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ABSTRACT: The major products of the reaction of laser ablated and excited U atoms and N,
are the linear N=U=N dinitride molecule, isoelectronic with the uranyl dication, and the & g
diatomic nitride U=N. These molecules form novel cyclic dimers, (UN), and (NUN),, with

complex electronic structures, in matrix isolation experiments, which increase on UV

photolysis. In addition, (NUN), increases at the expense of (UN), upon warming the

codeposited matrix samples into the 20—40 K range as attested by additional nitrogen and

argon matrix infrared spectra recorded after cooling the samples back to 4 or 7 K. These

molecules are identified through matrix infrared spectra with nitrogen isotopic substitution and

by comparing the observed matrix frequencies with those from electronic structure

calculations. The dimerization is strong (theory predicts the dimer to be on the order of :

100 kcal/mol more stable than the mo%lomers), since the ground state involves 12 bonding d or f Orbltals?
electrons, 8 in the o-system, and 4 in the delocalized 7-system. This delocalized 7 bonding is

present in the U, Th, La, and Hf analogues further demonstrating the interesting interplay between the 5f and 6d orbitals in
actinide chemistry. The (UN)," cation is also observed in solid argon, and calculations indicate that the bonding in the ring is
preserved. On the other hand, the NUN dimer is of lower C,, symmetry, and the initial NUN molecules are recognizable in this
more weakly bonded (AE = —64 kcal/mol) structure. The NThN molecules bind more strongly in the (NThN), dimer than the
NUN molecules in (NUN), since NUN itself is more stable than NThN.

H INTRODUCTION oxides. However, reactions of laser ablated uranium atoms with
small molecules have led primarily to single uranium-atom-
bearing products.”™'® For example, the reaction of uranium
with O, in excess argon gave UO, as the major product and
UO and UOj; as minor products, all in agreement with earlier
evaporative work from solid UO, near 2000 °C.*"" Likewise,
subsequent investigations using excess neon identified UO, in
the 3® ground state and UO," in the 2® ground state.'’
Returning to reactions of uranium with N, the major product
observed in the argon matrix infrared spectrum from the
reaction of laser ablated and excited U atoms with N, is the

Nuclear energy plays an essential role in global energy
production, and therefore understanding the chemistry of
uranium is essential in the development of a truly eflicient
nuclear energy cycle. Nevertheless fundamental questions
regarding the nature of uranium ligand bonds remain. Valuable
insights have been provided through spectroscopic and
theoretical studies of actinide-containing systems, but much
of this work has focused on more common uranium
compounds, in particular those with uranium—oxygen bonds.

While uranium nitrogen bonds are known and uranium 3 " S o
nitrogen fuel sources have often been cited as an alternative insertion dinitride, N=U=N, and a small amount of the

; : e . diatomic uranium nitride U=N."""" These molecules were
to current oxide fuels, only three uranium nitride solids have = -
been characterized (UN, UN,, and U,N;)."” first detected by Green and Reedy from sputtering argon/
) ) M . .
nitrogen mixtures through a hollow uranium cathode and
condensing the effusing gas for spectroscopic analysis.' When
pure nitrogen was employed as both reagent and matrix, large

However, a few molecular species containing terminal
uranium nitride groups have been produced and identified
through efforts involving matrix isolation experiments as well as
traditional coordination chemistry.” Using matrix isolation to
probe the nature of the coordination chemistry of uranium has Received: October 14, 2015
proven successful, in particular for the well-studied uranium Published: December 8, 2015
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yields of both NUN and UN were observed saturated with N,
ligands."*"” Moreover, multiple bonding between U and N in
simple new molecules was found in reactions of U with N, and
H, mixtures in our laboratory that produced the N=U=N-H
molecule containing both triple and double uranium—nitrogen
bonds, as characterized by the infrared spectrum and theoretical
calculations.” Additionally, high-level calculations have been
performed for uranium triatomic compounds XUY (X,Y =C,
N, and O)."® As expected, the reaction of U and NF; did
produce the most stable N=UF; product,” but the reaction
with NH; yielded mostly HN=UH,, and CH, gave CH,=
UH,.>”"” The most important recent information in the
terminal nitride UN genre comes from rotationally resolved
optical transitions of uranium nitride, also produced by laser
ablation, which provided a ground-state UN bond length of
1.7650(12) A and proposed that UN could be considered as
U**N3~° Additionally, the spectroscopy and structure of the
simplzelst actinide bonds have been recently reviewed by Heaven
et al.

On the other hand, terminal uranium nitrides are a very
challenging target for synthetic chemists and have only recently
been reported.”” ** Additionally, species containing R—UN
subunits have been characterized, which include numerous
intramolecular interactions that are not present in the matrix
isolation studies; therefore, the spectroscopic behavior of this
—UN subunit may vary from system to system.”” >’ Addition-
ally, uranium—nitrogen bonding has been investigated in
uranium nitride complexes featuring a linear U-N—U core™
as well as for uranium dinitrogen complexes stabilized by
supporting ligands.”’ While this work only explores uranium—
nitrogen complexes, it should be noted that Schmidt et al.
recently synthesized a dinuclear bis-yi-oxo with a diamond core
motif.**

The purpose of this paper is to identify the isolated (UN),
molecule in the absence of strongly perturbing ligands and to
characterize the unique bonding offered by six bonding orbitals
in (UN), through electronic structure calculations. The high
symmetry of the molecule, in conjunction with our experience
in the relative participation of U 5f and 6d orbitals in bonding,
allows us to use qualitative descriptions that clarify the
quantitative calculations to provide a clearer picture of the
bonding within the rhombic ring. In addition, we seek evidence
for the dimer of NUN and explore its bonding properties. We
have previously investigated three other uranium-bearing
molecules to offer as benchmarks, HU-NH,, H,U=NH, and
H-N=U=N."’ By using conditions that result in a large yield
of UN, the possibility of observing its dimer (UN), is increased,
and new bands are assigned to the antisymmetric stretching
modes of the thombic (UN), molecule in solid argon without
saturating N, ligands on the basis of their higher vibrational
frequencies and their unique "*N/'*N isotopic frequency ratios.
Finally, comparisons with bonding in the Th, La, Hf, and W
analogues are made to illuminate further the unique bonding in
(UN),.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Matrix Isolation Spectroscopy. Our apparatus and techniques
for investigating the matrix infrared spectra of new uranium-bearing
molecules have been described in previous publications.'*** In this
work, laser-ablated U atoms were reacted with N, in excess argon or
nitrogen during condensation at 4 or 7 K using methods reported
recently."”"” The Nd:YAG laser fundamental (1064 nm, 10 Hz
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repetition rate with 10 ns pulse width) was focused onto a rotating
uranium metal target (Oak Ridge National Laboratory, high purity,
33U depleted of **U). Isotopic samples of molecular nitrogen diluted
in argon were prepared in a stainless steel vacuum line. Pure nitrogen
isotopic samples were also codeposited with U atoms. Selected
samples were passed through a 6 mm o.d. quartz tube with a 1-2 mm
orifice and subjected to microwave discharge during deposition with U
atoms. Then FTIR spectra were recorded at 0.5 cm™" resolution on a
Nicolet 750 with 0.1 cm™ accuracy using an HgCdTe range B
detector. Samples were alternatively subjected to glass filtered Hg-arc
street lamp irradiation (Philips, 175 W) and temperature cycled, i.e.,
annealed.

