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Formation and Characterization of the Tetranuclear Scandium Nitride: ScNg4
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The scandium dimer reacts with dinitrogen in solid argon to form the previously characterized planar cyclic

Scu-N),Sc molecule, with the NN bond being completely cleaved. The cyclic &&).Sc molecules dimerize
on annealing to form a cubic $¢, cluster with tetrahedral symmetry, which is a fundamental building block

for ScN nanoparticles and crystals.

Introduction

Transition-metal nitrides are technologically important ma-
terials and have wide applications. The solid scandium mono-
nitride material has attracted considerable attention. It is believed
to be a narrow-gap semiconductor, which has potential applica-
tion in the fabrication of electronic devicés? Different

experimental methods have been applied for the preparation of‘g 0.2

scandium nitridé8 The direct reaction of elemental scandium
with dinitrogen gas (B at high temperature is an effective way
to fabricate single-crystal scandium nitrid€sThe experimental
and theoretical modeling of the reactions at the atomic/molecular
level is particularly helpful in providing better insight into the
mechanism of complex processes in which reactive intermedi-
ates are involved. The reactions of Sc atoms witth&lve been
previously investigated using matrix isolation infrared spec-
troscopy? Some scandium dinitrogen complexes and scandium
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nitride molecules were observed and characterized. It was foundrigure 1. Infrared (IR) spectra in the 796680 cnr region from co-

that two Sc atoms can react with, kb form the rhombic Sc-
(u-N)2Sc molecule, where the-NN bond is completely broken.
Interaction of the Sc atom with \has also been the subject of
theoretical calculation¥:11 The 4=~ state of linear end-on
bonded ScNN and théB; state of side-on bonded Scg{N
correlate to the first excited-state of the Sc atom and were
predicted to be very similar in enerdy*!

Recent investigations indicate that some metal dimers are
more reactive than metal atoms towarg Whe titanium dimer
reacted with N to form a N=-N bond is the completely
cleavaged cyclic Ti-N),Ti molecule without a significant
activation barriet?~1* The reaction of Gglwith N, to form
cyclic Gdu-N),Gd was observed to proceed via the initial
formation of a dinitrogen complex with a simultaneously side-
on and end-on bonded;Nt is interesting to note that the cyclic
Gd(u-N).Gd molecules can further dimerize to form an un-
precedented cubic GMN4 cluster, which is a fundamental
building block for ferromagnetic GAN nanoparticles and crys-
tals® In this paper, we report a matrix isolation infrared
spectroscopic and theoretical characterization of a similar
multinuclear scandium nitride, $d,4, which is a species that

deposition of laser-evaporated Sc atoms and clusters with 0.Q5% N
argon: afte 1 h of sample depositiont® K (spectrum a), after 25 K
annealing (spectrum b) after 35 K annealing (spectrum c), and (d) after
43 K annealing (spectrum d).

Experimental and Computational Methods

The experimental setup for pulsed laser evaporation and
matrix isolation infrared absorption spectroscopy has been
described in detail previoush.Briefly, the 1064 nm Nd:YAG
laser fundamental (Continuum, Minilite 11, 10 Hz repetition rate
and 6 ns pulse width) was focused onto the rotating scandium
metal target through a hole in a Csl window. The laser-
evaporated Sc atoms and clusters were co-deposited with N
excess argon onto a Csl window that was cooled normally to 6
K by means of a closed-cycle helium refrigerator (ARS, 202N).
Generally, matrix samples were deposited fet2lh with a gas
deposition rate of~4 mmol/h. After sample deposition, infrared
(IR) spectra were recorded on a Bruker IFS66V spectrometer
at a resolution of 0.5 cnt, using a liquid-nitrogen-cooled
HgCdTe (MCT) detector for the spectral range of 46@@0
cmL. The NYAr mixtures were prepared in a stainless steel

we show to have a cubic tetrahedral structure and to be avacuum line using standard manometric techniques. Dinitrogen

fundamental building block for ScN nanopatrticles and crystals.
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(Shanghai BOC, 99.5%) artdN, (ISOTEC, 99%) were used
to prepare the BAr mixtures. The“N, + “NIN + 15N,
mixture (1:2:1) was prepared via high-frequency discharge of
the N, + 15N, (1:1) sample.
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TABLE 1: Infrared Absorptions from the Co-Deposition of Laser-Evaporated Scandium with Dinitrogen in Excess Argon

