Supplementary Information (SI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2026

Supplementary Information for Planar
Tetracoordinate Carbon with Triple C=C Bonding in
C:LizH and C,LisH; Clusters

Guang-ren Na,* Chagan Dari,* Li-juan Cui,* and Zhong-hua Cui*®°

“Institute of Atomic and Molecular Physics, Jilin University, Changchun 130023, China

bState Key Laboratory of Inorganic Synthesis and Preparative Chemistry, Jilin
University, Changchun 130023, China

*E-mail: zcui(@jlu.edu.cn

#These authors contributed equally to this work.


mailto:zcui@jlu.edu.cn

Section 1. Computational details

The potential energy surfaces of CoLizH and C,LisH> were explored in both singlet
and triplet spin states using the Genetic Algorithm and Structure-driven Approaches
(GASA) program. ! All low-lying candidate structures were fully optimized at the
PBE0%/aug-cc-pVTZ> * level with Grimme's D3 dispersion correction®” using the
original zero-damping function, and harmonic frequencies at the same level verified
each structure as a genuine minimum. Relative energies were refined by single-point
CCSD(T) ¥aug-cc-pVTZ calculations on the PBE0-D3/aug-cc-pVTZ optimized
geometries, with zero-point energy corrections taken from the PBEO-D3 frequencies.
The PBEO hybrid functional was chosen for its demonstrated reliability in describing
alkali-metal-stabilized planar hypercoordinate carbon clusters. >!' T; diagnostic'?
values of the converged CCSD wavefunctions for all singlet low-lying isomers (0.015—
0.028), including the ptC global minima 1a and 1b, support the suitability of single-
reference methods; the triplet structures give somewhat larger values (0.027-0.078) but
lie at least 37.6 kcal mol™ above the singlet global minima and do not affect the
conclusions. The global-minimum ptC minima 1a and 1b were further reoptimized at
the CCSD(T)/aug-cc-pVTZ level (Fig. S1), yielding geometries in close agreement
with the PBEO-D3 ones.

To assess the robustness of the predicted ptC global minima with respect to
functional choice, the two lowest-lying isomers of each system (1a/2a and 1b/2b) were
fully reoptimized, with frequency analysis at the B3LYP-D3!'3/aug-cc-pVTZ and
©B97X-D'¥/aug-cc-pVTZ levels. As summarized in Table S3, the ptC structures 1a and
1b remain the lowest-energy isomers within each pair across all three DFT functionals
as well as at the CCSD(T) reference. Wavefunction stability tests (Stable=Opt in
Gaussian 16) were carried out on 1a, 2a, 1b and 2b at all three DFT levels (aug-cc-
pVTZ) confirm that the closed-shell singlet wavefunctions are stable solutions, '
providing additional reliability to the present DFT results.

Chemical bonding was analyzed at the PBEO-D3/aug-cc-pVTZ level. Wiberg bond
indices (WBI) !¢ and natural population analysis (NPA) charges!” were obtained from

natural bond orbital (NBO) analysis. Adaptive natural density partitioning (AdANDP)



analysis'® was performed using the Multiwfn program. '*-?° Two-dimensional nucleus-
independent chemical shift (NICS) 2! 22 maps were computed at the PBE0-D3/aug-cc-
pVTZ level using the gauge-including atomic orbital (GIAO) method. Energy
decomposition analysis combined with natural orbitals for chemical valence (EDA-
NOCV)?*2* and interacting quantum atoms (IQA) ?* analyses were performed with the
ADF 2023 program®® at the PBE0-D3/TZ2P-ZORA and PBEO/TZ2P levels,
respectively, on the PBEO-D3/aug-cc-pVTZ geometries. The IQA interatomic
interaction energy Vin!®* was decomposed into a classical Coulombic component F<
and an exchange—correlation component VX,

Born-Oppenheimer molecular dynamics (BOMD) ?’ simulations were performed
at the PBEO-D3/aug-cc-pVTZ level for 20 ps with a 0.5 fs time step at 300 K and 400
K. The vertical detachment energy and excited-state gap of C2LisH were estimated via
Koopmans' theorem?® from the PBE0-D3/aug-cc-pVTZ orbital energies. All electronic-
structure calculations except EDA-NOCYV and IQA were performed with Gaussian 16,
Revision C.01.%

NHC-coordinated complexes of C2Li3H and C;LisH> were investigated to assess
whether the ptC motif persists in a representative ligand environment. The NHC
employed is 1,3-dimethylimidazol-2-ylidene. Candidate coordination modes were
constructed by binding NHC to each chemically distinct coordination site of the parent
ptC cluster, followed by full geometry optimization and harmonic frequency analysis
at the PBEO-D3/aug-cc-pVTZ level. All NHC-bound minima reported are true minima
(no imaginary frequencies); relative energies include zero-point corrections at the same

level. Optimized structures and relative energies are shown in Fig. S4.