DFT and Wave Function-Based Methods. Quantum chemical
calculations included both density functional and high-level wave
function-based methods. Geometry optimizations were performed
using the B3LYP density functional and the 6-311+G(3df) basis set for
N, while the small core SDD pseudopotential was used for uranium
along with an optimized (12s11p10d8f) [8s7p6d4f] Gaussian valence
basis set.>*~>” Mayer bond orders were also computed.*>** While this
level of theory has been used previously with much success, the choice
of B3LYP as the functional has been tested against the meta GGA
MO6-L for U, N, UN, NUN, and (NUN), to ensure that this was the
case for the systems studied herein.*” All density functional theory
(DFT) calculations were preformed with the Gaussian 09 software
package.*' To study the electronic structure in further detail, complete
active space self-consistent field calculations with corrections from
second-order perturbation theory (CASSCF/CASPT2) were per-
formed.”~** The choice of active space is given in detail in the
following; however, in order to properly account for the bonding in
(UN),, the number of so-called active orbitals and electrons required
was more than is feasible within the CASSCF formalism. Therefore,
restricted active space SCF with corrections from second-order
perturbation theory (RASSCF/RASPT2) calculations were per-
formed.** Scalar relativistic effects were treated through the use of
the Douglas—Kroll-Hess (DKH) Hamiltonian,””** and ANO-RCC
basis sets of triple-{ quality were employed with the following
contractions: 9s8p6d4f2glh for uranium and thorium, 8s7pS5d2flg for
lanthanum, 8s7pSd3f2g for tungsten and hafnium, and 4s3p2dif for
nitrogen.*”*® CASPT2 and RASPT?2 calculations were performed as
implemented in the Molcas 7.9 software package.”’ Cholesky
decomposition was used in combination with local exchange (LK)
screening to reduce the cost of the two electron integrals.””>° Note
that spin orbit coupling was not included in the calculations. While we
do not except the bonding picture that emerges, we were unable to
compute enough excited states to properly determine the spin—orbit
contribution given the large size of the active spaces required for
(AnN), species. Finally, CCSD(T) calculations were performed using
the aug-cc-PVTZ basis sets of Peterson and co-workers®® to compute
the thermochemistry for the formation of (NUN), at a higher level of
theory as implemented in the Molpro software package.’”*

B RESULTS AND DISCUSSION

The major product in the reaction of laser ablated and excited
U atoms with N, is NUN, and UN is a minor product.'*"”
When nitrogen is used as the matrix as well as the reagent, a
higher yield of NUN and UN is produced, but the higher
complexes NU(NN); and NUN(NN); are also formed.
However, when enough UN and NUN are present,
dimerization can occur. The dimer (UN), has been observed
in solid nitrogen, and another species, assigned first as N(UN),,
will be reassigned below to N(UN),N ((hereafter the NUN
dimer (NUN),)."® Matrix infrared spectra of uranium and
nitrogen reaction products will be analyzed paying particular
attention to "*N and "*N isotopic spectra and comparisons with
harmonic frequencies from electronic structure calculations for
potential products and their N, (hereafter noted NN)
complexes. The bonding in and structure of cyclic (UN),-
bearing molecules are the subject of this report, which will be
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Figure 1. (A) Nitrogen matrix spectra of laser ablated U reaction products with the matrix molecules. (a) Nitrogen gas passed through the
microwave discharge (the Nj radical absorption at 1657.5 cm™ as reported by Tian et al. is not shown).*" (b) Laser ablated U codeposited with
nitrogen gas passed through the microwave discharge, (c) after annealing to 20 K, (d) after annealing to 25 K, (e) after >220 nm irradiation for 15
min, (f) after annealing to 30 K, and (g) after annealing to 35 K. (B) Expanded frequency scale for nitrogen matrix spectra of laser ablated U reaction
products with the matrix molecules. (a) Laser ablated U codeposited at 7 K with nitrogen gas passed through the microwave discharge for 1 h, (b)
after annealing to 20 K, (c) after >220 nm irradiation for 15 min, and (d) after annealing to 30 K. (C) Infrared spectra of the N—N and U-N
stretching regions for laser ablated uranium and nitrogen reaction products upon codeposition in pure isotopic nitrogen at 4 K. (a) U and N,
codeposited for 30 min with low power microwave discharge of the depositing nitrogen sample, (b) U and '*N, codeposited for 60 min with higher
power microwave discharge, (c) U and "N, and '*N, 50/50 mixture codeposited with higher power discharge, (d) U and "N, and "*N, 50/50
mixture codeposited with no discharge hence no "*N'*N is produced, and (e) U and "*N, codeposited with higher power discharge. There is another
absorption at 461.0 cm™" that shifts to 446.8 cm™" with "N, and gives a triplet structure with the scrambled isotopic sample in spectrum (c).
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Table 1. Observed and B3LYP Calculated Vibrational Frequencies in cm ™" with Their Corresponding Intensities in Parentheses

in Units of km/mol”

O\,
molecule exp calculated

UN 1001.1° 10372 (215)

NUN 1050.9° 1111.7 (566)

2094 (20) By,
213.6 (0) A,
398.8 (0) By,

U,N, or (UN), 7Blu 607.9 (159)‘1 B
g 3u

580.2¢
669.6"
6967 (0)” A,
13.3 (34)
81.1 (25)
210.9 (39)
2132 (0)
334.1 (0)
600.9 (175)
700.7 (166)
739.5 (324)
1048.4 (416)
747 (62)
95.2 (0)
114.1 (59)
117.1 (0)
159.4 (0)
242.6 (96)
434.5 (0)
474.0 (275)
779.5 (0)
881.7 (590)
1071.6 (718)
1082.9 (0)

U,N; or N(UN), *A

742.2
920.6

U,N,, N(UN),N, or (NUN), 'A;

461.5°

843.8°
968.0°

647.8 (1841)7 B,,

15N
exp calculated mode description
969.5 995.4 (182) U=N stretch
1019.4 1078.1(532) N=U=N antisymmetric stretch
202.7 (19) out of plane deformation
2134 (0)
385.8 (0) U—N symmetric stretch
561.7 588.5 (149) U—N antisymmetric stretch, By,
648.6 627.1 (1726) U—N antisymmetric stretch, B,,
673.6 (0) U—N symmetric stretch
12.3 (32)
78.6 (24)
204.1 (37)
2129 (0)
323.1 (0) U—N symmetric stretch
581.8 (165) U—N antisymmetric stretch
677.5 (147) U—N symmetric stretch
719.3 715.3 (309) U—N antisymmetric stretch
891.9 1015.0 (395) U=N stretch
72.3 (58)
92.5 (0)
1104 (5S)
1139 (0
158.8 (0)
235.0 (91)
420.5 (0) U—N symmetric stretch
446.9 459.0 (259) U—N antisymmetric stretch
754.0 (0) U—N symmetric stretch
816.9 853.3 (543) U—N antisymmetric stretch
937.5 1037.5 (687) U=N antisymmetric stretch
1048.6 (0) U=N symmetric stretch

“The experimental values for UN and NUN were measured in solid argon at 4 K, and the cyclic species (UN),, N(UN),, and (NUN), were
measured in a solid nitrogen at 7 K. When other labels have been used previously, those labels have been included as well. bFrequency for the
saturated NU(NN)4[NN], complex is 878.2 cm™" in solid nitrogen. “Observed *NU"N frequencies 1040.7 and 987.2 cm™" for the linear molecule
in solid argon. Frequency for the saturated NUN(NN);[NN], complex is 995.7 cm™" in solid nitrogen. 9Observed (U'1SN), frequencies are 659.6
and 569.8 cm™ in solid nitrogen. The B3LYP calculated values for the */IN isotope are 206.1 (20), 213.5 (0), 392.0 (1), 596.9 (151), 637.8
(1783), and 686.4 (3). The argon matrix counterparts are 705.6, 695.0, and 683.5 cm™. “Observed mixed 14/15 frequencies are 968.0 and 937.5

cm™}, 843.8, 831.8, and 816.9 cm™), and 461.0, 456.4, and 446.8 cm™.

described by both DFT and high-level wave function-based
calculations. (The activation energy (*) required to initiate
reactions 1 and 2 is not included in the energy changes.)

