 kcal mol™ " towards H + XCN/XNC), we
can optimistically expect their existence. Surely, with the low-
ered conversion barrier, RCN/RNC might have increased co-
existing possibility.

We could not locate any cyclic [X,C,N] isomers for X = Sn/Pb
on the lowest doublet PESs. We are aware that for the ¢-XCN —
XCN/XNC conversion, the barrier (46.27/18.61 kcal mol ') is
rather high for X = C,*” whereas it is negligibly lower (6.64/1.73
and 1.13/0.53 kcal mol™") for X = Si/Ge.® Thus ¢-XCN is
kinetically very unstable for all heavier X, contrasting X = C.
What is the cause? We turned to the intrinsic valence structures
of cyclic [X,C,N]. In the extensively studied c-C,N, two identical
C-N bonds contain significant multiple bonding and two
equivalent resonance three-membered ring structures (see I in
Fig. 11) have dominant contribution.?”” In I, the radical-bearing
carbon is also mainly associated with a C=N bond. Such fast-
resonating structures are surely responsible for the good
kinetic stability of c-C,N. Among studies of the heavier elements
X = Si/Ge,* we could not find any valence description for c-XCN.
In this work, according to the bond distances, spin distribution
and coordination analysis, we revealed a quite different valence
structure II from c-C,N. In II, multiple bonding is significantly
localized with the C=N bond, whereas the unpaired spin is
separately positioned on X-atom (see Table 1). Notably, the C-X
in II is not a formal covalent bond. Instead, it is a dative bond
due to the X — C donor-acceptor interaction. Besides, they
might also exist the N — X dative interaction. Thus, it is the
dative bond that accounts for the rather easy ring-opening of c-
XCN (X = Si/Ge). The electron-donating and electron-accepting
ability of X should both contribute to the stabilization of c-XCN.
As shown by the binding energy of the model carbene H,X with
BH; and CO in Table 2, both abilities clearly decrease in the
order of X = Si > Ge > Sn > Pb. Therefore, it's quite reasonable
when X becomes the heavier Sn/Pb, the formal ¢-XCN isomer is

not an energy minima.

HCNX *3, HCXN >4, HNCX 35 and HNXC %6

The ground state is triplet for the chainlike isomers HCNX 3 and
HNCX 5. They have similar cumulenic structural features,
which can be considered as the intermolecular complexes that
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Fig. 5 Schematic potential energy surface of singlet [H,Sn,C,N] at the level of CCSD(T)/def2-QZVPP//B3LYP/def2-QZVPP + ZPVE in the

parenthesis.

arise from the interaction between the X (X = Sn/Pb) atom and
HCN/HNC at the N/C-ends (see Fig. 12). In fact, the dissociation
of the N/C-X bonds to give the *X + HCN/HNC fragments should
govern the kinetic stability of the isomer *3/°5. Their dissocia-
tion energies 11.04/10.97 and 23.34/19.13 kcal mol ™ for X = Sn/
Pb are considerably lower than the respective isomerization
barriers (see Fig. 9 and 10). Clearly, the energetically more stable

HCN is less reactive towards X than HNC. As a result, HCNX 3 is
much less chemically bounded than HNCX 5.

The chainlike isomers HCXN 4 and HNXC 6 also possess the
triplet ground states. Both can be formally considered as the X-
inserted structures of HCN/HNC (X = Sn/Pb) (see Fig. 12). They
are reasonably very high-lying isomers at 137.57/147.84 and
131.81/139.91 kecal mol ', respectively, above HXCN '1 (X = Sn/
Pb). Despite the high energies of *4/%6, their dissociation
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Fig. 6 Schematic potential energy surface of singlet [H,Pb,C,N] at the level of CCSD(T)/def2-QZVPP//B3LYP/def2-QZVPP + ZPVE in the

parenthesis.
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against fragments need to consume very high energies, as
shown in Fig. 9 and 10.