Infrared Adsorption (cmt)

1N, 5N, 1N, + 15N, 1N, + NN + 5N, assignment
1902.0 1839.0 1902.0, 1839.0 1902.0, 1872.3, 1869.4, 1839.0 ScNN
772.2 752.6 772.2,752.6 772.2,762.5,752.6 uSe).Sc
672.9 656.2 672.9, 656.2 672.9, 662.9, 656.2 uSeSc
653.7 636.9 653.7, 649.6, 645.8, 641.3, 636.9 653.7, 649.6, 647.6, 645.8, 643.4,641.3,636.9 sNs Sc
590.6 575.4 590.6, 580.5, 575.4 590.6, 584.1, 580.5, 577.8, 575.4 N4 Sc

TABLE 2: Calculated Total Energies (after Zero Point Energy (ZPE) Correction), Vibrational Frequencies, and Intensities of
the Species Mentioned in the Text

molecule energy (hartree) frequency (intensity)
Se (5Zu) —1521.258233 258.3 (0)
N (=45 —109.554126 2444.1 (0)
Sc(u-n%n*-Ny) (*A") —1630.881258 168.1 (11), 331.8 (1), 541.1 (33), 574.6 (4), 632.9 (0), 1226.8 (424)
So(u-1%1n%-N2) (A1) —1630.900650 201.4 (23), 463.3 (5), 480.9 (0), 545.2 (14), 631.3 (286), 805.8 (78)
Scu-N).Sc (Ag) —1630.963941 272.8 (128), 440.5 (0), 455.0 (0), 673.4 (294), 758.0 (0), 822.9 (222)
SaN4 (FA1) —3262.205025 344.1 (9), 416.4 (0), 450.5 (0), 460.7 (0), 600.8 (681), 639.7 (0), 686.5 (681)
TS1 —1630.861057 305.2i (7), 177.6 (17), 402.9 (24), 602.4 (79), 667.7 (45), 998.3 (207)
TS2 —1630. 853864 851.8i (834), 178.9 (23), 478.6 (148), 537.4 (48), 706.4 (54), 729.5 (241)

a Frequencies are given in units of cinwhereas intensity (the value given in parentheses) is presented in terms of km/mol.

Density functional theory (DFT) calculations were performed low laser energy, absorptions due to ScNN (1902.0%rand
using the Gaussian 03 prografThe three-parameter hybrid  cyclic Sc-N),Sc (772.2 and 672.9 cm) are the primary
functional according to Becke, with additional correlation products upon sample deposition, which have been previously
corrections due to Lee, Yang, and Parr (B3LYP), was utilifed. identified® The Sc(NN) complexes and the Nigated (NN)-

The 6-311#G* basis set was used for the N atom, and the all- Sc(u-N).Sc(NN) complex absorptions markedly increased on
electron basis set of Wachterklay, as modified by Gaussian, annealing. The experiments with lowg Noncentrations and high
was used for the Sc atoHi. The geometries were fully laser energies are of particular interest here. The IR spectra in
optimized, and the stability of the electronic wave function was the 796-580 cnt?! region with 0.05% N in argon and a laser
tested. The harmonic vibrational frequencies were calculated energy of 15 mJ/pulse are shown in Figure 1, and the product
with analytic second derivatives, and zero-point energies (ZPEs)absorptions are listed in Table 1. The cyclic &S&).Sc
were derived. Transition-state optimizations were performed absorptions were observed to increase when subjected to
with the Berny geometry optimization algorithm at the B3LYP/ annealing at 25 and 35 K; however, the-Iijated (NN)Sc-