U* + N, - NUN B3LYP, AE = —68 kcal/mol
MO06-L, AE = —85 kcal/mol
CASPT2, AE = —73 kcal/mol
(1)
U* + N, - N+ UN B3LYP, AE = +103 kcal/mol
MO06-L, AE = +77 kcal/mol

CASPT2, AE = +98 kcal/mol

)

Infrared Spectra of Uranium and Nitrogen Reaction
Products in Pure Nitrogen. The U and NN reaction
products in pure nitrogen exhibit intensities over a 100-fold
range from the very intense sharp 995.7 cm™" band assigned to
the NUN(NN)[NN], complex, where x defines the saturated
secondary coordination layer around the pentagonal bipyr-
amidal NUN(NN); core complex to weaker and lower

896

frequency bands at 669.6, and 580.2 cm™' identified as the
rhombic (UN),(NN), complex, where y notes an unknown
number of NN ligands. The second strongest bands identified
previously at 890.5 and 878.2 cm™' were assigned to UN
dinitrogen complexes with the lower band due to the saturated
NU(NN)4[NN], complex.l4’59 Since we are looking for
diuranium product species, it follows that dimers formed
from the major NUN and UN product complexes are in order,
so we will consider new bands in the pure nitrogen matrix
experiments first, which are illustrated in Figure 1A—C. The
first scan (a) shows the NN matrix in the absence of uranium.
The second scan (b) features a similar NN sample codeposited
with laser ablated U atoms, and the above-described very strong
NUN and UN complex absorptions stand out from the rest.
We now wish to focus on three separate additional species: four
bands at 1785, 968.0, 843.8, and 461.5 cm™' (labeled
U2N4(NN)y, new bands at 920.6 and 742.2 cm™' (denoted
U,N;(NN),, and the two lower frequency bands at 669.6 and
580.2 cm™' (identified as U,N,(NN),,) will be assigned to
these three (UN),-bearing species.

DOI: 10.1021/jacs.5b10458
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Figure 1A illustrates infrared spectra for experiments using
natural isotopic nitrogen as matrix and reagent. The first scan
(a) shows the spectrum for discharged nitrogen without U, and
the only band of interest is that for N radical at 1657.5 cm™ as
cited above. This shows that N atoms are deposited in the
nitrogen gas stream. When laser ablated U was included, very
intense bands are observed for NUN(NN), complexes at
1010.2, 1007.8, and 995.7 cm™! as well as at 890.5 and 878.2
em™ for NU(NN); ¢ complexes.'””” Weaker bands at 669.6
and 580.2 cm™' were assigned to (UN), based on their
N/*N isotopic frequency ratios and the observation of triplet
isotopic patterns using scrambled mixed reagent '*'*N,, which
indicates two equivalent nitrogen atoms.'” A dinuclear rhombus
structure was suggested even though PW91 density functional
calculations found a puckered ring. Figure 1B focuses on the
680 to 580 cm™* region of the spectra. First, the two band
profiles are similar in that lower frequency shoulders are
observed at 667.8 on the major 669.6 cm™" band and at 579.5
on the lower 5802 cm™! peak. Next, notice that these two
absorptions decrease slightly in intensity together upon
annealing to 20 K, while three other absorptions in Figure
1A at 968.0, 843.8, and 461.5 cm™ double in intensity
(observation of the latter requires expanded absorbance scale)
and weak bands at 920.5 and 742.2 cm™" increase slightly. Then
full-arc photolysis [>220 nm] almost doubles the 669.6 and
580.2 cm™! bands and increases the 968.0, 843.8, and 461.0
cm™" absorptions by 30%. Annealing the sample to 30 K
reduces the (UN), bands by 75% and increases the 920.6 cm™
band 3-fold and the 968.0, 843.8, and 461.5 cm™" absorptions
4-fold. Annealing to 35 K has little effect on the (UN), bands,
but increases the 920.6 cm™" band by 50% and the 968.0, 843.8,
and 461.5 cm™" absorptions by 30%. Final annealing to 40 K
decreases all of these absorptions as shown in Figure 1A(g).

Similar experiments without microwave discharge of the
nitrogen stream gave similar spectra with lower product yields,
and sample deposition at 4 K also reduced the product yields.
As expected, experiments with lower laser energy gave lower
product yields but more growth on initial photolysis. In such an
experiment, irradiation of the freshly deposited sample
increased the (UN), bands 5-fold and doubled the 968.0,
843.8, and 461.5 cm™! absorptions. Annealing to 20, 30, and 35
K decreased and removed the 669.6 and 580.2 cm™" bands and
increased the 920.5 and 744.2 cm™!, and the 968.0, 843.8, and
461.5 cm™" absorptions by a factor of 4.

Additional experiments were performed with nitrogen-15
substituted gas and mixtures of N, and N, gas and
scrambled '*N,/'"*N'N/'*N, gas samples. The higher
frequency region is shown in Figure 1C, while the "N,
product frequencies are given in Table 1. The absorptions
had the same profile and splittings as shown in Figure 1B. No
intermediate components were observed with the mixed “*N,
and "°N, reagents, but the upper peaks were shifted together by
0.2 cm™ to 669.4 and 648.8 cm™": This shows the effect of the
isotopic host matrix and higher complexes with isotopic NN
molecules in the complexes formed. Finally, the scrambled
isotopic mixture gave additional mixed N'°N isotopic
products, and these absorptions did not have the shoulder
peak below the main bands like the N, and "N, isotopic
molecules.

Infrared Spectra of Uranium and Nitrogen Reaction
Products in Solid Argon. Likewise, the NUN(NN),_s and
NU(NN)y_s molecules and complexes absorbing at 1050.9—
995.0 cm™! and 1001.1-935.6 cm ™" have been identified in a
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. 121
solid argon matrix, * and we want to now focus on the lower

frequency region where bridging N—U—N stretching vibrations
are expected. In our recent work, we noted new absorptions at
828 and 699 cm™" with an asterisk (*) to indicate species with
more than one U atom based on relative metal concentration; "
however, these will not be considered here owing to the fact
that mixed nitrogen isotopic spectra suggest the presence of
only one N atom, ruling them out for (UN),-bearing species.
Based on the behavior of NUN and UN, we expect the argon
matrix isolated species to exhibit higher frequencies than the
nitrogen matrix values, and we begin with the region just above
the nitrogen matrix frequencies.

The (NUN), species has the strongest frequencies, so we
search at 843 cm™ with 0.5% N, in argon in Figure 1 of our
recent paper.'* These spectra exhibit a weak, sharp band at 847
cm™ that increases on annealing to 30 and to 35 K and then
decreases on annealing to 45 K, which is similar to the behavior
of the 843.8 cm™" band in Figure 1A herein. Unfortunately, the
970 cm™' region is covered by UN complex absorptions. A
weak band at 9253 cm™' increases during the annealing
cycles."*

The 760—440 cm™" region from this experiment is illustrated
in Figure 2. The most important bands are at 705.6, 621.7, and

(U"N), U"N,
_—MM . NNV N

NG ]

0.05

__MMN%WC

T (UlsN): ] P
(c

Absorbance

600 550
Wavenumbers (cmi')

Figure 2. Infrared spectra in the lower frequency region for laser
ablated U and 0.5% N, reaction products in solid argon at 4 K. Five
spectra at the bottom (a, b, ¢, d, e) are from sample codeposition for
60 min using 5N, annealing to 20 K, annealing to 30 K, UV > 220 nm
photolysis for 20 min, and annealing to 40 K. Five spectra at the top (£,
g h, i, j) are from the same treatments for *N,.