¢-XCHN '7 and ¢-XCNH '8

The two cyclic isomers c-XCHN 7 and ¢-XCNH 8 have singlet
ground states, which have a XCN ring with the exocyclic CH and
NH bonding in plane (see Fig. 13), respectively. '7 has much
lower in energy than '8 by 23.98 (X = Sn) and 22.52 (X =
Pb) kcal mol . The singlet PESs in Fig. 5 and 6 clearly show that
17 is kinetically stable due to the considerable rate-determining
conversion barriers of 24.41 (Sn, '7 — '2) and 19.28 (Pb, '7 —
1) kcal mol '. However, '8 possesses the much lower
conversion barriers of 14.63 (Sn, '8 — '5) and 11.30 (Pb, '8 —

Table 1 Spin density distribution (s) (in ) of c-XCN and the bond
distances (r) (in A)

MCN s(X) s(C) s(N) r(X-C) r(X-N) r(C-N)
c-CCN 0.400 0.400 0.200 1.58 1.30 1.30
c-SiCN 0.655 0.222 0.122 2.01 1.83 1.22
c-GeCN 0.843 0.087 0.070 2.22 1.99 1.20
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Table 2 The binding energy (in kcal mol™) of the model carbene H,X
with BHz (as Lewis acid) and CO (as Lewis base)

The binding energy The binding

X with BH; energy with CO
Si —44.18 —37.49
Ge —34.86 —31.80
Sn —21.23 —25.86
Pb —13.29 —24.67

19) kcal mol ', Note that the kinetic stability of the hydroge-
nated c-XCN is much better than that of ¢-XCN.

Agostic bonding in [H,Pb,C,N] system

For the singlet [H,Pb,C,N] system, we unexpectedly found three
isomers 9, 110 and 11, each of which possesses the unusual
hydrogen bonding (see Fig. 14). In these structures, r(Pb-H) is
between 2.20 and 2.30 A and the Z (X-H-C/N) is around 90°,
which can be described as being associated with the agostic
bonding.** Traditionally, the agostic bonding mainly exists
between the transition metal and the hydrogen. Various roles
have been found for agostic bonding, such as to weaken the
C-H ¢ bonding in the organometallic reactions and to promote
the easier hydrogen elimination.** However, there have been
very limited reports concerning the involvement of main group
metals in agostic bonding. Recently, the Sn and Pb agostic-type
interactions have been reported, which can be a new method to
stabilize the heavier group 14 carbene analogues.** In our work,
the laboratory observation of the three [H,Pb,C,N] isomers 9,
10 and "1 seems unlikely due to the barriers of
—2.67 keal mol " (*9 — '2), —0.78 kcal mol " (*10 — '8) and
—3.69 kcal mol™* (11 — 2). However, they provide non-
negligible intermediates for the evolution of [H,Pb,C,N]
system. Note that the agostic bonding cannot be found in the
other four [H,X,C,N] systems (X = C, Si, Ge, Sn).

Laboratory and Astrophysical
implications

It is of great to discuss the possible formation pathways of the
Sn/Pb-containing species predicted in this work. It has been
generally acknowledged that metal cyanides/isocyanides and
hydrometal cyanides/isocyanides have a common origin, which
can be formed by gas-phase reactions of X' or neutral metal in
the very sparse interstellar or circumstellar clouds of dust (see
Scheme 1).** We expect that various low-lying species RCN/RNC
(R = H, HX; X = Sn, Pb) could be formed by the radiative
association of X" with cyanopolyynes.

In laboratory, a rich knowledge of the [H,Si,C,N] isomers
have been known. The chainlike HSiCN and HSINC can be
produced in the discharge of SiH, and C,N, (HC3N) mixtures.?
HCNSI can be generated during the condensation process of Si
with HCN, then HSiCN, HSiNC, and c-SiCHN can be obtained by
irradiation of the (silaisocyano)carbene HCNSi with visible or
UV light.** Accordingly, we optimistically anticipated that

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Schematic potential energy surface of triplet [H,Sn,C,N] at the

parenthesis.

similar procedures could lead to generation of the analogous
isomers of [H,X,C,N] (X = Sn/Pb). Combined with previous
experimental synthesis studies and our potential energy
surfaces analysis, we predicted that isomers XCN *1, XNC 22,
HXCN 1, HXCN '2, HCNX 33, HNCX 35, c-XCHN '7 and ¢-XCNH
'8 are potential candidates for future laboratory and astro-
physical detection. Yet some isomers are meta-stable, and theirs
detection could also be probable under the low-temperature
conditions.