Section 2. Supplementary figures and tables



Figure S1. CCSD(T)/aug-cc-pVTZ optimized structures of CoLisH and CoLisHo,

confirming ptC geometries as genuine minima.
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Figure S2. AANDP analysis of C;Li3H at the PBEO-D3/aug-cc-pVTZ level. Occupation
numbers (ON) in |e|.
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Figure S3. Deformation densities (Ap) corresponding to AE,» and related interacting
orbitals in C,LisH; at the PBE0-D3/TZ2P-ZORA level, using C>> (S) and LisH> ** (S)

fragments. Eigenvalues v indicate charge flow magnitude; direction: red — blue.
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Figure S4. Optimized geometries of NHC-coordinated complexes of (a) C,Li3H and
(b) CoLisH> at the PBEO-D3/aug-cc-pVTZ level. Relative energies (kcal mol™, with
zero-point corrections) and Li-C(NHC) bond lengths (A) are indicated. NHC = 1,3-
dimethyl-imidazol-2-ylidene. An asterisk (*) denotes a non-planar isomer in which the

Li—H-Li framework twists out of the C=C plane and the ptC motif is lost.
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Figure S5. Harmonic IR spectra of the two lowest-lying isomers of (left) CoLizH and
(right) C;LisH> computed at the PBEO-D3/aug-cc-pVTZ level. Blue traces: global-

minimum ptC structures (1a and 1b); orange traces: second-lowest isomers (2a and 2b).

Table S1. Electronic energies including zero-point energy (ZPE) corrections for the
global minima (1a, 1b) and second-lowest isomers (2a, 2b) of C,Li3H and C;LisH> at
different theoretical levels. All structures were fully reoptimized with frequency
analysis at each DFT level using the aug-cc-pVTZ basis set; CCSD(T)/aug-cc-pVTZ
single-point energies were computed on the PBE0O-D3/aug-cc-pVTZ geometries with
PBEO-D3/aug-cc-pVTZ ZPE corrections. Absolute energies are reported in Hartree;
relative energies AE (in kcal mol!) are taken with respect to the corresponding global

minimum within each system.

Method C.LisH CzLisH2
la 2a AE 1b 2b AE
PBE(O-D3 -99.196  -99.191 3.1 -107.329  -107.321 5.0
CCSD(T) -99.040  -99.035 3.2 -107.141  -107.134 4.6
B3LYP-D3  -99.387  -99.382 2.6 -107.553  -107.540 8.0
wB97X-D  -99.344  -99.340 2.5 -107.506 -107.503 1.8

Table S2. EDA results of CoLisHz considering Cz and LisH: in different charge and
electronic states as interacting fragments at the PBE0-D3/TZ2P-ZORA level. Energy

values are given in kcal/mol.

C2?>~ (S) + LisH2*" (S)  Co~ (D) + LisH," (D) C> (S) + LisHz (S)




AEint -610.9 -257.6 -242.6

AEpaui 133.3 224.9 265.3
AEgisp -0.4 -0.4 -0.4

AEcistat -675.9 -339.4 226.4
AEor -67.9 -142.7 281.1

Table S3. IQA decomposition of selected interatomic interactions in C;LizH at the
PBEO/TZ2P level. C5 is the planar tetracoordinate carbon center (coordinated by Lil,
Li2, Li3, and C4); V€ is the classical Coulombic term and V'*€ the exchange—correlation

term. Energies in kcal mol™'. Percentages in parentheses give X/ Vi QA

Pair Vind QA 1S pXC

ptC coordination environment (C5)

C5-Lil -139.8 -128.9 -11.0 (7.8%)
C5-Li2 -174.2 -158.0 -16.2 (9.3%)
C5-Li3 -126.1 -118.6 -7.4 (5.9%)
C5-C4 -316.7 +136.1 -452.8

C4 (non-ptC carbon)

C4-Lil -128.1 1127 -15.4 (12.0%)
C4-Li2 -56.4 -55.4 -1.0 (1.7%)
C4-Li3 -109.8 -99.1 -10.6 (9.7%)

Peripheral 3c—2e Li—-H-Li
Li2-H6 -152.5 -137.0 -15.6 (10.2%)
Li3—-H6 -149.9 -1353 -14.6 (9.7%)

Table S4. Comparison of C-M exchange-correlation contributions (FX¢/Viud@) from
IQA analysis across representative alkali- and alkaline-earth-metal-decorated planar
hypercoordinate carbon (and ppCl reference) clusters reported in the literature, together

with the present work.