593.0 cm™". Annealing to 30 K decreased these bands, and UV
photolysis increases the 705.6 and $93.0 cm™' pair with no
effecct on the 621.7 cm™' band. Spectra from a similar
experiment with '°N, are also shown in Figure 2, where the
obvious shifted counterparts are at 683.5, 602.1, and 574.4
cm™!. Spectra from a statistical '*'°N, sample gave triplet
absorptions with the above bands plus intermediate compo-
nents at 695.5, 610.3, and 584.9 cm™!. Next we examine Figure
4 of our previous work with 2.5% N, in argon,'* and we find
weak bands which increase at 971.7 and 844.7 cm™' on the
annealing cycles. Weak bands were observed at 705.6, 621.7,
and 593.0 cm™!, which increased slightly on UV photolysis.
These bands decreased on annealing in favor of bands at 672
and 586 cm™". Finally, a 10% N, experiment with 90% argon,
Figure 2 from previous work,'” annealing to 20 K produces
weak bands at 971.3 and 845.1 cm™!, then annealing to 30 K
increases these bands and shifts them lower to 970.5 and 844.9

DOI: 10.1021/jacs.5b10458
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cm™! followed by annealing to 40 K which increases and shifts
these bands to 970.0 and 844.5 cm™' and a peak appears at
462.5 cm™". This annealing sequence also produced a new band
at 924.0 to 923.5 to 922.6 cm™), which relates to the 920.6
cm™' band in solid nitrogen. These spectra also show new
bands at 671 and 585 cm™' on photolysis, which slightly
increase on annealing to 20 K. However, no 621.7 cm™! band
was observed. The analogous experiment with 8% '°N, and
92% argon gave stronger counterparts at 651 and 567 cm™.
Finally, peaks were observed at 515.0, 500.7, and 482.4 cm™ on
top of a broad band that decreased on annealing (see Figure 2).
These features have larger nitrogen-1S shifts (14/1S frequency
ratios 1.033), which indicates more N motion than the above
products and suggests the possibility of even higher uranium
nitride species.

Identification of (UN),. The triplet isotopic patterns
reported earlier for the '*N,/"N"N/"N, isotopic spectra
demonstrated the presence of two equivalent N atoms in this
reaction product, and the UN diatomic monomer isotopic shifts
suggested a rhombus dimer structure.'® The NUN contributes
the higher frequency band at 995.7 cm™, with a lower “*N/"*N
isotopic frequency ratio 1.0312, so we are drawn to the
rhombus structure. The isotopic frequencies have been
measured again, and they are listed in Table 1. The two
absorptions at 669.6 and 580.2 cm™' have almost the same
"N/BN isotopic frequency ratios, 1.0324 and 1.0329, which
are very close to the 1.0326 ratio for the UN diatomic molecule
and clearly higher than that for NUN.'*' The rhombus is the
only plausible structure, Figure 3, which gives the same isotopic

Figure 3. Comparison of select geometric parameters for (UN),,
N(UN),, and (NUN), at the B3LYP level of theory. Distances are
given in A and angles in degrees. The color scheme is as follows:
uranium in yellow and nitrogen in blue.

frequency ratio for two antisymmetric stretching fundamentals,
which have the special relationship of diatomic molecule
isotopic frequency ratios as shown in the G-matrix elements for
the rhombic (LiO), molecule by White et al.%" The 669.6 and
580.2 cm™ bands in solid nitrogen are assigned to the B,, and
B,, antisymmetric stretching modes of the (UN), rhombic ring,
which are calculated at 647.8 and 607.9 cm™" with B3LYP for
this septet ground-state molecule of multireference character
(Table 1). This is good agreement particularly in view of the
presence of dinitrogen ligands in the nitrogen matrix
environment. Notice that our calculation finds zero intensities
for the three gerade modes and an approximately 12/1 intensity
ratio for the B,, and B3, modes, which is in good agreement
with integrated absorbance ratio measurements of 7/1 and 8/1
in spectra from two different experiments. The argon matrix
counterparts were higher in frequency at 705.6 and $93.0 cm™
with almost the same '*N/"*N isotopic frequency ratios, 1.0323
and 1.0324. The neon matrix counterpart of the stronger,
higher frequency band was observed at 709.8 cm™."*
Additional Supporting Information for the rhombus (D,;)
assignment can be taken from the observed and computed
frequencies of the (U"*NU"N) mixed isotopic molecule, which
has a G matrix that displays lower (C,,) symmetry. The

898

(UNU®N) isotopic counterparts for the two antisymmetric
modes are observed at 659.6 and 569.8 cm™!, which are 0.5
cm™! above the 659.1 cm™ average for the higher modes of
(U"N), and (UBN), and 1.2 cm™ below the 571.0 cm™
average for the lower modes of (U'N), and (U"N),. This
increased separation arises because of different interactions
among the modes now of lower symmetry. Almost the same
relationship is shown in the calculated frequencies (Table 1),
where the mixed isotopic frequencies are 0.4 cm™" above and
1.3 cm™' below the averages of the (U'N), and (U“N),
values.

As we dilute the nitrogen matrix with argon, the above bands
increase: Using 10% '*N, sample, bands for ("*UN), in solid
argon are at 671 and 585 cm™' and with N, counterparts at
651 and 567 cm™'. The *N/"N isotopic frequency ratios are
1.031 and 1.032, which are close to the diatomic UN values. We
suspect that there are some NN ligands associated with these
rhombic molecules owing to the relatively high 10 and 8%
reagent concentrations in excess argon. These argon matrix
bands are blue-shifted only by 3—5 cm™ from the pure
nitrogen matrix values in contrast with the much larger shifts
observed for NUN and UN, 55 and 123 cm™, respectively, on
going from argon to the full nitrogen matrix environment.

In the nitrogen matrix experiments the 669.6 and 580.2 cm™
bands of (UN), decrease on annealing in favor of both the
920.6 and associated 742.2 cm™! bands and the 968.0, 843.8,
and 461.5 cm ™" set. Such behavior shows that the former pair is
due to a reactive species. This is all consistent with the diffusion
and reaction of trapped N atoms as attested by the observation
of the Nj radical in the initial frozen sample,”" and assignment
of these latter bands to species chemically related to (UN), will
be made below.

Identification of (UN),". The sharp 621.7 cm™' argon
matrix band exhibits a 602.1 cm™' N, counterpart with a
1.0326 N/"N diatomic UN isotopic frequency ratio and a
sharp 610.3 cm™' mixed NN isotopic component; all of
these observations are appropriate for two equivalent N atoms
and a rhombus structure. The strongest computed frequency
for the rhombic ring cation, Figure 4, is at 630.2 cm™}, which is

Figure 4. Select geometric parameters and calculated frequencies for
the sextet ground state of (UN)," at the B3LYP level of theory.
Distances are in A and angles in degrees. The color scheme is as
follows: uranium in yellow and nitrogen in blue. The U-U distance is
3.132 A, B3LYP frequencies (cm™) and intensities given in
parentheses (km/mol) for the sextet ground state are 186.1 (4),
206.5 (27), 398.5 (9), 462.3 (0), 630.2 (164), and 740.4 (0).

in excellent agreement with our 621.7 cm™'argon matrix band
and thus supports the cation assignment. The calculated '°N,
counterpart at 610.1 cm™" gives a 1.0329 isotopic frequency
ratio that is slightly higher than the observed value owing to
anharmonicity. The laser ablation plume contains sufficient
vacuum UV radiation to produce cations in this chemical
system, as the observation of UO," in previous argon and neon
matrix experiments with oxygen demonstrates.' 2 1t is thus
noteworthy that the 621.7 cm™" band increases 4-fold relative
to the (UN), bands when the 0.5% N, in argon reagent stream
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Table 2. Select Geometric Parameters for Uranium Nitride Species Computed at the B3LYP Level of Theory”