6-311+G* level. (u-N)2Sc(NN) complex absorptions were barely observed, even
after high-temperature annealing. Two new absorptions, at 653.7
Results and Discussion and 590.6 cm!, appear together when subjected to annealing

at 25 K, and increase markedly when subjected to annealing at
35 and 43 K. Very weak absorptions due to ScO, [ScOfAr)

and ScQ@  were also observedd:?! In the N—-N stretching
frequency region (not shown in Figure 1), no obvious absorp-
tions except weak ScNN angNN)Sc(H)OH (1884.4 cmt)
absorptions were observéd.

The SgN4 cluster was prepared via the reaction of laser-
evaporated scandium with dinitrogen in excess argon. Experi-
ments were performed using different Koncentrations and
laser energies. With high2toncentration (0.5%) and relatively

0.5 The experiments were repeated, using the isotopically labeled
BUR 15N, and the N2 + 15N,) and 4N + 1NN + 15N;) mixtures.
d) The isotopic counterparts are also listed in Table 1. The spectra

0.4- in the 686-570 cnT! region with different isotopic samples
8 are shown in Figure 2.
c
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Figure 2. IR spectra in the 686570 cnt! region from co-deposition \'\?( \ /885
of laser-evaporated Sc atoms and clusters with isotopic labeléd N 1.541 N

excess argon. Spectra were taken rafteh of sample deposition, Sc,(-n2n2-N-) Cou. 1A ] 1
followed by 35 K annealing: 0.05%N, (spectrum a), 0.05%°N, celpn™n"Ng). Cav, A Se(u-N)zSe, Dan, ‘A

(spectrum b), 0.03%N, + 0.03%**N, (spectrum c), and (d) 0.015%  Figure 3. Optimized structures of the $SeN,, and SN, molecules.
14N, + 0.03% NN + 0.015%N, (spectrum d). (Bond lengths given in angstroms, bond angles given in degrees.)
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Figure 4. Molecular orbital contour surfaces for the six highest-energy occupied orbitals @#f\§g%c.

The 653.7 and 590.6 crh absorptions were barely observed
in experiments that involved high Noncentrations, but were

as having four SeN ¢ bonds and two delocalized three-center
two-electron (3c2e) (dp—d) bonds. Hence, each Sbl bond

observed to increase markedly when subjected to annealing incan be regarded as having a bond order of 1.5. TheNSwond

experiments that involved low\toncentrations and high laser
energies. When &N, sample was used, the 653.7 and 590.6
cm~t absorptions shifted to 636.9 and 575.4¢prespectively.
The isotopic“N/15N ratios of 1.0264 for both modes indicate
that these absorptions are due to-8tstretching vibrations.

In the experiment with equimolar mixture ¥N, and'®N,, the

low mode splits into a triplet at 590.6, 580.5, and 575.4tm
with the intermediate absorption lower in intensity than the pure
isotopic counterparts, as shown in trace c in Figure 2. In the
experiment with a 1:2:1 mixture éfN, + N3N + 15N, (trace

d in Figure 2), a quintet with three weak intermediates, at 584.1,
580.5, and 577.8 cm, was produced for the low mode. These
spectral features indicate that the 590.6-¢rand is due to a
triply degenerate SeN stretching mode of a tetrahedral
molecule with four equivalent N atoms, which result from two
equivalent N molecules. The upper mode splits into a quintet
with three weak intermediates, at 649.6, 645.8, and 641:3,cm
with the equimolar mixture of*N, and!*N,; meanwhile, two
extra intermediate absorptions, at 647.6 and 643.4'cmere
resolved in the experiment with the 1:2:1 mixture'difl, +
14NI5N + 15N,. The aforementioned experimental observations
suggest the assignment of the 653.7 and 590.6 @sorptions

to a SgN, species with a tetrahedral structure.