Cluster C-M pair VXC Vi QA Classification

COsNaz" C-Na repulsive rejected as phC’
CS3Nas" C-Na 1.4% phC’®



CSesNasz® C-Na 1.1% phC’®

Li3CS," C-Li 7.7% ppC°
Li>CS» C-Li 11.6% ppC?
Li>Cs C-Li 6.4% phC3°
NayCs C-Na 6.8% phC3°

K2Cs C-K 9.1% phC3°
BexCs™ C-Be 3.2% phC3°
CaxCs" C-Be 9.1% phC3°

AlCs C-Al 7.6% phC3°
CI@LisCls Cl-Li 4.7% ppCL!

C,LisH, (this work) C-Li 6.9-9.8% ptC

Cartesian coordinates (PBE0-D3/aug-cc-pVTZ)

la
Li -1.935491 1.195225 0.000000
Li 1.998098 0.607997 0.000000
Li 0.849143 -1.554339 0.000000
C -0.878844 -0.422081 0.000000
0.000000 0.471975 0.000000
H 2.537816 -1.046014 0.000000
2a
H -2.826435 -0.163340 0.000000
Li 2.532577 -0.991380 0.000000
C 0.779122 -0.306943 0.000000
Li -1.266575 -0.997924 0.000000
Li -1.882101 1.322325 0.000000
C 0.000000 0.667656 0.000000
3a
H 2.044715 -0.338775 0.000000
Li 0.785863 0.563944 1.203811
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0.000000
2.068657
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-2.068657
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-1.282124
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0.243950
-2.697656

0.000000
-1.203811
0.000000

0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
0.000000
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-2.033004
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-1.178559
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-1.862096
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0.000000
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1.436809
-1.436809

0.000000
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0.680361
0.969732

-0.779099
-0.357790
-1.673073
0.861361
0.985054
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1.664921
-2.253810
-1.664921
0.355328
-0.355328
-3.176267
2.253810
3.176267

0.000000
0.000000
1.141225

-1.141225

-0.625989
0.625989
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-2.274510

0.000000
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0.000000
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4b
Li
Li
Li
Li

6b
Li
Li
Li
Li
C

1.063894

-1.063894
0.000000
0.000000
0.000000
0.000000

1.643320
-1.051610
-0.933660

1.919163

0.000000
-1.248795
-0.040508

2.801640

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

-3.050686
2.433140
1.997229

-0.274809

0.000000

0.000000
0.000000
0.625515
-0.625515
-1.418878
1.418878

-2.611660
2.542551
-1.372960
0.127014
0.720808
0.635619
-2.847025
-1.346372

0.000000
0.000000
2.252757
-2.252757
-0.624856
0.624856
1.757942
-1.757942

1.085989
-2.006460
0.711901
-1.350503
0.735672

1.016534
1.016534
-0.880543

-0.880543

1.731295

1.731295

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

-1.847578
2.442391
-0.633933
-0.633933
0.543099
0.543099
-2.249017
-2.249017

0.000000
0.000000
0.000000
0.000000
0.000000



C -1.234484 0.570637 0.000000
H 3.239154 -0.494337 0.000000
H 0.853128 -2.666299 0.000000
7b

Li 2.008069 -0.670239 0.000000
Li -1.255397 2.076976 0.000000
Li 0.073646 -0.885397 1.604222
Li 0.073646 -0.885397 -1.604222
C 0.073646 0.553235 0.000000
C -1.090877 0.082959 0.000000
H 1.701747 -1.362498 1.637079
H 1.701747 -1.362498 -1.637079
8b

Li -1.935368 0.616949 0.000000
Li -1.825576 -2.236650 0.000000
Li 0.087714 -0.834821 1.296931
Li 0.087714 -0.834821 -1.296931
C 0.087714 0.900856 0.000000
C 1.317140 0.923459 0.000000
H 2.380580 1.034318 0.000000
H -0.053152 -2.112181 0.000000
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