U=N U=N U-N U—N-U angle
UN 1.758 (2.43) - - -
NUN 1.723 (2.15) - - -
(UN), - 2.030 (1.22) - 101.9
N(UN), 1.725 (2.20) 2.013/2.041 (1.23) - 141.9
(NUN), 1.721 (2.13) 1.859 (1.50) 2.281 (0.75) 104.1
(UN),* 1.983/2.054 - 101.8
HN=U=N" 1.741 1.931 - -
H-U-NH,*° - - 2.193 -
HN=UH,* - 1.903 - -

“Distances are in A and angles in degrees. Mayer bond orders are given in parentheses for the species studied in this work. PRef 7. “Ref 5.

is subjected to microwave discharge during sample deposition
with the discharged gas eftusing out the tube orifice, which can
be expected for the absorption of a trapped ion. The 621.7
cm™! cation absorption is observed in the 2.5% N, experiment,
but annealing broadens it to 618 cm™". This cation absorption
is not observed with 10% N, in argon nor with pure nitrogen,
as surely it is a very reactive species. Laser ablation also
produces U* ions,'’ and the reaction 3 with NUN is a likely
route for the formation of (UN),". Finally, the (UN)," cation is
a sufficiently stable species to expect mass spectroscopic
detectilozn under thermal decomposition of uranium nitride
solids.”

U" + NUN — (UN),* B3LYP, AE = —117.6 kcal/mol

©)

Identification of (NUN),. The pronounced growth of the
968.0, 843.8, and 461.5 cm™" bands at the expense of (UN),
upon annealing the spectra in Figure 1 to 30—35 K invites
consideration of two N atom addition species through reactions
4 and S.

N + (UN), = N(UN), B3LYP, AE = —131.3 keal/mol

(4)

N + N(UN), - N(UN),N B3LYP, AE = —130.4 kcal/mol
©)

The two lowest above absorptions yield 1/2/1 mixed
isotopic triplets using the scrambled '*'°N, isotopic reagent,
which indicates the participation of two equivalent and coupled
N atoms in these two vibrational modes like in a rhombic ring.
The higher band at 968.0 cm™" revealed only a mixed isotopic
N and "N doublet, which would normally indicate a single N
atom, but this could also be the signature of two equivalent
uncoupled N atoms separated by considerable molecular mass
between these two N atoms. All three of these vibrations would
exhibit U—N diatomic isotopic frequency ratios, which are
measured as 1.0325, 1.0329, and 1.0327, respectively. Table 1
shows that these three observed bands correlate nicely with the
three strongest infrared absorptions computed for the rhombic
ring species with two terminal N atoms bonded to the U
centers, which is in fact (NUN),. The ratios of the computed
“N/BN frequencies are slightly higher than the observed
values owing to harmonic calculations. The higher frequency
absorption at 1785 cm™" (Figure S4, ref 14) also gives a mixed
isotopic triplet, and its growth on annealing in concert with the
above three absorptions suggests a combination band for
(NUN),. Indeed the sum of the 968.0 and 843.8 cm™' modes
gives 1811.8 cm™', which is appropriate for the 1785 cm™
combination band due to cubic anharmonicity. This combina-
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tion band has considerable intensity which is not surprising for
such a molecule as N(UN),N with polar bond character.
Additionally in the argon matrix samples, these bands shift a
few cm™' lower in the direction of the pure nitrogen matrix
values on annealing. This is a straightforward process, as
diffusion of N, molecules on annealing allows for the
replacement of Ar atoms thus adding more NN ligands to
the rhombic ring system.

Identification of N(UN),. The 920.6 cm™! band exhibits a
similar increase on annealing as the above bands assigned to
(NUN),. It starts out at 925.3 cm™ in our 0.5% N, experiment
and shifts to 923.1 cm™" on annealing and to 921.8 cm™" with
10% N, and to 920.6 cm™" in pure nitrogen. This band shifts to
891.7 cm™" in pure *N, with the frequency ratio 1.0324, which
is satisfactory for a U—N vibration. The computed frequencies
for N(UN), are also given in Table 1, and the strongest band,
the terminal U—N stretching mode, is calculated to be 23 cm™!
below this computed band for (NUN),, and the observed band
at 920.6 cm™ is 474 cm™' below the 968.0 cm™ band
observed for N(UN),N. This is in reasonably good agreement
with calculations, which supports the assignment.

Density Functional Theory. By performing DFT studies
along with our experimental results, we can assign the
absorptions yielding the IR spectra and associate them with a
particular structure and electronic state. In Table 1, we reported
the B3LYP vibrational modes for the new species of interest in
this work; however, more can be learned from the DFT level of
theory. Since these experiments are performed at such low
temperatures, only species that are formed by exothermic
reactions can be observed. The calculated spectra for assigning
the two new products as (UN), and (NUN), have been
discussed, but the energetics for their formation must be
explored (structures in Figure 3). The proposed products could
be formed via straightforward dimerization reactions (details
about active space for CASPT2 and RASPT?2 results are in the
Electronic Structure and Bonding for (UN)2 and (NUN)2
section detailing the electronic structure of the products):

UN + UN — (UN), B3LYP, AE = —146 kcal/mol

RASPT2, AE = —122 kcal/mol
(6)
NUN + NUN — (NUN), B3LYP, AE = —64 keal/mol
MO06-L, AE = —70 kcal/mol

CCSD(T), AE = —70 kcal/mol
?)
Since the NUN concentration in these experiments is much
higher than that of UN, the highly exothermic reaction of U
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and NUN (reaction 8) should be an even more productive
source of (UN),.

U + NUN — (UN), B3LYP, AE = —104 kcal/mol

(8)

We also considered the linear molecules NUUN and UNUN
as possible products; however, not only were the vibrational
modes inconsistent with experiment, but the dimerization
reactions were less exothermic: the formation energies of
NUUN and NUNU were —73.5 and —107.6 kcal/mol,
respectively at the B3LYP level of theory. Alternatively, the
following reaction has favorable energetics. The structure of the
product is shown in Figure 3.

UN + NUN — N(UN), AE = —105 kcal/mol

©)

Reactions 4 and 9 demonstrate that the NUN/UN ring
dimer is energetically favorable, further supporting its
previously discussed spectroscopic assignment. Furthermore,
both the UN and NUN species contain triple bonds, and the
manner in which the bonding changes upon dimerization is the
focus of the remainder of this manuscript. While these changes
can be observed in the vibrational modes (see Table 1), a
comparison between the U—N bond distances in the
monomers, dimers, and other known uranium nitrogen bonds
is given in Table 2 and Figure 3. We can immediately see that
upon dimerization the U—N distances in the (UN), and
(NUN), species are longer than in the UN and NUN
molecules, respectively. In the dimerization of NUN, one of the
U=N bonds remains a triple bond, while the other is
elongated though its interaction with the second NUN group.
Mayer bond orders were computed and show that the
interaction between the two NUN units is closer to a single
bond, while one of the bonds in NUN is reduced to a double
bond (Table 2). The weakening of the UN interaction in each
NUN group results in a double bond while simultaneously
forming a single bond between the two NUN groups. On the
other hand, the interaction between two U=N molecules leads
to a drastic change in geometry. In (UN),, the B3LYP U-N
bond lengths are 2.030 A, much longer than the triple bond in
UN of length 1.758 A. By comparing these bond lengths with
those in HN=U=N, H-U—-NH,, and HN=UH,, we can
tentatively assign the bonds in (UN), as between single and
double bonds. Furthermore, the bond distances and orders
indicate that there is not a direct uranium—uranium bond in
either (NUN), or (UN), (the U—U distance is 3.274 and 3.153
A and the Mayer bond orders are 0.51 and 0.41, respectively).
However, these assignments are based only on bond distances
and Mayer bond orders. By performing higher-level calculations
and comparing these results to DFT as well as group theory, we
can provide deeper insights into the bonding in these species.
We also calculated the frequencies and structure for the singlet
ground state of the (NUN); trimer (Figure S13 and Table
S26), which contains a six-membered ring, but found no
experimental evidence for this species.