The vital metal-containing compounds are the metal
cyanides/isocyanides and hydrometal cyanides/isocyanides in
the circumstellar envelope. Due to significant challenges of the
laboratory and interstellar  detection, the detailed

level of CCSD(T)/def2-QZVPP//B3LYP/def2-QZVPP + ZPVE in the

computational knowledge concerning the structural, isomeri-
zation and dissociation information of the rich potential energy
surfaces of [X,C,N] and [H,X,C,N] in our work should thus give
a very insightful assistance.

It has been usually considered that the mono-determinantal
methodologies like DFT and/or CCSD(T) can be safely employed
to treat various chemical systems.?* Yet it should be of interest
to evaluate the possibility of multiconfigurational character due
to the involvement of Sn and Pb. To justify the reliability of the
reported calculations, we applied the T1-diagnostic values from
CCSD(T) calculations, which are presented in Table S4.1 In most
cases, the T1 diagnostic values are smaller than or around the
recommended limit, ie., 0.02 for closed-shell systems® and
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Fig. 12 Optimized geometries of isomers HCNX 33, HCXN 34, HNCX
35 and HNXC 36 (X = Sn, Pb) at the B3LYP/def2-QZVPP level. Bond
lengths are in angstroms and angles are in degrees and the Mayer bond
indices are in parentheses.

0.045 for open-shell systems.*® However, for some structures
with particularly high energies (and are much less of our
interest), the T1 values are high and thus welcome future
calculations based on the multiconfigurational methods. Most
importantly, for the isomeric structures and the associated rate-
determining transition states of the key isomers XCN 1, XNC
22, HXCN 1, HXCN '2, HCNX *3, HNCX ®5, ¢-XCHN '7 and c-
XCNH '8, the T1 diagnostic values are reasonable.
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¢-SnCNH '8 c-PbCHN '7 c-PbCNH '8

¢-SnCHN '7

Fig. 13 Optimized geometries of isomers c-XCHN 17 and c-XCNH '8
(X = Sn, Pb) at the B3LYP/def2-QZVPP level. Bond lengths are in
angstroms and angles are in degrees and the Mayer bond indices are in
parentheses.
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Fig.14 Optimized geometries of isomers 9, 110 and 11 (X = Sn, Pb) at
the B3LYP/def2-QZVPP level. Bond lengths are in angstroms and
angles are in degrees and the Mayer bond indices are in parentheses.
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Scheme 1 The formation mechanism of metal cyanides/isocyanides
and hydrometal cyanides/isocyanides.

Conclusions

A detailed potential energy surface study is performed on the
completely unknown doublet/quartet [X,C,N] and singlet/triplet
[H,X,C,N] (X = Sn/Pb) systems at CCSD(T)/def2-QZVPP//B3LYP/
def2-QZVPP level. Isomers XCN 21, XNC %2, HXCN 1, HXCN '2,
HCNX *3, HNCX %5, ¢-XCHN '7 and ¢-XCNH '8 are predicted to
be potential candidates for future laboratory and interstellar
detection. The calculated structures and spectroscopic proper-
ties are expected to stimulate future characterization of the
metals cyanides/isocyanides and hydrometal cyanides/
isocyanides both in laboratory and in interstellar space. The
detailed isomerism of doublet/quartet [X,C,N] and singlet/
triplet [H,X,C,N] (X = Sn/Pb) on PESs should be helpful for
understanding the chemical evolution processes of these Sn,
Pb-related isomers.
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