To validate the experimental assignment, DFT calculations
were performed on the experimentally identified molecules.
Calculations were first conducted on the ScNN molecule, which
was predicted to have’@™ ground state with SeN and N—-N
bond lengths of 2.036 and 1.142 A, respectively, and\N
stretching frequency of 1944.8 ci In agreement with previous
calculations the cyclic Scg-N),Sc molecule was predicted to
have a'Ag ground state with &5, symmetry (see Figure 3).
The lowest triplet state®B,,) was calculated to be 27.0 kcal/
mol higher in energy than the singlet ground state. Thg
ground state has the following electron configuration:

(core)(B)X(ayy) (01,) (059 (D19 *(B,)?

The valence molecular orbitals are illustrated in Figure 4.
The HOMO, HOMO-2, HOMO-3, and HOMO-4 orbitals are
o-bonding orbitals; the HOMO-1 4§ orbital is a d-bonding
orbital that is comprised of Scydand N p atomic orbitals
(assuming the molecular plane to be ylagplane); the HOMO-5
bs, orbital is aw-bonding orbital. The molecule can be viewed

length was predicted to be 1.885 A, which is significantly shorter
than the typical SeN single bond The N—N separation was
computed to be 2.606 A, which indicates that there is no direct
bonding interaction between the two N atoms. The two
experimentally observed mode of the ground state:-$86Sc
molecule were calculated at 822.9 and 673.4 tifTable 2).

The SgN, cluster was predicted to have'A; ground state
with a Ty symmetry (see Figure 3). The Shl and Se-Sc bond
distances were computed to be 2.012 and 2.888 A, respectively.
The'A; ground state S®, cluster was calculated to have two
strong triply degenerate Sd\ stretching modes ) at 686.5
and 600.8 cm! with almost-equal IR intensities. The corre-
sponding Sg£°N, absorptions were computed at 668.4 and 584.7
cmL. When two N atoms in SgNs were substituted by
isotopic labeled®™N, the triply degenerate mode becomes
nondegenerate. The upper mode splits into three absorptions at
682.1, 677.8, and 673.1 crthwith approximately the same IR
intensities; the low mode also splits into three absorptions, at
600.8, 590.7, and 584.7 crth Therefore, a quintet isotopic
feature with~3:2:2:2:3 relative intensities for the upper mode
and a triplet with~5:2:5 relative intensities for the low mode
should be observed when a 1:1 mixén, + °N, sample was
used, which are in excellent agreement with the experimental
observations. The isotopic spectral features are more complicated
when a 1:2:1 mixture of*N, + “NI5N + 15N, was used.
According to the calculations, the low mode should split into a
quintet with~17:4:6:4:17 relative intensities, whereas the upper
mode should split into seven absorptions with 7:6:8:6:8:6:7
relative intensities, which also is consistent with the experimental
observations.

The experimental observations suggest that the cubjd,Sc
cluster was formed by dimerization of the 86{).Sc molecules,
which were produced via the reaction of the scandium dimer
with dinitrogen. The ground state of the scandium dimer has
been established to b&,.242% Our DFT calculations also
predictecPZ,~ to be the ground state, with a S&c distance of
2.585 A, in agreement with the previous calculatidh#s
shown in Figure 5, the reaction of 5¢ N, to form the cyclic
Sc(u-N),Sc molecule proceeds via two intermediates. The initial
step of the reaction is the formation of a.8eny%n'-Ny)
complex, which was predicted to havéA ground state with
a planar G structure. This association reaction requires spin
crossing and is predicted to be exothermic by 43.2 kcal/mol
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S5, )+N('ZgY) symmetry. The SN, cluster is a fundamental building block
T of ScN nanoparticles and crystals, which have a rocksalt

structure. The reaction path from the scandium dimer and the

\‘.‘ dinitrogen, leading to the observed products, is also calculated
\ and discussed.
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