The Bonding in (UN),: Qualitative Considerations. The
high symmetry of D,; diamond-like An,N, complexes makes it
attractive for both conceptual and quantitative analysis of their
bonding. We will first examine the bonding expected based on
group theoretical considerations and our expectations for
actinide-ligand bonding. We will then compare these qualitative
results to those of quantitative relativistic electronic structure
calculations.
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There have been numerous previous investigations of the
M-M, M-X, and X—X bonding in the M,X, core of ligated
transition-metal complexes, i.e., L,M(¢-X),ML,, beginning with
the seminal work of Shaik et al.>> and followed by others.”*~*°
By comparison, there has been very little examination of the
bonding in diamond-like An,X, systems of the actinides,
whether ligated or unligated. Schmidt et al. very recently
reported the synthesis, structure, and spectroscopic and
magnetic characterization of an [LU(V)],(4-O),, where L is
a hexadentate (three N, three O) tris(alkoxide)-substituted
tetraazacyclononane (tacn) ligand.32 The U centers in this
complex have an asymmetric eight-coordination, which makes
them less amenable to analysis than the unligated An,N,
systems discussed herein. We will focus on the interactions
that occur between the An centers and the bridging ligands as
well as the different roles played by the An 5f and 6d orbitals.

The reaction of N, with two neutral An atoms to form an
An,N, complex can be envisioned as a redox process in which
six electrons are transferred from the An atoms to the N,
molecule, leading to a structure best formulated as
[An*'],[N*7], in which the N=N triple bond is destroyed
via the ultimate 3-e~ reduction of each N atom. Each of the N°~
ligands has eight valence electrons that can in principle be used
in An—N bonding via donation into vacant orbitals on the An
atoms. As described above, we believe that (UN), is formed
here through the straightforward dimerization of two UN
molecules or the further reaction of NUN with another U atom
in the highly exothermic eqs 6 and 8.

We have previously developed a simple model for describing
the bonding in actinide complexes based on two principles: (1)
Actinide-ligand bonding preferentially involves the An 6d rather
than 5f orbitals, and (2) any formally metal-based electrons on
the An center will preferentially reside in the An 5f orbitals.”” If
we apply this model to the An,N, systems, we expect that the
major An—N interactions will involve donation from the N*~
ligands to vacant 6d orbitals on the An center and that any
metal-based electrons on the An(III) center will reside in
largely unperturbed Sf orbitals. As we will see, under D,
symmetry, there is an opportune separation of the various
interactions that can occur between the An(III) centers and the
N*" ligands.

It is convenient to partition the filled orbitals on the two N*~
ligands in the way shown in Scheme 1. The 2p orbital on each

Scheme 1. Definition of the Types of N Valence Orbitals in
D,;, An,N, Complexes

Tpar

Oint
I N N
An An An An /|—z
\@/ y
Oext

Tperp
N that points to the center of the diamond has the same
symmetry characteristics under D,; as the 2s orbital. We will
mix these, essentially creating two sp hybrids on each N, with
one pointing at the interior of the diamond (o) and one
pointing away from the center (o.,). The remaining two 2p
orbitals on each N atom consist of one that lies in the plane of
the diamond (7,,.) and one that is perpendicular to the plane

Par
(”perp)- Table 3 presents the representations of D, spanned by
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Table 3. Representations Spanned by the Ligand and Metal
orbitals of An,N, under D,, Symmetry”

orbitals rep. orbitals rep.
N 6,y N 6oy a, + by, An Sflyz’], 6d[yz] by, + by,
N 7y by, + by, AnSflz(x* —y7)], 6d[+* — ']  a, + by,
N Zperp by + by, An Sflzxy], 6d[xy] by, +a,
U s5f[2], 6d[2*] a, +b,  An Stla(a? — 3y7)] by + by,
U sflxz*], 6d[xz] by + by, An Sfy(3x* — y)] by, + by,

“Orbitals that have identical transformation properties are listed
together.

these sets of orbitals along with those spanned by the An 5f and
6d orbitals. We see that the symmetry of the molecule leads to
a convenient separation of interactions into different
representations. For the An centers, orbitals with the same m
quantum number, such as the 5f[z’] and the 6d[z*], have
identical transformation properties and are listed together.
The N o, orbitals represent essentially outward directed
lone pairs on the N atoms and are expected to have only
minimal interaction with the An atoms. If our simple model
pertains to these diamond structures, then the symmetry-
adapted orbitals formed from the filled 6y, 7,y and 7,
orbitals of the N®7 ligands will donate preferentially into
appropriate combinations of the 6d orbitals on the An centers.
These six ligand combinations separate into distinct represen-
tations of D, and we can use the allowed symmetry
interactions and overlap considerations to predict which An—
N interactions will dominate. The expected dominant
interactions are sketched schematically in Figure S. The

\
ay b,
> (e)
|:’Zg b1y J
T
b1g I:’2u

Figure 5. Schematic representation of the expected interactions
between the filled valence orbitals of the two N*~ ligands and vacant
An 6d orbitals in D,, An,N, complexes.

symmetric a, combination of the N o, orbitals can, in
principle, interact with two of the An 5f and two of the An 6d
orbitals. If the interactions with the 6d orbitals are preferred, as
we predict, the better overlap will be achieved with the 6d[z*]
orbitals, as shown in Figure 5. Similarly, the b,, combination of
the 7, orbitals can interact with both the An 6d[z*] and
6d[x* — y*] orbitals. We have depicted the interaction as
involving an admixture of these 6d orbitals, producing in

essence a set of “6d[«x?]” orbitals.
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We note that four of the combinations in Figure § (ag, bsy
by, b,,) lie in the plane of the An,N, diamond and will
comprise an eight-electron An—N ¢ framework. The remaining
two orbitals (b, and b,,) form a four-electron 7 system in the
complex. Unlike the 7 system in cyclobutadiene, both of these
7 orbitals in An,N, are bonding interactions, facilitated by the
phase relationships of the An 6d orbitals. This bonding
arrangement is similar to those that we and others have
described as metalloaromatic, such as those found in cyclo-
butadiene metal complexes and metallacyclobutadiene com-
plexes as well as in entirely inorganic systems.®*””

The bonding picture that emerges from this qualitative
analysis thus accounts for the 16 valence electrons of the two
N*" ligands in the following way: Eight electrons are involved
in forming the U-N ¢ framework, four electrons are in the 7
system of the diamond, and the remaining four electrons are in
two essentially lone pairs, one on each N atom. Any remaining
metal-based electrons on the An(IIl) centers are expected to
reside in largely unperturbed 5f orbitals. In the case of U,N,, we
therefore expect that each U center will have three unpaired 5f
electrons in addition to those involved in the U-N ¢ and
bonding. We will now look at how this qualitative description is
borne out by the CASSCF calculations.

Electronic Structure and Bonding for (UN), and
(NUN),. Both dimers were studied via the RASSCF/RASPT2
approach. In previous work, we have studied the UN and NUN
dimers using the complete active space SCF approach
(CASSCF/CASPT2) and have demonstrated the importance
of properly treating multiconfigurational effects and employed
the following active spaces.14’ ! For the UN molecule, we
include the 7s, 6d, and Sf orbitals on uranium and the 2p
orbitals for nitrogen and their corresponding electrons resulting
in a (9,16) active space. If an analogous active space were used
for the NUN molecule, an active space of (12,19) orbitals
would be included; however, NUN is isoelectronic with the
uranyl dication, a closed shell singlet, and only the bonding and
antibonding orbitals in the triple bonds need to be included,
reducing the active space to (12,12). On the other hand, the
natural choice for an active space for the dimers would be to
double the active spaces of the monomers. This would leave us
with an active space of (18,32) for (UN), and (24,24) for
(NUN),. Currently, the largest active space that can typically
be treated at the CASSCF level is (16,16), and both of these
spaces are well above this limit. The ground state of UN is a
quartet. Of the nine active electrons, six are engaged in
bonding.

In the (UN), dimer, we can anticipate that 12 electrons will
engage in bonding and 6 will be localized on the metal centers.
This is consistent with our qualitative description insofar as the
N 2s orbitals are not included as part of the active space.
Likewise, the B3LYP computed spin densities, 3.27 on each U
and —0.27 on each N, support this picture. We first ran
CASSCF calculations including (6,26) for the lowest septet
state of each irreducible representation (D,;, symmetry). Only
10 orbitals had occupation numbers higher than 0.02. These
orbitals were taken as RAS2 in our RASSCF calculations. The 6
orbitals that including bonding within the (UN), ring (and
their 12 electrons) were included in RASI, while their
antibonding counterparts were included in RAS3. This leads
to an active space of (18,2,2;6,10,6) where the notation of Sauri
et al.”> indicates a RAS space of (n,l,m;ij,k) where n is the
number of electrons in the active space, [ is the maximum
number of holes in RAS1, and m is the number of electrons
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allowed in RAS3. Similarly, i, j, and k are the number of orbitals
in RAS1, RAS2, and RAS3, respectively. On the other hand, the
(NUN), dimer does not have any unpaired electrons and, like
the NUN molecule, contains two 7 systems (gerade and the
ungerade). The ungerade 7 orbitals are lower in energy and are
put in the inactive space leaving only the six gerade z and
corresponding z* orbitals in the active space resulting in a
(12,12) active space for the (NUN), dimer. In the dimer, the «
orbitals on one of the NUN units mix with the other; however,
they do not form a new bonding motif as is the case with
(UN), (see Figure 6).

(0.03) (0.02) (0.03) (0.02) (0.02) (0.02)

60 & 3 %N NOR

(0.76) (0.38) (0.43) (0.10) (0.11)
(1.23) (0.62) (0.58) (0.90) (0.90)
5 (1.98) by, (1.98) by, (1.98) by, (1.97) by (1.98)  byg(1.97)
6d 27.6% 6d: 20.1% 6d: 28.8% 6d: 17.3% 6d: 33.5% 6d: 26.3%

5f: 6.7% 5f: 15.9% 5f: 10.2% 5f. 6.1% 5f: 13.1% 5f: 16.6%

Figure 6. Active natural orbitals from the RASSCF calculation on the
5Blg ground state of (UN),. Contributions from the Sf and 6d orbitals
are given for the six bonding orbitals with occupation numbers close to
two. Orbitals in RAS1 are shown with blue occupation numbers in the
bottom row, orbitals in RAS2 have black occupation numbers given in
the middle rows, and orbitals in RAS3 have green occupation numbers
illustrated in the top row.

Based on the qualitative analysis, we would expect that the
ground state for (UN), would be a septet, corresponding to six
unpaired electrons in Sf orbitals. Indeed, at the B3LYP level of
theory the ground state is a septet, but lies only 3.2 kcal/mol
below the quintet. The RASPT?2 ground state is the 5Blg state,
which is 3.5 kcal/mol lower in energy than the "By, state. The
two states differ only in the occupation of the orbitals in RAS2
(those containing the unpaired electrons). Since both states are
multiconfigurational in nature, the difference between the two
states is not merely one electron flipping from spin up to spin
down, but a combination of many effects. One notable
difference between two states is that the two molecular orbitals
localized on the two U centers with primarily 7s and 6d,
character have a higher occupation number (1.22 and 0.79)
in the SBlg state, while in the "B, state, one is singly occupied
while the other is empty. The remaining unpaired electrons are
distributed among the 5f orbitals (active orbitals are included in
Figures 6 and 7).

The bonding within the (UN), ring corresponds directly to
that predicted by our qualitative analysis: The ring is stabilized
by six bonding orbitals involving primarily the 6d orbitals on
the uranium centers and the 2p orbitals of the bridging nitrogen
atom (see Figure 6). All six bonding orbitals contain
contributions from both the 6d and Sf orbitals on the U
centers, and two of the orbitals have a 5f contribution only 5%
less than that of the 6d. While the contribution of the Sf orbitals
is not negligible, orbital mixing alone is not sufficient to
determine if this bonding requires Sf orbitals in order to form,
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Figure 7. Active natural orbitals (shown in color) from the (12,12)
CASSCE calculation on the lAg ground state of (NUN), Occupation
numbers are given in parentheses. Orbitals in gray (bottom row) are in
the inactive space. These are doubly occupied but included since they
show the polarization of the orbitals between the two NUN groups.

but it is difficult to assess this by studying the uranium system
alone. In order to probe further the role of the f orbitals in the
bonding, we have studied a series of metal analogues to
determine if this bonding scheme can be observed in the
absence of Sf orbitals.

Electronic Structure of (MN),, Where M = Th, La, Hf,
and W. By studying the metal analogues of (UN),, further
insight into the role of the 5f and 6d orbitals in bonding can be
obtained. At the DFT level, the optimized geometry for the
uranium and metal analogues studied herein is shown in Figure
8. We begin by emphasizing that the bonding in (UN),,

Uranium Thorium  Lanthanum Hafnium  Tungsten
‘1758 1.805 1.784 1.743 1.656
>
N
1.8 \;’g‘.
876 98,6

N Y4
if\" 9/i
'@ -
4

o Ay,
1041907770
&

Figure 8. Comparison of select geometric parameters for uranium,
thorium, lanthanum, hafnium, and tungsten compounds at determined
by B3LYP. Distances are given in A and angles in degrees. The color
scheme is as follows: uranium in yellow, thorium in green, lanthanum
in purple, hafnium in orange, tungsten in silver, and nitrogen in blue.

(ThN),, (LaN),, and (HfN), results in a ring with D,,
symmetry, which has been observed in earlier laser ablation
experiments,””>”* while the (WN), analogue is C,,. In order
to rationalize this difference as well as the large change in
geometry between (NUN), and (NThN),, we focus on the
electronic structure of these systems (See Table S). The active
spaces were chosen in the same fashion as the uranium systems
(see Supporting Information for details).

For the (ThN), molecule, the bonding is expected to be very
similar to that in (UN),, the only significant difference being
the number of unpaired electrons (six for the uranium system
but only two for thorium). As in (UN),, 16 valence electrons
are used to build the 6 and 7 frameworks of the (AnN),
rhombus. The remaining two electrons are expected to remain
in Th-based orbitals.”” We find that the ground state of (ThN),

at both the RASPT2 and B3LYP levels of theory. The
3Bs, state is 3.3 kcal/mol higher at the B3LYP level of theory
and 16.1 kcal/mol higher at the RASPT2 level. The two spin
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Table 4. Bond Distances and Vibrational Frequencies (Intensities in Parentheses) for Thorium Nitride Species Calculated at the

B3LYP Level of Theory”

Th=N
ThN 1.805 A, 991(173)[934]%¢
NThN 1.876 A, 800(55)[757]°
(ThN), -
(NThN), -
HThN 1.815 A, 957 [834])¢
H,N-ThH
HN=ThH,

“Distances are in A, frequencies in cm™

817.2 cm™ for [NN]_ ThN. “Ref 17. “Ref 76.

Th=N Th—-N

2.072 A, 608(141)[606]° -
2.102 A, 751(575)[n.0.] 2.347 A, 383(98)[n.o.]

21767
1.951 A, 826(283)[793]¢

, and intensities in km/mol. Observed argon matrix frequencies are in brackets. bNitrogen matrix frequency

states differ in the arrangements of the two Th-based electrons
in (ThN),. The ground state is multiconfigurational, but the
lAg system contains two orbitals with a significant amount of 7s
character (occupation numbers 1.50 and 0.50, while in the
analogous triplet, both orbitals are singly occupied). Fur-
thermore, as was the case for (UN),, the Sf orbitals hybridize
with the 6d (percentages are slightly higher (by ~2—3%) for
the Th analogue compared to the values given in Figure 6.
Actinide chemists often highlight cases where 5f orbitals engage
in bonding, especially when the differences are between the
actinides and the remainder of the periodic table, in particular
with the lanthanides, can be seen. By studying (LaN),, we can
test if the ability of the 5f orbitals to engage in covalent bonds is
essential for the delocalized bonding observed within the rings
in (UN), and (ThN),. Our results show that there is a
significant decrease in f-orbital contributions to the bonding
orbitals, in comparison with the actinides; however, the
bonding motif itself contains the same number and type of
orbitals in the ring (see Figures S4 and S7 for the (ThN), and
(LaN), orbitals and respective Sf and 6d contributions). This
supports our hypothesis that the d orbitals are largely
responsible for the bonding in the ring.

The case of (WN), provides an interesting test for our
qualitative notion of separate roles of the An 5f and 6d orbitals
in the (AnN), rhombi. Like the (UN), system, the (WN),
molecule has 22 valence electrons. Combinations of the W 5d
orbitals along with the N 2s and 2p orbitals can be used to
construct orbitals analogous to those in the 16-e” rhombic
framework of the (UN), system, i.e., two N-based lone pairs,
four W—N o-framework orbitals, and two W—N z-framework
orbitals. In the case of (WN),, however, we no longer have
additional orbitals in which to place the remaining six W-based
electrons. This complication is borne out in the calculations: In
the °B, ground state of (WN),, the W 5d orbitals must not only
engage in bonding in the ring but also hold the unpaired
electrons. The competition between these two forces leads to a
distortion in the bonds within the (WN), ring. On the other
hand, turning to the Hf analogue, the bonding in the ring
contains the same 16 e~ scheme as the other (MN), species,
but has two fewer valence electrons per metal center (four in
total) than the W systems. Therefore, in this case the 1Ag
ground state adapts the higher symmetry D,, structure once
more as the two unpaired electrons occupy natural orbitals that
are primarily Hf 6s in character, allowing the Hf 5d to engage in
bonding in the ring. See Supporting Information for more
details regarding the ground states of these species. We have
observed WN and NWN, but not (WN),, in experiments with
tungsten, while rhombic (ThN),, (LaN), and (HfN), have
been observed in corresponding experiments with Th, La, and

HE'%”*7*”7 The two ring modes for (LaN), shift down 18
cm™' from the argon matrix isolated species to the nitrogen
matrix product, which should be saturated with NN ligands,
and the two ring modes for (UN), shift down comparable
amounts, 36 and 12 cm™’, upon changing the matrix host.
Finally, the two ring modes for (HfN), are observed in solid
argon at 682.7 and 775.7 cm™}, but not in solid nitrogen where
the (NN),HfN complex dominates®® (shown in gray in Figure
7). This hybridization results in an elongation of the N—=UN
distance to 1.859 A and the formation of the U--N interactions
(2281 A) between subunits. We anticipated that similar
bonding would be observed in the Th analogue but were
surprised to find the same bonding arise in the ring of
(NThN),, as was observed in the (UN), and (ThN), rings.
Furthermore, the terminal Th—N bonds are much longer
(2.347 A) and are not in the same plane as the (ThN), ring
(Table 4). In Figure 8, the structure of the NThN dimer is
shown, and the Th—N bond distances are very similar to those
in (ThN),. This is drastically different than what was computed
for the NUN dimer. In addition the yield of NThN is much less
than the yield of NUN in these experiments,'”'*"” which may
be related to the order of magnitude lower exothermicity of
reaction 10 relative to reaction 1.

Table S. Ground-State Symmetries and States for the
Systems of Interest in This Work”

molecule  point group B3LYP CASPT2 (or RASPT2)
UN Coop quartet ‘H

NUN Dy, singlet 12{

(UN), D,, septet (quintet 3.2) *B, (’B,, 3.5)
(NUN) , Cy, singlet lAg

ThN Coon doublet 25r

NThN Dgp singlet IZg*

(ThN) , Dy, singlet (triplet 3.3) 'A, (B, 16.1)
(NThN) , Cyp singlet 1Ag

LaN Coor singlet Iz

(LaN) , D,, singlet lAg

HIN Coon doublet 23r

(HfN), D,, triplet (singlet 1.7) 'A, (°By, 7.8)
WN Ceon quartet T

NWN Cy triplet 3B,

(WN) , G, quintet B,

“For (UN),, (ThN),, and (HfN), another spin state is given in
parentheses for comparison since DFT and CASPT?2 predict different
ground states.
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Th* + NN — NThN B3LYP, AE = —§ kcal/mol

(10)
Th* + NN — N + ThN B3LYP, AE = +65 kcal/mol
(11)
ThN + ThN — (ThN), B3LYP, AE = —129 keal/mol
(12)

B3LYP, AE = —100
(13)

Recall that the (NUN), and (UN), dimers had formation
energies of —64 and —146 kcal/mol, respectively, at the B3LYP
level of theory. This indicates that in the reactant molecules, the
N=U=N bonds are stronger than the N=Th=N bonds.
Furthermore, the insertion of Th* into NN is only exothermic
by S kcal/mol, whereas the equivalent reaction for uranium was
—68 kcal/mol. We propose that ring formation is not strong
enough to compensate for breaking the strong bonds of the
N=U=N group but can do so in the case of N=Th=N.
This is also supported by the effective bond orders (EBO),
computed at the CASSCF level of theory. The EBO is the sum
of the occupation numbers (number of electrons per bond) of
the occupied bonding orbitals minus the sum of the occupation
numbers of antibonding orbitals divided by two. The EBO is
2.87 for NUN, while for NThN the bonding is slightly weaker
with an EBO of 2.61.

NThN + NThN — (NThN),
kcal/mol

B CONCLUSIONS

The (UN), and (NUN), molecules have been formed via
matrix isolation spectroscopy, and their electronic structure has
been characterized using high-level wave function-based
methods. These novel cyclic dimers, (UN), and (NUN),,
exhibit complex electronic structures. Most notably, we have
determined that the interactions between two N=U=N units
is favorable and reduces one N=U bond per molecule to a
double bond while forming a single bond between the two
dimers. On the other hand, the interaction between two U=N
units results in the formation of four ¢ and two delocalized 7
orbitals with contributions primarily from the uranium 6d and
nitrogen 2p orbitals. Furthermore, the thorium, lanthanum, and
hafnium analogues show the same bonding scheme within the
(MN), ring. This supports the hypothesis that the d orbitals are
responsible for the bonding, while the Sf orbitals hold the
unpaired electrons. On the other hand, in the (WN), species
the d orbitals must hold the unpaired electrons while engaging
in bonding within the ring. This competition leads to a
reduction in symmetry within the ring from D,;, to C,,. Finally,
the strong bonds in the N=U=N molecule are not broken in
favor of ring formation in the (NUN), dimer, but the weaker
N=Th=N bonds are modified in the (NThN), dimer, which
contains an internal (ThN), ring similar to (ThN), itself.
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